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Abstrakt

Vodivé polymery patti mezi perspektivni materidly s polovodicovym chovanim typickym pro
anorganické latky a mechanickymi vlastnostmi latek organickych. Z tohoto dlvodu nasla rfada
vodivych polymer( své uplatnéni v modernim oboru organické elektroniky pfi vyzkumu a vyvoji
novych zafizeni typu organickych fotovoltaickych ¢lankd, tranzistor(, svétlo vyzatfujicich diod,
senzorl, biosenzorl(, pasivnich elektronickych soucastek, superkapacitort i baterii.

Predkladana habilitacni prace shrnuje, formou komentarl, vysledky experimentl s vodivymi
polymery — polyanilinem a polypyrrolem — zejména v oblasti senzor( a biosenzor(. Tato specificka
oblast organické elektroniky, zaméfend na ziskavani fyzikalnich a chemickych informaci o
vlastnostech okolniho prostredi, klade vysoké poZzadavky na kvalitu pouZitych material(. Popsané
experimenty jsou proto zaméreny na velikost a stabilitu parametrl citlivého materidlu (napft.
elektrické vodivosti ¢i specifického povrchu), jeho chemickou strukturu (na molekuldrni i
supramolekularni drovni), zpracovatelnost (uréenou napf. mirou rozpustnosti v rozpoustédlech
nebo schopnosti vytvaret nanokompozity) ¢i odolnost vici environmentalnim podminkam (napf.
teploté, vzdusnému kysliku, UV zafeni). Aplikace organickych latek v senzorech jsou zpravidla
spojeny s méné konvencénimi technologiemi vyroby jemnych motivl a tenkych vrstev. Prace se
proto odvolavd zejména na vysledky experimentd s laserovymi depozi¢nimi technologiemi a
technologii inkoustového tisku. Vzhledem k charakteru pfipravenych senzor( jsou zde také
diskutovany méné konvencéni strategie pro zpracovani jejich vystupll (napt. méreni fazové citlivosti
Ci spektrdlni analyza Sumu). Vysledky vyvoje a vyzkumu senzor(i a biosenzori uvedené v této praci
jsou multidisciplinarni a pokryvaji Sirokou oblast chemie, fyziky i kybernetiky.

Prace sleduje cely proces vyroby senzoru. Od syntézy, optimalizace a charakterizace citlivého
materialu, pres pfipravu motivl senzorové platformy a depozici citlivého materialu, po zpracovani
vystupniho signalu senzoru a testovani jeho citlivosti i selektivity. V textu je citovdno 22 praci
autora a odkazuje na 121 stéZejnich védeckych praci z oblasti vodivych polymerd a organické
elektroniky. Odkazy na plvodni prace autora jsou v textu pro pfehlednost zvyraznény modrou
barvou.
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1 Aktualni trendy v organické elektronice

Moderni éra oboru Organické elektroniky se zacala odvijet v 60. letech 20. stoleti s objevem
volnych nosi¢d elektrického naboje v konjugovanych systémech organickych molekul [1].
Zpocatku byl vyznam téchto vysledkl(i podcenovan, ale v 70. letech byla provedena fada
experimentl s dopovanim nejjednodussiho konjugovaného systému — polyacetylenu, cozZ vedlo
k narastu jeho elektrické vodivosti a7z o sedm fadd [2]. Tento zlomovy okamZik natrvalo zménil
paradigma ve vnimani organickych latek, zejména polymer(, jakoZzto materialG vhodnych pouze
pro vyrobu plastovych vyrobk( a levného spotfebniho zboZi. Prvotni nadseni z nové tridy latek
schopnych vést elektricky proud vystfidala faze ochlazeni, ktera pramenila ze skutecnosti, Ze
strukturdlni nedokonalost tehdy pfipravenych organickych polovodi¢li velmi omezovala
pohyblivost nosic¢d elektrického naboje uvniti materialu. Byl to problém, jenZ napfiklad zpUsobil
dlouhou stagnaci ve vyvoji organickych tranzistorl OTFT (z angl. Organic Thin-film Transistor), a
ktery se podafilo pfekonat az o mnoho let pozdéji. OTFT pfipravené na bdzi dvojvrstvy pentacenu
dosahly pohyblivosti nosi¢d ndboje srovnatelné s kiemikovymi tranzistory aZ v roce 1997 [3].

Mezitim se vSak dafilo posouvat kupredu parametry dalSich elektronickych soucastek, které
znamenaly revoluci v oblasti vyuZiti organickych materiald. Nejvyznamnéjsi z nich jsou organické
svétlo vyzarujici diody OLED (z angl. Organic Light Emitting Diode), které vyuzivaji schopnosti
elektroluminiscence néktery typd organickych latek (tj. luminofor(, mezi které patfi napf. vodivy
polymer poly(p-fenylen) vinylen). Tyto elektronické soucastky vydavaji po priloZeni relativné
nizkého napéti velmi intenzitni zareni zejména v oblasti viditeIného spektra. Objev OLED pfinesl
zatim zfejmé nejviditelnéjsi vydobytek organické elektroniky do béziného lidského Zivota [4].
V soucasné dobé, o pouhych 30 let pozdéji od objevu téchto zafizeni, je spotiebitelsky trh celého
svéta doslova zaplaven rlznymi typy displeji na bazi OLED. Nalezneme je zejména v mobilnich
telefonech a drobnych elektronickych zafizenich. Kvalita technologie vyroby se vsak posouva
kuptedu milovymi kroky a dnes jsou jiz na trhu nabizeny i rozmérné obrazovky zalozené na OLED
technologiich s extrémnim rozlisSenim 4K (byt stale jesté za velmi vysokou cenu v porovnani napf.
s technologiemi LCD).

Organické latky jsou také zajimavou alternativou pro fotovoltaické ¢lanky. Organické fotovoltaické
¢lanky OPV (z angl. Organic Photovoltaic) sice zdaleka nedosahuji Ucinnosti anorganickych
protéjskl (Ucinnost maji stdle pouze fadu jednotek %), ale prekondvaji je svoji priznivéjsi cenou i
lepsimi mechanickymi vlastnostmi [5]. Dalsi velkou oblasti, kde organické latky nasly své uplatnéni,
a to zejména ve spojeni s tiskovymi technologiemi, jsou ipy identifikace na radiové frekvenci RFID
(z angl. Radio-frequency Identification), které maiji za ukol postupné nahradit optické ¢arové kody
a slouzit pfi identifikaci a ochrané zboZi. Nadéjnou oblasti vyuZiti organickych latek jsou také
zafizeni pro ukladani energie, napfiklad elektrochemické polymerni baterie vyznacujici se nizkou
hmotnosti a vysokou hustotou uloZzeného naboje, a v neposledni radé také pamétové Cipy Ci
tisténé pasivni elektronické soucastky (napft. elektrické odpory, civky, kondenzatory) [6].

Béhem 40 let vyvoje se organicka elektronika presunula z univerzitnich laboratofi a vyzkumnych
center do prdmyslového vyvoje a fada z vyrobkl se Uspésné komercializovala. Mnohem vice
zafizeni na bazi organické elektroniky vsak stale jesté ¢eka na dobu, kdy bude odstranéna vétsina
jejich stavajicich nedostatkl, které jim brani v praniku do sofistikovanych aplikaci a dale na
svétové trhy.

Predkladand habilitacni prace , Vodivé polymery pro organickou elektroniku“ shrnuje formou
komentard a poznamek 10 let mé Cinnosti v dalsi, dosud nezminéné, oblasti organické elektroniky,
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a sice v oblasti senzor(i na bazi organickych materialG uréenych pro detekci toxickych a vybusnych
plynd a par. Tato oblast je natolik mlad3, Ze dosud jen velmi malo senzor(i tohoto typu spatfilo
svétlo svéta jako komercni vyrobek. Na druhou stranu je natolik zajimava a dynamicka, Ze vyzkum
senzorll na bazi organickych latek pravidelné plni stranky prednich svétovych casopist, jako jsou
napriklad prestizni Casopisy Sensors and Actuators, Thin Solid Films, Electroanalysis,
Electrochimica Acta, Biosensors and Bioeletronics a mnohé dalsi.

B&hem své prace v oblasti vyzkumu a vyvoje chemickych senzord jsem mél moznost nahlédnout
do mnoha zdkouti této discipliny i pracovat s pfednimi odborniky, ktefi méli na moji praci zcela
zasadni vliv. Pfredkladana prace zahrnuje nékolik oblasti — pocinaje syntézou materidlu, pres
depozici tenkych vrstev, méreni odezvy senzor( az po zpracovani signalll a SumU senzoru a vede
skrze ni jednotici linie reprezentovana heslem vodivy polymer pro chemicky senzor. V nékolika
pfipadech jsem se podilel i na vyzkumu dalsich zafizeni organické elekroniky, napf. biosenzor i
OPV, coZ mi umozZnilo ziskat nové napady a myslenky. Diky této rozmanité ¢innosti jsem se mohl
podivat na vyzkum a vyvoj chemickych senzorll na bazi organickych materiali z mnoha uhll a
ziskat urcity nadhled a zpétnou vazbu, napt. snaZit se optimalizovat syntézu vodivého polymeru
tak, aby se minimalizovaly ,slabiny” ptipravenych senzorf.

10 let intenzivni prace v oblasti organické elektroniky mi umoznilo vidét a zazit mnoho
vyznamnych zmén, které se v oboru udaly. Nékolik téchto evoluénich skokl se promitlo i do mé
dalsi prace. Velky vliv na jeji sméfovani mélo napfiklad zavedeni vyzkumu supramolekularnich
struktur vodivych polymerd, ¢i modernich depozicnich technologii jako jsou technologie
inkoustového tisku ¢i laserové depozi¢ni technologie. Mél jsem také prilezitost se podilet na
nékolika dulleZitych studiich, jako je napfiklad prvni laserova depozice vodivého polymeru
polypyrrolu (PPy) [7] ¢i popis mechanismu tvorby nanotrubek PPy [8]. BEhem své prace jsem byl
nucen nahlédnout do oblasti chemie, fyziky, kybernetiky, materidlového a chemického inzenyrstvi,
fyzikalni chemie, méfici a fidici techniky i programovani a vypocetni techniky. V. mnoha téchto
oblastech jsem mél moznost se setkat i vyuZzit pomoci skvélych odbornikli a mnoho z nich dnes
mohu s hrdosti povaZovat za své kolegy a pratele.

1.1  Role organickych polovodicti ve svété ovladaném kiemikem

Nezucastnéné pozorovatele vyzkumu organické elektroniky jisté napadne otdzka, jaké vyhody
skyta organickd elekronika oproti elektronice na bazi kiemiku ¢i obecné elektronice zaloZzené na
anorganickych materidlech. Zda jsou organické polovodi¢e schopné konkurovat témto léty
provéfenym materiallm, a tudiZ jestli jsou obrovské investice, které dnes plynou do oblasti
vyzkumu a vyvoje organické elektroniky, viibec opravnéné.

V prvé fadé je nutné hned na za¢atku konstatovat, Ze cilem organické elektroniky neni nahradit
kfemikové technologie a zatizeni. Chemie a technologie kifemiku a nékterych jeho sloucenin je,
diky polovodic¢ové technice, velice dobfe prozkoumand, coz mu davd mnohalety naskok ve
vyzkumu a vyvoji pred ostatnimi prvky, které by jeho postaveni mohly ohrozit. Jeden z mila
takovych prvki je uhlik, leZici v periodické tabulce prvk( ve skupiné pfimo nad kfemikem. Uhlik je
schopen vytvaret usporadané struktury, které jsou diky kratSim vazbam, zejména diamantové
mrizky, jemnéjsi (délka vazby v kfemiku je 5,43 A, délka vazby v diamantu je 3,56 A), a navic
nékteré allotropy uhliku (diamant, fulleren, grafen) jsou termodynamicky stabilnéjsi. Na druhou
stranu Sitka zakdzaného pdasu diamantu je 5,4 eV oproti 1,17 eV v kifemiku. Nékteti védci jsou
presto presvédceni, Ze po prekonani problémi s vyrobou diamantu ve velkém meéritku, bude
diamantova elektronika sméle konkurovat té kfemikové [9].
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Organicka elektronika naproti tomu vyuzivad prevainé latky polymerniho nebo oligomerniho
charakteru. Tyto latky jsou sice charakteristické vétsi koncentraci nosi¢ll naboje v porovnani
s kfemikem (mira jejich dopovani je fadové vétsi), ale zaroven obsahuji tolik defektl a
nedokonalosti, Ze mobilita jejich nosicl elektrického ndboje je velice omezena, coZ je pro mnohé
aplikace vyzadujici rychlou odezvu velmi limitujici. Organickad elektronika tézi predevsim ze tfi
svych prednosti — i) flexibility sloZeni organickych latek, ii) jejich snadné zpracovatelnosti pomoci
modernich technologii (napt. pokrocilého tisku a sitotisku) s relativné malym poctem krok( a ve
velkych objemech a v neposledni fadé ziii) velmi nizké ceny, ktera je disledkem velkosériové
vyroby a nizkych cen zdrojovych latek, jeZz jsou vétSinou ziskavany z ropy. Organicka elektronika
proto spiSe hleda své misto tam, kde rigidni krystalické ¢i amorfni kfemikové ¢i jiné anorganické
materialy nelze uplatnit.

Obrovsky impuls ve vyzkumu organické elektroniky byl dodan v souvislosti s modernimi tiskovymi
technologiemi. Rada organickych latek je snadno zpracovatelnd za nizkych teplot do cca 200 °C ve
formé kapalnych inkoust(, cozZ je spolu s technologiemi typu Ink-Jet, sitotisku ¢i rotacniho tisku
idedlni pro tisk interaktivnich elektronickych prvkd (her, indikator(, interaktivni reklamy,
pamétovych bunék) na flexibilni substraty (papir, plastové félie). Samostatnou kapitolu potom
tvofi tisk RFID Cipud, OLED displej, ¢i fotovoltaickych paneld. Lepsi predstavu o vyhodach vyroby
organické elektroniky tiskovymi technologiemi si Ize udélat z nasledujiciho zjednoduSeného
prikladu: moderni tiskarny jsou schopny potisknout substraty rychlosti vice nez 500 m? za minutu,
coz za hodinu vytvori vétsi objem vytisténé elektroniky nez ekvivalent ro¢ni produkce elektroniky
v tovarné na vyrobu kifemikovych cipa [6].

1.2 Navrh a konstrukce mikrostruktur na bazi organickych materialG

Pti zvaZovani organickych latek jakoZzto material( prvniho vybéru pro nové elektronické zafizeni je
nutné vzdy promyslet fadu otazek, napt. jaky typ latky vyhovuje dané casti elektronického prvku,
jaka je vzajemna kompatibilita pouzitych materialQ, jak tyto latky interaguji na svém rozhrani
apod. Vybér materidlu je navic témér vidy podminén nékterou specifickou vlastnosti (napf.
hodnotou mérné elektrické vodivosti, mechanickou pevnosti, ohebnosti, velikosti specifického
povrchu apod.), kterd ovliviiuje findIni rozhodnuti. Ackoliv je tato prace Uzce zamérena pouze na
organické polovodice a jejich vlastnosti, zejména pak elektrickou vodivost, v organickych
materialech lze nalézt Iatky s diametralné odliSnymi vlastnostmi. V pfipadé jiz zminéné elektrické
vodivosti je tedy mozné pouzit organické latky s vlastnostmi izolant(, polovodicl a v extrémnich
pfipadech i latky s metalickym chovanim [10]. Moderni zafizeni je proto mozné kompletné
navrhnout a postavit pouze na bazi organickych latek.

Organické latky se také ¢asto kombinuji se stavajicimi anorganickymi materialy (napf. Si, Au, Al,Os;
apod.) jiz hotovych substratd, které vykazuji zndmé charakteristiky a jsou zpravidla vytvoreny
osvédcenymi technikami (fotolitografii, leptanim, fezdnim, leSténim apod.). Objevuji se zde vsak
jind uskali — spojena s chovanim napf. kontaktd mezi kovem a organickymi latkami ¢i rozhrani
anorganickd/organicka latka. Vyse uvedené problémy nelze pfedem beze zbytku predpovédét a
napfr. v oblasti FET transistori se jednd o Casté prekazky, které je nutné fesit zménou technologie
vyroby ¢i materidlu [11].

PFi ndvrhu nového zafizeni na bazi organické elektroniky lze narazit na limit velikosti rozliseni
(v horizontalnim i vertikalnim sméru) jednotlivych prvk(, ktery je dan zpravidla pouZitou depozicni
technologii. Stavajici technologie inkoustového tisku (coZ je v soucasnosti pravdépodobné
nejdllezitéjsi technologie vyroby organickych motivll) dosahuji horizontalniho rozliseni v fadu
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jednotek az desitek um, tedy o nékolik radd horsiho nez v pripadé nejnovéjsich fotolitografickych
postupl (aktudlni tranzistory v mikroprocesorech vytvorfené touto cestou dosahuji rozmér(
7-10 nm). Velky dlraz v organické elektronice se proto klade i na vyvoj novych technologii, které
by tuto prekazku odstranily. Potencidl pro zlepseni této oblasti maji proto i stale jesté
experimentalni depozi¢ni technologie elektrohydrodynamického tisku ¢i laserového psani.

Rada organickych latek podléhd degradaci okolnimi podminkami (napf. UV-zafenim, vy3si
teplotou, vzdusnym kyslikem ¢i vlhkosti apod.) snadnéji nez ty organické. Vysledkem je rychlé
starnuti zafizeni, které se projevuje napf. postupnym sniZzovanim intenzity zafeni u OLED,
poklesem ucinnosti OPV ¢i zménou citlivosti chemickych senzor(. V dobé rychlé spotieby a
moralniho zastaravani elektronickych zatizeni se vsak paradoxné nemusi jednat o velkou prekdazku,
nebot mnoho zatizeni je obménéno za nové v pribéhu jednoho &i dvou let. Navrh zatizeni mize
také v nékterych pripadech (s ohledem na nizké ceny plynouci z masové vyroby) pocitat pouze
s jeho jednorazovym pouzitim [12].

1.3  Senzory na bazi organickych polovodict a jejich vlastnosti [13-17]

Senzory na bazi organickych latek tvori pomérné specifickou podskupinu organické elektroniky.
Cilem senzorl je ziskavat informace o fyzikalnich a chemickych vlastnostech svého okoli. Pfi
konstrukci senzori na bazi organické elektroniky lze vychazet z konceptu a struktury jiz existujicich
zafizeni organické elektroniky. Napf. OTFT mUzZe byt snadno upraven tak, aby byl schopen slouZit
jako prevodnik mérené veliciny na elektricky signal. Senzory na bazi OTFT slouZi jako chemické
senzory pri detekci fady plynl (napf. O, NO, apod.), pfipadné jako fyzikalni senzory zatizeni
(tenzometry), tlaku a teploty (pyroelektrické senzory). OLED lze s vyhodou pouZit jako zdroje
zareni v mikrofluidnich systémech pro detekci rozpusténého kysliku ¢i glukézy a OPV je moziné
adaptovat na fotodetektor elektromagnetického zareni [18]. Samoziejmé Ize vyvinut i struktury
zcela nové.

Castéjsi je viak vyutziti existujicich platforem fyzikalnich a chemickych senzori (napf. SAW, QCM,
chemoresistor, FET, kapacitni senzor), které vede ke konstrukci hybridnich zafizeni zalozenych
na anorganickém rigidnim substratu a organické citlivé vrstvé. Tyto v podstaté inovované typy
senzorll se vyznacuji zajimavymi parametry plynoucimi zvyuZiti organickych latek (napr.
schopnosti detekce za laboratorni teploty citlivé vrstvy) a propracovanym zplsobem
vyhodnocovani odezvy diky znamé platformé. Pouziti znamé platformy pfi vyvoji novych senzor(
na bazi organickych latek umoznuje soustredit se pouze na vlastnosti organické citlivé vrstvy
senzoru.

Vhodnym prikladem tohoto pfistupu jsou senzory na bazi krystalovych mikrovdzek QCM (z angl.
Quartz Crystal Microbalance) s tenkou vrstvou vodivého polymeru PPy! [13]. QCM krystal ve formé
kfemenného AT-vybrusu patfi mezi léty provérenou senzorovou platformu, kterd se dnes Uspésné
pouziva napf. v primyslovych analyzatorech vlhkosti plyn [14]. DlleZitou ¢asti téchto senzorf
vlhkosti je sorpéni vrstva, kterd interaguje s detekovanym plynem a absorbuje z néj molekuly
vodni pary. Absorpci molekul vodni pary citlivou sorpcni vrstvou dochazi ke zméné celkové
hmotnosti QCM krystalu, coz se projevi ve zméné rezonancni frekvence kmitani senzoru.
Problémem mnoha prlmyslovych analyzatorl vlhkosti zaloZzenych na QCM krystalech je vsak

1 PPy je organicky polymer s teplotni zavislosti mérné vodivosti charakteristickou pro polovodice, jehoZ
hlavni pfednosti je vysokd elektrickd vodivost (aZ 200 S-cm™). PPy je proto s oblibou pouZivan
v chemorezistorech (detailnéji o PPy viz nasledujici kapitoly), ale, vzhledem k jeho schopnosti sorbovat
polarni pary do svého objemu, miZe byt pouZzit i jako sorp¢ni material na povrchu QCM senzoru.

4
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existence interferent(, které se v méreném plynu vyskytuji spolu s vodni parou (napf. methanol,
amoniak) a vytvareji falednou odezvu. Re$eni tohoto problému spocivad bud’ ve vyuZiti sorpéni
vrstvy necitlivé k danému interferentu (nalezeni takového materidlu viak muze byt velice obtizné)
anebo ve zvyseni selektivity pomoci vhodné metody zpracovani signdlu, napf. spektralni analyzou
Sumu QCM krystalu.

Sedlak a kol. [13] poufZil spektralni analyzu Sumovych slozek QCM krystalu (Sum QCM senzoru se
sklada se z tepelného Sumu, 1/f Sumu pochazejiciho z vnitfniho tfeni krystalu, Sumu vznikajiciho
adsorpci a desorpci mérfeného plynu ¢i pary, termo-mechanického Sumu, Sumu pochdzejiciho
z teplotnich fluktuaci senzoru a Sumu elektronického oscilatoru) pro popis procesu absorpce a
desorpce vodni pary na povrch/ z povrchu tenké citlivé vrstvy PPy. Touto metodou se mu podafilo
ziskat model Sumu vznikajiciho pfi procesu absorpce-desorpce vodni pary tenkou vrstvou a
matematicky jej popsat pomoci Kolmogorovovy rovnice vychazejici z modelu dvou zasobniki
vodni pary — analyzovaného plynu pfi dané koncentraci, teploté a parcidlnim tlaku, a povrchu
senzoru s urCitym poctem mist obsazenych analyzovanym plynem. Detailni znalost jednotlivych
komponent Sumovych charakteristik QCM senzoru a zejména Sumu vznikajiciho absorpci a
desorpci méfeného analytu otevird moznosti, jak zvySovat citlivost a selektivitu senzoru
k molekuldm vodni pary.

MozZnosti, jak ziskat informace o citlivosti ¢i selektivité senzorq, jejichz citlivé vrstvy tvofi sloZité
systémy organickych molekul je vSak vice. Seidl a kol. [15] pouZil analyzu odezvy chemorezistort
na bazi smési acetyl-acetonatu cinu (SnAcAc) a oxidu cinicitého (SnO) pfi méreni DC- a AC-
signdlem a porovnal vysledky standardni stejnosmérné citlivosti (Spc; rovnice 1) a tzv. fazové
citlivosti (Sac; rovnice 2), ktera je v oblasti vyhodnocovani citlivosti chemorezistor( relativné
novym nastrojem:

_ Rair(T)
Spc(T,c) = Ryas(T:0) (1)
SAC(T'f: c) = gair(T'f) - Bgas(T'f' c) (2)

kde T je provozni teplota senzoru, c je koncentrace analytu a f je frekvence stfidavého méficiho
signalu. Méreni Sac se ukazalo nejenom robustné;jsi vici teplotnim fluktuacim senzoru, ale je také
vhodné pro srovnavani citlivosti senzor(i anorganickych (Sn0,), anorganicko-organickych (smés
SnAcAc a Sn0Q,) i Cisté organickych (PPy). Fazova citlivost Sac se ukazuje jako zasadni také pro
zlepseni selektivity senzoru. Méreni senzor(i AC signdlem nabizi oproti DC méfenim jesté jeden
nezanedbatelny, i kdyzZ z hlediska interpretace relativné obtizny ndstroj, a sice tzv. impedancni
spektroskopii. Impedanéni spektroskopie umozniuje spojit konkrétni elektrické chovani méfeného
senzoru (pozorovatelné napf. na prlibéhu tzv. Nyquistovych diagrami) sjeho materidlovymi
vlastnostmi (velikosti zrn, typem nosicl elektrického naboje apod.), pomoci matematického
modelovani nahradnich elektrickych obvodl senzoru. Toto modelovani bylo pouZito i v pfipadé
SnAcAc/SnO, chemorezistorl v praci Seidl a kol. [15].

Z vysledkll impedancni spektroskopie senzori na bazi organickych materidlt Ize vysvétlit i nékteré
jevy, které DC méreni nedovede snadno odhalit. Vrnata a kol. [16] pomoci impedancni
spektroskopie chemorezistorl s tenkymi citlivymi vrstvami PPy zjistil, Ze tento vodivy polymer
s charakterem polykationtového fetézce a aniontovych dopantl vykazuje pomérné vysokou
iontovou vodivost (viz prlibéh Nyquistova diagramu v rozsahu 15 Hz az 1 kHz na obréazku 1 (vlevo)),
kterou Ize prisoudit pohybu jeho protiontl (dopantl PPy) v elektrickém poli. PPy se tak chova do
jisté miry jako pevny elektrolyt, coz se pfi méreni signalem s nenulovou stejnosmérnou slozkou
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projevuje postupnym driftem elektrického odporu smérem k vyssim hodnotam tim, jak se
vyCerpavaji volné ionty elektrolytu a dochazi k polarizaci elektrod.
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Obrdazek 1 - Nyquistiv diagram ziskany impedancni spektroskopii chemorezistoru na bdzi PPy
v rozsahu frekvenci 15 Hz - 10 MHz (vlevo) a zdvislost jeho redlné slozky komplexni admitance na
frekvenci (vpravo) [16]

Impedancni spektroskopie nabizi nékolik zplsob( zobrazeni namérenych dat, které umoznuji
ziskat fadu materidlovych parametr(i. Mezi né pat¥i i zavislost readlné slozky komplexni admitance
na frekvenci (obrazek 1 (vpravo)), z jejihoz pribéhu Ize ziskat informace o charakteru transportu
naboje uvnitf materialu (fetézcova dérova vodivost vs. pfeskokové mechanismy napt. VRH (z angl.
Variable Range Hopping)), z ¢eho? Ize usuzovat i miru starnuti pouZitého polymeru. S rostoucim
starim polymeru totiz dochazi vlivem degradace materidlu k rozpadu na usporadané (metalické) a
neusporadané (amorfni) ostrlvky polymeru a k postupnému potladovani fetézcové dérové
vodivosti materialu na ukor pfeskového mechanismu prenosu dér.

Impedancni spektroskopie se ukazala uzitecnd i pfi analyze rady dalSich chemorezistor( na bazi
organickych material(, napf. chemorezistortd na bazi tetrasulfonovanych ftalocyanini médi a niklu
[17]. Nicméné, vzhledem k velkému mnoZstvi stupni volnosti, které se nabizi pti vyhodnocovani a
interpretaci ziskanych grafQ, je vidy nutna jista obezietnost k ziskanym vysledkiim a z tohoto
pohledu se proto jednd o velmi obtiznou metodu. Vice informaci k impedanéni spektroskopii Ize
ziskat napt. z rozsahlé publikace Barsoukov a MacDonald [19].

1.4 Inteligentni materidly pro 21. stoleti — vodivé polymery [20-22]

Vodivé polymery? (VP) tvofi pestrou skupinu polymerd, které se svymi elektrickymi vlastnostmi
podobaji anorganickym polovodic¢lim ¢i koviim, presto si vSak zachovavaji mechanické vlastnosti
organickych latek (napf. flexibilitu, nizkou hustotu, snadnou modifikovatelnost chemické struktury
apod.). VP jsou vzdakladnim stavu elektrickymi izolanty s elektrickou vodivosti v radech
10 - 10 S-cm™. Procesem zvanym dopovani (vice o dopovani VP viz oddil 3.2), véak mohou o
nékolik radl zvysit svou elektrickou vodivost a to aZ na Uroven klasickych anorganickych
polovodicu, pripadné i kovl. Typicka hodnota elektrické vodivosti dopovanych VP se pohybuje
v rozsahu 1 — 10* S-cm™. Hlavni pFicinou Fetézcové dérové vodivosti VP je konjugovany systém
vazeb s m-elektrony delokalizovanymi podél celého skeletu molekuly a volnymi nosi¢i naboje,

2 Vodivé polymery jsou nékdy také nazyvany jako konjugované polymery; v angl. se lze také setkat s pojmy
synthetic metals nebo, méné Castéji, s electronic polymers, u nichz se vsak Cesky ekvivalent nepouziva.

6
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které vytvari médium schopné transportovat diry (fakticky elektrony) podél linearniho fetézce
molekuly [23].

Od svého znovuobjeveni v 70. letech 20. stoleti pfi experimentech s polyacetylenem
exponovanym halogeny [2] prodélaly VP zavratnou genezi, kterd byla navic akcelerovana
udélenim Nobelovy ceny za chemii v roce 2000 Alanu J. Heegerovi, Alanu G. MacDiarmidovi a
Hideki Shirakawovi za objev nové skupiny latek, kterd

vedla k rozvoji novych védnich obor( [24]. Postupné také a)

doglo k déleni vyzkumu VP do riiznych odvétvi podle M\ /T \
n

obor( vyzkumu i podle aplikaci, které v daném polymeru,
technologii syntézy ¢i jeho zplsobu funkcionalizace a b)

zpracovani spatrovaly nejvétsi potencidl. V soucasné dobé / \ / \
lze pozorovat diferenciaci oblasti chemické a N

elektrochemické syntézy VP s ohledem na jejich aplikace; H n
VP pfipravené chemickou syntézou jsou zpravidla vhodné

pro zafizeni vyuZivajici povrchové reakce na rozhrani plyn-
pevna latka (senzory), a také pro uchovavani energie NH}*
(baterie a superkapacitory), elektrochemicky pripravené n

VP jsou preferovany pfi konstrukci zafizeni pracujici _

srozhranim kapalina-pevna latka (biosenzory). Oba Obrdzek 2 - Vodivé polymery:

zpUsoby pripravy VP vsak neurduji budouci aplikaci VP a) polyacetylen (trans - mezomer);
Sy iy we. o . b)  polypyrrol;  c)  polyanilin

zcela striktné a lze najit téz urcity prlnik spolecnych (leukoemeraldin);  d) olv-34

aplikaci, mimo jiné i v oblasti elektronickych soucdastek, ethylendioxythio}en poly=2,

ochrannych povrchi a katalyzy.

Zakladnim VP je polyacetylen (PAC), zobrazeny na obrdzku 2a, s linearnim retézcem, ve kterém se
sttidaji jednoduché a dvojné vazby. PAC se vyuziva jako modelovy pfiklad konjugovaného systému.
Z hlediska mozZnych aplikaci je vSak zajimavéjsi polyanilin (PANI) a dvojice heterocyklickych
polymerl polypyrrol a poly-3,4-ethylendioxythiofen (PEDOT) (viz obrdzek 2b-c), které jsou
v porovnani s PAC stabilnéjsi na vzduchu. Kromé této Ctvefice existuje jeSté pestra paleta dalSich
VP, jejichZ ptiprava, struktura a vlastnosti jsou detailné popsany v fadé prehledovych ¢lanku a knih
[25,26].

PANI, PPy a PEDOT patfi mezi VP, jejichZ vlastnosti jsou v soucasné dobé prozkoumany na takové
urovni, Ze je moZné uvaZovat o jejich pokrocilych biotechnologickych aplikacich, jako jsou
napfriklad biosenzory, umélé tkané a neuralni sondy [27,28]. Jednu z téchto Uspésnych aplikaci Ize
demonstrovat na PANI, ktery byl pouzit jako receptor pro detekci salicylatl a jejich analog( [20].

Salicyladty jsou latky pouzivané k tlumeni bolesti, horecky, ¢i zdnétu. Nejzndméjsi z nich je
bezesporu kyselina acetylsalicylova, ktera se pouziva pod obchodnim nazvem Aspirin, Acylpyrin i
Anopyrin. Selektivni detekce téchto latek ve vodnych roztocich je proto klicova zejména v oblasti
mediciny a farmacie. Jednou z cest, jak dosahnout selektivni detekce salicylat(, je pouZit iontové
selektivni elektrody (ISE) s vhodnymi salicylatovymi receptory. Nékteré z Uspésnych aplikaci ISE
pro detekci salicylatQ jsou zaloZeny na organokovovych materidlech. Vodivé polymery vsak v
biosenzorech obvykle nevystupuji v roli pfimého receptoru, ale spiSe jako platforma pro
imobilizaci receptorl. Konkrétné PANI se v minulosti osvédCil zejména jako platforma pro
imobilizaci vhodnych enzymatickych ¢i bioafinitnich receptorl [29]. V pripadé salicylatl vsak lze
uvaZovat o vyuZziti PANI jako pfimého receptoru bez nutnosti navazani dalSich funkénich latek, a
to zejména diky molekulovym vazebnym interakcim (rt-t interakce, vodikové mustky a dipélové
interakce), které vznikaji mezi molekulou salicylatu a PANI.

7
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Nespornou vyhodou PANI je jeho relativné snadna chemicka priprava. Anilin Ize polymerizovat ve
vodném prostfedi pomoci oxidagniho ¢inidla (NH4);S:0s (APS)® a pokud je v reakénim médiu
pfitomen vhodny hydrofilni povrch, dochazi ke vzniku tenké vrstvy in-situ na povrchu, ¢im se
znacéné zjednodusi technologicky proces vyroby tenké vrstvy [30]. Vhodnou hydrofilni
membranou, na které Ize PANI polymerizovat a zaroven muze slouZit jako zaklad pro ISE je smés
poly(vinyl chloridu) (PVC) a 2-nitrofenyl oktyl etheru

(NPOE) v poméru 2 : 1. NH,

Vysledek potenciometrického méfeni stouto iontové
selektivni membranou ukazal, Ze velmi zavisi i na strukture
povrchu a krystalinité PANI, kterd mUzZe byt do znacné
miry ovlivnéna pridavkem pomocné latky v pribéhu
polymerizace; napft. pridavek NaCl zvySuje krystalinitu
PANI a tim i usporadanost jeho fretézcl [31], kterad se
projevi zvySenou elektrickou vodivosti iontové selektivni
membrany. DUsledkem tohoto jevu je i vy3si citlivost
takovéto membrany ksalicylatdm, ktera je spolu se
selektivitou srovnatelna (¢i dokonce lepsi), nez u dosud
pouZitych receptor(.

O

Obrazek 3 - Amino-substituovany
kumarinovy derivat Trégerovy bdze

Vyse uvedena prace je ukdzkou snadného vyuziti VP ve velmi pokrocilych aplikacich. Polymerizacéni
reakce anilinu Ize vSak s vyhodou vyuZit i pfi pfipravé tenkych filma sloZitéjsich latek jako jsou
amino-substituované kumarinové derivaty Trogerovych bdazi (CTB)* [21]. Chemicka struktura této
latky je na obrazku 3.

Obrdzek 4 - Polymer amino-substituovaného kumarinového derivdtu Trégerovy bdze [21]

Tenké filmy PANI vznikaji snadno nejenom chemickou cestou, ale i elektrochemickou
polymerizaci, ktera vede k tvorbé tenkych film( na povrchu elektrodovych systému [32]. Pokud
ma takto vyrobeny polymer slouzit napftiklad jako biosenzor, znamena to ukotvit do vrstvy
specifické receptory, protoZe, jak jiz bylo feCeno vySe, PANI je vétSinou vyuZivan pouze jako
platforma pro imobilizaci receptord. To zpravidla obndsi nutnost dalSiho technologického kroku,
ktery vyrobu biosenzoru zna¢né prodluzuje a ve svém dasledku i prodrazuje. Resenim mize byt
vyuziti makromolekul, které kombinuji receptorovou &ast s ¢asti schopnou polymerizace podle
mechanismu polymerizace VP. CTB ukazalo, Ze je schopné spojit kumarinovou funkéni skupinu
s aminoskupinou, jejiz mechanismus polymerizace je stejny jako u nefunkcializovaného PANI.
Jednim polymerizacnim krokem zde dochazi ke vzniku polymeru (obrazek 4), tenké vrstvy, do které

3 Zkratka APS pochdzi z anglického ndzvu ammonium peroxydisulfate.
4 Zkratka CTB vychéazi z angl. amino-substituted coumarin derivative of Tréger base.

8
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jsou navic vnesena receptorova mista (obrazek 5). Konkrétné toto usporadani by v budoucnu
mohlo slouZit v biosenzorech markert signalizujicich neuroblastomy.

Obrdzek 5 - Rozhrani zlatd elektroda/substrdt biosenzoru a) nepokrytého a b) elektrochemicky
pokrytého polymernim filmem CTB [21]

Chemicka i elektrochemicka priprava riznych typa kompozitQ VP je v soucasné dobé popularni
cestou, jak ziskat funkcionalizované materidly, které vyuzivaji pfednosti VP a zaroven potlacuji
jejich nedostatky nebo pfidavaji vlastnosti zcela nové. Konkrétni ukdzkou tohoto pfistupu je
souCasnd prace od Ayad a kol. [22] vénovana syntéze multifunkéniho kompozitu PANI
s biopolymerem chitosanem (CS), magnetickymi casticemi Fes0, a nanocasticemi Ag. Na prvni
pohled sloZity kompozit dimysIné vyuZiva jednoduché polymerizacéni reakce PANI, kdy v jednom
reakénim kroku vznikd pomoci oxidacniho cCinidla FeCls-6H,0 za pfitomnosti CS z anilinu kompozit
PANI-CS. Pridavkem NaOH dochdzi k reakci s FeCl,, ktery je zbytkovym produktem predchozi
polymerizacni reakce, za vzniku ¢astic FesOs majicich magnetické vlastnosti. Na zavér jsou
elegantné vyuZity redukéni vlastnosti PANI, které jsou charakteristické pro nékteré VP [33]
(detailnéji budou diskutovany dale v oddile 4.4). Pfidavkem AgNOsz do kompozitu PANI-CS-Fes0,,
dojde k redukci stfibrného kationtu na kovové stfibro, a vznika tedy findIni multifunkéni kompozit
Ag@PANI-CS-Fes0, (obrazek 6 a obrazek 7) snanocdsticemi stfibra, které dekoruji nosic¢
z vodivého polymeru.

Vyuziti podobného kompozitu je nasnadé. Chitosan spolu sPANI umoZnuje dobrou
dispergovatelnost kompozitu ve vodnych roztocich, zaroven je zndmo, Ze VP jsou dobrymi
absorbéry aromatickych znedistujicich latek (naptiklad azobarviv, které se pouZivaji v textilnim
pramyslu [34]), které vazou slabymi vazebnymi interakcemi [35]. Magneticky charakter kompozitu
umoZiuje snadnou zpétnou separaci VP z vodného roztoku, napfiklad permanentnim magnetem.
Pfidané nanocastice Ag pak vykazuji katalytické vlastnosti, které jsou schopny prevadét znecistujici
latku na ldtku méné nebezpelnou. Vtomto konkrétnim pfipadé byly katalytické vlastnosti
kompozitu Ag@PANI-CS-Fe;04 Uspésné otestovany pfi redukci nitroaromatického 4-nitrofenolu.

Z vyse uvedenych praci je zfejmé, Ze VP vynikaji relativné jednoduchou (¢asto ,,one pot“) syntézou,
kterou lze vhodnym zplsobem modifikovat tak, Ze je mozné pfipravit pomoci malého poctu
technologickych krok(i funkcionalizované tenké vrstvy nebo multifunkéni kompozity. Priprava
téchto latek navic neni finanéné nakladna, protoZe Ize pracovat v malych mnozstvich, se snadno
dostupnymi reaktanty a bez toxického odpadu. VP jsou schopny v mnoha pfipadech nahradit
daleko sloZitéjsi latky a v mnoha praktickych aplikacich dosahnout srovnatelného vysledku s
mnohondsobné draz$imi materialy. Spolu se svymi schopnostmi ménit velikost své mérné
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elektrické vodivosti jako odezvu na zménu okolnich podminek ¢i vytvaret supramolekularni
struktury s velkym specifickym povrchem patfi VP mezi inteligentni materidly s nadéjnou
budoucnosti.

Obrdazek 6 - SEM kompozitu Ag@ PANI-CS-Fes04 (A), TEM kompozitu PANI-CS-FesO, (B) a
Ag@PANI-CS-Fes04 kompozitu (C), a HRTEM kompozitu Ag@PANI-CS-Fes0, (D). Vyfez zobrazuje
SAED kompozitu AG@PANI-CS-Fe;04 [22]

(0]
= 044
£
3 L
*g 0,24
31 g
@ 21 E 00
o >
e Fe s
o -0,2
14 Fe c
N Ag 5
J /\ Z 04 —
1 2 3 4 5 6 7 8 -80 -60 -40 -20 0O 20 40 60 80
Energy (keV) Magnetické pole (kOe)

Obrazek 7 - Kompozit Ag@PANI-Cs-FesO, — prvkové sloZeni mérené pomoci EDS (vlevo) a
magnetické vlastnosti mérené vibracnim magnetometrem (vpravo)

2 Moderni technologie pro vyrobu organické elektroniky

Vyroba miniaturnich, horizontalnich i vertikalnich motiv(, z organickych polovodi¢d (napf. 2D
planarnich tenkych vrstev, vodivych spojll, elektrodovych systémd, 3D vertikdlné vrstvenych
sendvi¢ovych struktur ¢i pfimo funkénich zafizeni typu OTFT, OPV, OLED, RFID, fyzikalnich a
chemickych senzor( atd.) s rozliSenim obvykle jednotek ¢i desitek mikrometrd, ptipadné azZ stovek
nanometrl, klade nemalé naroky na pouZité technologie zpracovani a depozice materidlu.
Zakladni podminkou je, Ze pouzita technologie nesmi ovlivnit vlastnosti a tim i funkci materialu,
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z néhoZ pozadovany motiv vznika. Organické polovodice jsou vSak ze své podstaty nachylné k
poskozeni a dochdzi u nich snadno ke zméné chemické struktury vlivem elektromagnetického
zareni (zejména z oblasti UV spektra), tepelného a mechanického namahani, ¢i chemické reakce
(nezadouci reakce s rozpoustédly, okolnimi plyny apod.). Navic fada organickych polovodicu je
charakterizovdna velkou molekulovou hmotnosti (zejména v ptipadé latek polymerniho
charakteru), coz omezuje nebo zcela vyluCuje jejich prevedeni do plynné faze, ¢i malou
rozpustnosti v polarnich ¢i nepolarnich rozpoustédlech, coZ ztéZuje moZnost vytvoreni jejich
roztokd.

VySe jmenované rysy organickych polovodicd neumozZnuji vyuZit nékteré z osvédcenych
technologii pro opracovani ¢i tvorbu motivl z anorganickych polovodi¢d. Fotolitografie, leptani,
magnetronové naprasovani ¢i napafovani totiz znacné chemicky a tepelné namahaji zpracovavany
material.

Specialni misto v oblasti pfipravy motivl organickych materialt maji proto nedestruktivni tiskové
technologie. Své uplatnéni v organické elektronice nasla technologie sitotisku, ddle hlubotisku,
ofsetu Ci flexotisku spojenych se zpracovanim previjenim substratu (angl. Roll-to-roll processing),
tamponovy tisk a také technologie inkoustového tisku (zkracované jako Ink-Jet).

Kromé tiskovych technologii se pouzivaji technologie typu spin-coating, dip-coating, spray-coating
¢i priprava vrstev metodou Langmuir-Blodgett, alternativné lze pouZit specidlné uzplsobené
naparovani organickych materidld OME (z angl. Organic Molecular Evaporation) ¢i nékterou
z laserovych depozicnich technik, naptf. MAPLE (z angl. Matrix Assisted Pulsed Laser Evaporation).

V této casti prace budou diskutovany zejména dvé technologie i) Ink-Jet (oddil 2.1) a ii) MAPLE
(oddil 2.2). Obé jmenované technologie se nasi vyzkumné skupiné osvédcCily pfi ptipravé
chemorezistorl [7,16,36,37] ¢i adsorpénich vrstev QCM senzor( [13] na bazi VP. Laserové

depozi¢ni technologie byly navic GUspésné testovany i pfi pfipravé tenkych vrstev chemorezistor(
na bazi acetyl-acetonatd, ftalocyanint ¢i porfyrint [15,17,38,39].

2.1  Pfiprava substratt chemorezistorli pomoci technologie Ink-Jet [36]

Principem technologie Ink-Jet je kontinualni dodavani tisknutého kapalného roztoku funkcni latky
(inkoustu) do tiskové hlavy, odkud je vystfelovan ve formé kapic¢ek na potiskované médium, kde
vytvari pozadovany motiv.

Technologie Ink-let je zmnoha dlvod( povaZovana za jednu z progresivnich technologii pro
masovou vyrobu organické elektroniky. Je totiZz nedestruktivni pro zpracovavany materidl,
relativné rychla a bezkontaktni. Navic se jednd o technologii aditivni, ktera nanasi material cilené
pouze do mist, kde je to vyZzadovano, ¢imz Setfi mnoZstvi spotfebovaného materidlu. Vytvaret lze
jemné plandrni motivy i vicevrstvé struktury. BéZzné se pouziva pro tisk OPV, RFID cipu, OLED,
pasivnich elektronickych prvka apod., uzpUsobit ji Ize vsak pro Sirokou skalu dalsich aplikaci, napf.
pro tisk optickych cocek a multiplexert, fyzikdlnich a chemickych senzorl a biosenzord,
mikroelektromechanickych zafizeni, polovodicovych laser(, cinovych spojl pro pdjeni, dale pro
pokryvani umélych cév ¢i implantovatelnych elektrod biokompatibilnim materidlem, enkapsulaci
|éCivych latek, pfesné odmérovani malych objem, generovani kalibracnich smési par o stopovych
koncentracich, jako davkovac pfi chromatografii malych objemi apod.

Dnesni technologie Ink-Jet je uzplsobena pro tisk kovl v podobé suspenzi nanocastic (napf.
stiibrny, ¢i médény inkoust) ¢i pajecich hmot (napft. cin, olovo), dale anorganickych polovodicu
(napft. ITO, TiO,), a samoziejmé organickych latek ve formé kapalnych krystal(, kvantovych tecek,
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latexovych suspenzi, olejl, lubrikantl, voskd, polymerd a v neposledni fadé organickych
polovodi¢d typu VP ¢i ftalocyaninl. Potiskovat lze Sirokou skalu substratl, napf. sklo, ITO,
polyester, polykarbonaty and polyimidy, opticka vldkna, epoxid, teflon, kfemik, oxid hlinity, hlinik
a dalsi kovy, obycejny i specializovany papir apod. [40].

Siroky vybér inkoust( i substratl pro tisk déla z technologie Ink-Jet zajimavou alternativu pro
vyrobu chemorezistorll. Nasledujici pivodni vysledky nebyly (na rozdil od zbytku mych zde
citovanych praci) doposud publikovdny vZadném recenzovaném védeckém casopise Ci
monografii, nicméné dokresluji komplexnost a zabér vyzkumu v oblasti organické elektroniky a
zejména senzord na Ustavu fyziky a méfici techniky VSCHT Praha (UFMT).

Chemické senzory prezentované voddile 1.3 jsou hybridnimi zafizenimi, ktera vyuzivaji
odsvédcené senzorové platformy (desticky z Al,Os s Pt topenim a interdigitalnim elektrodovym
systémem, obrazek 8) a organické tenké vrstvy tvorené vodivym polymerem (PPy, PANI, PEDOT
atd.). Tyto substraty vSak maji nékolik nevyhod, které jsou dostatecné motivacni pro vyvoj
substratd novych, pomoci technologie Ink-Jet. Nejvétsi nevyhodou je jejich vysoka cena, kterd
prameni z mnozstvi technologickych krok, jez je pfi vyrobé substratu tfeba ucinit (fotolitografie,
fezani, kontaktovani apod.). V oblasti vyzkumu a vyvoje chemickych senzorli na bazi VP se tak
Casto jedna o nejdrazsi polozku nového senzoru. Na spodni strané tohoto substratu je navic Pt
topny meandr, ktery neni nutné pouzivat u fady senzorl na bazi organickych latek, protoze
s vyhodou pracuji za laboratorni teploty.

Obrdzek 8 - Senzorovy substrdt z Al,Os s interdigitdlnimi elektrodami na svrchni strané (vlevo) a Pt
topnym meandrem (vpravo); rozméry 2,5 x 2,5 mm

PFi ndvrhu nového substratu pro chemorezistory na bazi vodivych polymer(, jenz by bylo mozné
kompletné vytisknout metodou Ink-Jet, se vychdazelo z pfedpokladu, Ze substrat musi byt ohebny,
aby mohla byt vyuZzita jedna z hlavnich vyhod organické elektroniky — flexibilita zafizeni. Z pohledu
izolac¢nich vlastnosti, odolnosti proti tepelné ndmaze a agresivnim chemickym rozpoustédlam byl
po uvodnich neuspésnych pokusech s klasickymi polymernimi podklady (PET, PE, PMMA) vybran
tepelné i chemicky odolny polyimid proddvany pod znackou Kapton. Kromé podlozky substratu
bylo nutné vybrat vhodny materidl na elektrodovy systém, ktery by vykazoval dobrou adhezi
k povrchu flexibilniho substratu, byl elektricky vodivy a vytvarel nejlépe Ohmicky kontakt
s organickou citlivou vrstvou. Vybér padl zejména na komercné dodavané inkousty stfibrnych a
médénych nanocastic. Drahy vytvorené z téchto inkoustl se musi po naneseni zformovat vysokou
teplotou, aby doslo ke slinuti kovovych castic a odpareni (pyrolyze) organického nosice [40].

Na obrazku 9 je snimek kapky stfibrného inkoustu vylétajici z piezoelektrické trysky, ktery byl
pofizen stroboskopickou kamerou umisténou na aparature uréené pro depozici latek metodou
Ink-Jet, a dale snimky pofizené v pribéhu pfipravy novych substrat chemorezistord. Tyto
vysledky, jichZ bylo dosaZeno v bakalafské praci studenta J. MikeSe [36] pod vedenim autora
predkladané prace jsou spise technologickou demonstraci moznosti a limitli nové aparatury pro
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tvorbu jemnych motivl metodou Ink-Jet, ktera byla vybudovana na UFMT. Intenzivnéj$i nasazeni
této metody pro tisk senzorl na bazi VP se predpoklada po prekonani nékterych dil¢ich problémi,
které jsou spojeny s vlastnostmi VP (napt. horsi adheze k substratu, ¢i obecna tendence k agregaci
Castic v inkoustu).
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Obradzek 9 - Priprava substrdatu chemickych senzort technologii Ink-Jet: a) kapka vylétajici z trysky
aparatury Ink-Jet, b) obrazovd analyza fady nespojenych kapek; c) tistény zdklad pro tvorbu
interdigitalnich elektrod chemorezistoru; d) prototyp senzorové platformy se svinutymi
elektrodami [36]

2.2 Pfiprava citlivych vrstev senzorll pomocf laserovych depoziénich technologii [7, 13,15-17,37-
39,41]

Historie vzniku laserovych depozi¢nich technologii je Uzce spjata sléty bezprostfedné
nasledujicimi po sestrojeni prvniho funkéniho laseru. K tomu doslo v 60 letech 20. stoleti a hned
poté byl laser vyuZit v mnoha experimentech. Pro materidlové inZenyrstvi byla zajimava zejména
interakce vysoce energetického, monochromatického, koherentniho zareni s hmotou, nebot laser
(zejména v pulsnim reZimu) je schopen soustredit energii do extrémné kratkého casového pulsu
a/nebo extrémné prostorové lokalizovaného pusobeni, ¢imZ lze dosahnout velice rychlych
fazovych zmén opracovavaného materialu a zformovani termodynamicky metastabilnich fazi. Na
pocatku vyzkumu laserovych depozi¢nich metod byl proto sledovan pouze vliv laserového zareni
na plvodni, definované vlastnosti ozafovaného terce materidlu. Teprve pozdéji se staly
predmétem zdjmu i molekuly materidlu uvolnéné z terce pti ozafovani laserovym paprskem (tzv.
ablace), které kondenzuji a vytvareji tenké vrstvy (tzv. depozity) na povrsich okolo terce.

Pavodni technologie, nazyvana pulsni laserova depozice PLD (z angl. Pulsed Laser Deposition), jez
je vhodna pro depozice spiSe anorganickych latek, se v pribéhu let rozrostla o fadu modifikaci,
které jsou schopny nanaset anorganické materidly do tenkych vrstev i tvofit jemné motivy z latek
organickych. Patfi mezi né matricova pulsni laserovd depozice MAPLE (z angl. Matrix Assisted
Pulsed Laser Evaporation) a technologie laserového psani LIFT (z angl. Laser Induced Forward
Transfer) a MAPLE-DW (z angl. Matrix Assisted Pulsed Laser Evaporation — Direct Write). Detailni
informace o historii, mechanismu prenosu molekul, rozdilech mezi technologiemi, vyuZiti
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ve vyzkumu, vyvoji i pfi primyslové vyrobé jsou popsany ve specializované kapitole Kopecky a
Skodova [41] v monografii vénované laser(im a laserovym technologiim.

Technologie LIFT a MAPLE-DW patfi mezi sériové depozicni technologie, PLD a MAPLE mezi
paralelni depoziéni technologie [42]. Pti sériové laserové depozici dochazi k pfenosu materialu
sekvencné, tedy v danou chvili se nanasi pouze urcita ¢ast substratu (obrazek 10a), cozZ je vyhodné
pro tvorbu jemnych motiv(i. Paralelni laserové depozice naproti tomu nandseji materiadl na
vSechna mista substratu zaroven (obrazek 10b) za vzniku tenké vrstvy. Pokud je dlleZité nanaset
materidl pouze na urcité misto, je nutné pouzit specidlni masku éi stinitko, které je v ptipadé tvorby
sloZitéjsiho motivu nepraktické.

Zakladem PLD je vysokoenergeticky laser pracujici v pulsnim rezimu. Laserové pulsy dopadaji na
povrch ozatfovaného materidlu — nazyvaného zpravidla jako ter¢ — odkud vyrazeji plazmovy oblak,
ktery ulpiva na protilehlém substratu (obrazek 11). Laserovy svazek dopada na terc vétSinou pod
Uhlem 45° a vyrazi material opacnym smérem.

a) |
teré substrat

b) substrat

A
—p

terd

Obrdzek 10 - Sériové (a) a paralelni (b) laserové depozicni technologie [41]

Mechanismus pfenosu materidlu je zaloZzen na pfedavani termalni energie laserového svazku
ablovanému materidlu a ndaslednému explozivnimu uvolnéni materidlu z terce v dusledku
lokalniho prehfati. V mistech lokalniho prehfati dochazi k pyrolytickému a fotolytickému rozkladu
materidlu a vzniku plazmatického oblaku tvofeného nejenom molekulami deponovaného
materialu, ale i jejich shluky, fragmenty, elektrony, radikdly apod. Tato vlastnost je jednou z
prvnich a hlavnich limitaci pro Siroké nasazeni PLD pfi depozicich "kfehkych" organickych
materialQ, existuji vSak vyjimky [41].

Obecné Ize hovotit o tfech kategoriich organickych latek [41], u kterych je moZné pouzivat metodu
PLD: (i) prvni kategorii latek jsou latky se schopnosti samoskladby po dekompozici laserovym
zarenim, klasickym materidlem této skupiny je polytetraflouroethylen (PTFE) [43], (ii) do druhé
kategorie spadaji vSechny latky — polymery, makromolekuly a biologicky aktivni latky — u nichZ sice
dochazi vlivem laserového prenosu k castecné dekompozici, mnozZstvi a rozsah poskozeni
materialu vSak neovlivni jeho funkci [44], (iii) v poslednim pfipadé je degradace materialu pfi
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depozici zjevna a postihuje vétsinu prenasenych molekul, neni vSak prekazkou, pokud je cilem
pfiprava metastabilnich materiald, segmentl molekul s novymi vlastnostmi nebo dokonce vlastni
studium pyrolytického rozkladu latek [45].

Prikladem prace, jez vyuziva PLD pro depozici tenkych vrstev organickych polovodica, je prace
Frycek a kol. [46] a na prace na ni tematicky navazujici Fitl a kol. [38], které se zabyvaly pfipravou
chemorezistorl na bazi acetyl-acetonat(l india a cinu. Pfi dopadu zareni KrF resp. Nd:YAG laseru
na tyto organické polovodice dochazi vidy k jejich nevratné chemické preméné. Urceni findlniho
chemického sloZeni takovéto vrstvy vsak neni jednoduché, protoze pfi depozici metodou PLD
vznikd fada fragmentl a nestabilnich produktl pyrolyzy a fotolyzy. Mnohem duleZitéjsim
vysledkem je vsak skutecnost, Ze material po této preméné neztraci své detekcni vlastnosti a
naopak ziskava napft. vyssi citlivost k vybranym plyntim a param, napf. ozénu, vodiku, n-butanolu
apod.
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Obrdzek 11 - Princip funkce PLD [41]

Mnohem vétsi spektrum organickych polovodi¢li vsak pfi depozici PLD zcela degraduje a ztraci své
fundamentalni vlastnosti, jez by byly vyuZitelné v organické elektronice. Pro tento typ latek je
metoda PLD nevhodna a byla proto vyvinuta metoda MAPLE [47], kterd je schopna pFenaset
nejenom organické polovodic¢e, ale obecné i "kifehké" organické a biologické materidly s
charakterem polymer(, makromolekul, biologicky funkénich celkd, a dokonce i Zivych bunék.

MAPLE disponuje vyrazné jemnéjSim mechanismem ablace terce v porovnani s PLD. Jemnéjsi
mechanismus je dan odliSnym sloZzenim ozafovaného terce, ktery je tvoren nejenom
deponovanym materialem, ale i tzv. matrici. Matrice je latka o nizké molekulové hmotnosti, jejiz
absorpéni pas ma v idedlnim pripadé na vinové délce pouZzitého laserového zareni své maximum
[42]. Laserové zareni dopadajici na terc je poté absorbovano prevainé matrici, kterd funguje jako
ucinny Stit chranici deponovany material pred pyrolytickym a fotolytickym posSkozenim. Jako
matrice se nejcastéji vyuzivaji tékava organicka rozpoustédla (napf. methanol, dimethylsulfoxid,
toluen atd.), ale tfeba i voda. Vétsina organickych latek vykazuje v UV oblasti rovnéz vyrazné
absorpéni pasy. Z tohoto divodu byva typicka koncentrace deponovaného materialu v matrici
pfiblizné jednotky hm. %, ¢imZ se minimalizuje pravdépodobnost interakce deponovaného
materidlu s UV zarenim [41].

Terc¢ pro depozici je vytvoren zchlazenim roztoku &i disperze deponované latky v matrici do
pevného stavu na teplotu kapalného dusiku. Vlastni depozice probihd v evakuované komore
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obdobné jako v pfipadé PLD. Laserovy paprsek dopada na ter¢ pod uhlem 45°; usporadani
odpovida paralelni depozi¢ni metodé (obrazek 12). Po dopadu laserového pulsu na terc¢ dochazi k
absorpci energie laserového pulsu matrici. Tento jev lze popsat jako fototermalni proces. Energie
foton( absorbovana matrici se preméni na tepelnou energii, ktera zptsobi prudké lokalni prehfati
matrice a jeji odpateni do plynné faze. Deponovany materiadl chranény pred laserovym zarenim
vysokou absorpéni schopnosti matrice, ziskava kolektivnimi kolizemi s jejimi molekulami
dostatecnou kinetickou energii, coz umoZznuje vznik oblaku ablovaného materialu a jeho transfer
na substrat. Na povrchu substratu se vytvari rovnomérny homogenni tenky film deponovaného
materidlu. Matrice se diky nizkému tlaku par rychle odpafuje a je pribéiné odcerpavana
turbomolekuldrni vyvévou tak, aby nedochazelo k nardstu tlaku v komore [41].
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Obrazek 12 - Princip funkce MAPLE [41]

Terc pro MAPLE je v idedlnim pfipadé tvoren pravym roztokem. Problém rozpustnosti nékterych
latek je ovsem komplikovany. Napft. v pfipadé vodivych polymert je jejich rozpustnost nefesitelna
bez pouZiti pomocnych latek, nebot vodivé polymery nejsou rozpustné ani v polarnich ani
v nepolarnich rozpoustédlech, pfipadné je jejich rozpustnost velice omezena a dochazi k rychlé
agregaci ¢astic. Nejefektivnéjsim zplsobem, jak zvysit rozpustnost vodivych polymerd, je pouZzit
jako pomocnych latek nékterého ze zastupcu Siroké plejady surfaktantd a sulfonovych kyselin [48].

Prace Kopecky a kol. [49] se zabyva syntézou PPy ve formé roztoku vhodného pfimo pro depozice
metodou MAPLE. Jako pomocné latky byly pozZity ¢tyti rizné sulfonové kyseliny a surfaktanty: kys.
p-toluensulfonova, kys. dodecylbenzensulfonova, dioktylsulfosukcinat a kys. kafrsulfonova. BIlizsi
informace o téchto syntézach lze nalézt v odstavci 3.3 vénovaném syntéze PPy. VysSe jmenované
latky vyrazné zvysuji rozpustnost PPy v dimethylsulfoxidu (DMSO), pfipadné ve vodé, a umoziuji
depozice metodou MAPLE pomoci KrF (248 nm) i Nd:YAG (266 nm) laseru.

V praci Kopecky a kol. [7] a Sedldk a kol. [13] byl deponovan rozpustny PPy z vodného roztoku i
roztoku DMSO metodou MAPLE. Takto preneseny material, neposkozen laserovym zarenim,
posloufZil jako tenka citliva vrstva chemorezistor(, resp. QCM senzor( (viz oddil 1.3).

Problematika depozic vodivych polymer( pomoci metody MAPLE je vSak komplexnéjsi, protoze
vyZaduje znalost i fady dalsich dil¢ich podminek a parametrl depozice (napt. poctu pouzitych

16



D. Kopecky Vodivé polymery pro organickou elektroniku

pulsli laserového zareni, teploty terce Ci energie laserového zareni) a navic je pro depozice
nezbytna pomérné sloZitd a nakladna aparatura. Cast problematiky laserovych depozic a s tim
souvisejicich vlastnosti deponovanych materidlll je rozebrana v referencich [7,49], prehled
historie, principli a vyuziti vSech zminénych laserovych depozi¢nich metod v oblasti depozic
organickych latek je proveden v kapitole Kopecky a Skodova [41] monografie vénované laserovym
technologiim, a detailni shrnuti depozic vodivych polymert Ize nalézt v monografii
Kopecky a kol. [37].

Zavérem lze shrnout, Ze laserové depozi¢ni technologie maji dobrou perspektivu pro depozice
tenkych vrstev a jemnych motivi na bazi organickych latek, i kdyZ je nutné zvaZzit zejména
narocnost téchto technologii na zkusenosti a znalosti obsluhy i celkové vysoké naklady na vyrobu
jednoho zafizeni. V oblasti masové vyroby organické elektroniky tak bude mit tisk i nadale velky
naskok. Nékteré z laserovych depozi¢nich metod vsak jiz byly pouZity jako primyslové technologie
vyroby produkt(, a tak je mozné, Ze se s nimi budeme v budoucnu v oblasti organické elektroniky
setkdvat castéji [50]. Naproti tomu pro laboratorni experimenty a zakladni vyzkum je role
laserovych depozi¢nich technik nezastupitelna.

3  Polypyrrol: chemicka struktura a syntéza

Nasledujici c¢ast je vénovdna zejména syntéze a charakterizaci vodivého polymeru PPy.
V predchozich odstavcich byl PPy nékolikrat zminén v souvislosti s chemorezistory, QCM senzory
a depozi¢nimi technologiemi, které umoziuji pfipravu jeho tenkych citlivych vrstev. PPy, ktery byl
pouZivan Uplné na pocatku experimentd provad&nych na UFMT, byl komeréné doddvanym
produktem, jehoZ presné sloZzeni podléhalo primyslovému utajeni. Pro vyzkumné ucely zahrnuijici
objasnovani mechanisma (napf. depozice, detekce, elektrické vodivosti apod.) to tedy byl material
nepfrilis vhodny a bylo velkou snahou kupovany material nahradit jinym, se zndmymi parametry.
Postupné se z jednoduchych syntéz prechdzelo na stdle sofistikovanéjsi a diky tomu se podafilo
ziskavat material s velmi zajimavymi vlastnostmi (napf. lepsi rozpustnosti, elektrickou vodivosti,
supramolekuldrni strukturou apod.). Nasledujici odstavce jsou vénovany vysledklim syntézy a
charakterizace PPy, které pomahaji objasfiovat nékteré doposud neznamé priciny nestandardniho
chovani senzor( na bazi VP (napf. driftu citlivosti).

3.1  Monomer — pyrrol

Zakladnim stavebnim kamenem PPy je monomerni pyrrol (obrazek 13 (vlevo)), patfici do kategorie
péti¢etnych aromatickych heterocykl(. Struktura pyrrolu se sestava ze ¢tyf sp-hybridizovanych
atomU uhliku a jednoho sp?-hybridizovaného atomu dusiku. Pyrrol tedy obsahuje 6 elektronl 1
(4 z p orbital uhliku a 2 z volného elektronového paru p orbitalu dusiku) a vytvari konjugovany
aromaticky systém dvojnych vazeb. Jednotlivé atomy péticetného aromatického kruhu jsou
zpravidla Cislovany pocinaje heteroatomem (dusikem) a feckym pismenem jsou zvyraznény uhliky
se stejnou reaktivitou (uhliky 2,5 jsou oznacovany jako a, uhliky 3,4 jsou oznacovany jako B). Tento
systém je nasledné pouzivan i u PPy.

Molekula pyrrolu se vyskytuje v péti rezonancnich formdch. U prvni z nich nedochazi k separaci
naboje (obrazek 14a), u dalSich dvou par( ekvivalentnich rezonancnich struktur dochazi k separaci
naboje a tedy driftu elektroni smérem od dusiku. Téchto pét rezonancnich struktur nepfispiva do
struktury pyrrolu stejnou mérou a jejich dllezitost klesd smérem a) > c),e) > b),d). Vyssi
pravdépodobnost existence struktury c) a e) zplsobuje, Ze pfi polymerizaci pyrrolu dochazi
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pravdépodobnéji ke vzniku vazeb v polohach a-a a vysledny polymer je linearni s jednotkami
natocenymi o 180° (viz oddil 3.2).
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Obradzek 13 - Monomerni pyrrol s vyznacenim jednotlivych pozic (vievo); délky vazeb a dipdlovy
moment pyrrolového kruhu (vpravo)

Z/ \S - Z/ +/§ 4—»_( +/> - Z\+ \S - Z\+ S_
N N N N N
a) M b) oH o o) F

Obrdzek 14 - Rezonancéni struktury pyrrolu

Elektronegativnéjsi dusik (elektronegativita 3) pfitahuje elektrony ze sousednich uhlik
(elektronegativita 2,5). Silnéjsi rezonance vsak zpUsobuje, Ze vznikly dipdlovy efekt sméfuje
smérem od dusiku a dochazi k deformaci délky vSech vazeb v pyrrolovém kruhu. Nejdelsi vazbou
pyrrolového kruhu je vazba 3,4 (obrazek 13).

Pyrrol diky svému elektronové bohatému aromatickému kruhu podléha elektrofilni substituci.
Elektrofilni substituce probihd z divodu vyssi elektronové hustoty primarné na a uhliku
pyrrolového kruhu. Elektronové bohaty péticlenny heterocyklus také umozniuje elektrofilni
radikalovou substituci v poloze a. Pyrrol je také nachylny k deprotonaci N-vodiku pomoci silnych
alkalii, protoze hodnoty disocia¢ni konstanty pyrrolu pro ztratu N-vodiku jako protonu jsou pK, =
14 — 18. Vznikly N-anion je nukleofilni a reaguje substitucni reakci s elektrofily. Standardné (bez
deprotonacniho kroku) vsak elektrofilni substituce na heteroatomu pyrrolu neprobihd, protoze by
vznikly produkt nebyl rezonancné stabilizovan [51].

3.2 Chemicka struktura polypyrrolu a jeji vliv na elektrickou vodivost

PPy patii mezi heterocyklické aromatické VP s relativné vyssi chemickou stabilitou a elektrickou
vodivosti. Dosud nejvyssi publikovand hodnota mérné elektrické vodivosti praskového PPy
syntetizovaného chemickou cestou dosahla hodnoty 220 S-cm™ [52], a to je jednim z dlivod(, pro¢
je PPy povaZovan za kli¢ovou latku pfi vyvoji novych typl elektronickych zafizeni, elektrod pro
dobijeci baterie a superkapacitory, pevnych elektrolytl kondenzatorli, materiald pro
elektromagnetické stinéni, senzoru, korozivzdornych povrch(, spinacl a jinych akénich ¢lenq,
elektrochromnich zatizeni ¢i membran [26].

Idealizovanda predstava PPy predpoklada linedrni fetézec s pyrrolovymi jednotkami vzajemné
natocenymi o 180° (obrazek 15a). Dvojné vazby a volny elektronovy par dusiku vytvari
m-delokalizovany systém se zakdzanym pdsem o Sifce 3,16 eV, ktery za laboratorni teploty
znemoziiuje snadnou excitaci valenénich elektrontl do vodivostniho pasu. Retézec idealizovaného
PPy proto neobsahuje volné nosice ndboje a chova se jako izolant.

18



D. Kopecky Vodivé polymery pro organickou elektroniku

Obrazek 1 - Formy PPy: a) elektricky nevodivy idealizovany rfetézec a jeho b) polaron a c) bipolaron

Elektricka vodivost je v3ak spojena s existenci nosi¢li ndboje a ty jsou ve VP vytvareny procesem
nazyvanym dopovani. Dopovani vede (velmi zjednodusené receno) k pridavani ¢i ubirani elektron(
z fetézce VP, coZz ma za nasledek vznik volnych nosi¢ naboje. Vétsina VP je dopovana oxidacné-
redukénim procesem, u PANI je vsak znam i proces dopovani protonaci silnou kyselinou (napf. HCI)
[53]. Obvyklou cestou dopovani PPy je tedy chemicka nebo elektrochemicka (anodicka) oxidace,
ktera vede postupné ke vzniku kation-radikalu (polaronu) a nasledné dikation (bipolaronu); obé
elektricky vodivé formy jsou zobrazeny na obrazku 15b,c. Existence bipolaron je charakteristicka
zejména pro vysoce dopované VP.

Z hlediska naboje volnych nosicu je vysledny polykation PPy polovodic¢em typu p. Ve VP jsou vsak
zndmy i polovodice typu n; naptiklad PAC mize byt redukovdn na polyanion. Problémem
n-dopovanych VP je jejich vysoka reaktivita, ktera zplsobuje prudky pokles elektrické vodivosti pfi
expozici vzdusnym kyslikem [25].

Dopanty ve formé protiontll jsou tedy neoddélitelnym doprovodem polykationtového
polymerniho fetézce PPy, protoZze zachovavaji elektroneutralitu materialu. Navic, i s ohledem na
jejich velké mnoZstvi (az jednotky procent moldrnich), ovliviiuji Sitku zakdzaného pasu PPy a fadu
dalSich materidlovych vlastnosti, jako je napftiklad rozpustnost (o vlivu dopantl na rozpustnost VP
pojednava detailnéji oddil 3.3).

Relativné Siroky zakdzany pas PPy se v zavislosti na mnoZstvi a typu dopantu zuZuje a vznika
postupné jiz zminény polaron a bipolaron, az pfi plné dopovaném PPy dojde ke vzniku struktury
s podstatné uzsimi zakdzanymi pasy (obrazek 16).
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Obrazek 16 - Struktura pdsového diagramu a) neutrdlniho PPy, b) polaronu, c) bipolaronu a d) plné
dopovaného PPy; upraveno podle [26]

Dopovani VP evokuje obdobny proces, kterym je dosahovano dérové ¢i elektronové vodivosti u
kfemiku. Rozdil je zde vSak zejména v mnoistvi dopantu, ktery musi byt do organického
polovodice pfidan, aby vznikl dostatecny pocet nosi¢li ndboje. Bézny VP je dopovan v fadech az
jednotek mol. %, zatimco u kfemiku se jedna pouze o stopovéd mnozstvi dopantt (10* az 102 mol.
%). PIné dopované vodivé polymery obsahuji 10?! az 102 nosi¢d naboje na cm?, co? je o Etyfi az
pét radua vice, nez obsahuji anorganické polovodice [26]. Nizsi vodivost VP oproti anorganickym
polovodi¢im je dana zejména nizsi pohyblivosti nosi¢l naboje v polymeru v disledku jeho nizké
krystalinity a existence rfady defekt(. Nékdy se v tato situace vystizné popisuje jako "mobility gap".

cykly vzajemné
natocené o 180°

cykly otoené
stejnym smérem

HO  hydroxylace

Obrdzek 17 - Vazby a poruchy vyskytujici se v redlném PPy; upraveno podle [54]

Redlnéjsi pohled na strukturu PPy je proto na obrazku 17. BEhem syntézy a nasledného zpracovani
materidlu se v retézci PPy objevi fada poruch a defektl, které jsou zplsobeny nejcastéji
pfitomnosti vody ¢i vzdusného kysliku. Nezanedbatelné mnoZzstvi poruch také vznika
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dlouhodobym starnutim v disledku plsobeni tepla, svétla, mechanického namahani ¢i chemicky
reaktivnich latek. Blizsi pohled na tento proces pfinasi oddil 4.3. VSechny tyto poruchy porusuji
planaritu a linearitu idealizovaného fetézce PPy a sniZuji miru prekryvu m-orbitald.

Pohyblivost nosi¢ll ndboje je tedy urcujicim
parametrem pro velikost elektrické vodivosti ve VP.
Z hlediska  ¢élenéni  rozliSujeme  pohyblivost
fetézcovou, kdy se nosi¢e ndboje pohybuji po
retézci VP, a mezifetézcovou, kdy dochazi
k pfeskokdim a tunelovani mezi dvéma retézci VP.
PFi fetézcové vodivosti dochazi po vloZeni externiho
napéti k postupnému preusporadavani 3 ;
jednoduchych a dvojnych vazeb konjugovaného cblastis ispofadanyuiterze
retézce a tim k pohybu polaronu Ci bipolaronu podél  Obrdzek 18 - Krystalické domény ve VP;
fetézce VP. Tento pohyb vyZaduje daleko méné kéta S vytycuje potencidlovou bariéru
energie nez preskoky ¢i tunelovani, k nimz dochazi,

pokud polaron ¢i bipolaron dorazi na okraj poruchy ¢i konec fetézce. Z tohoto dlvodu je
meziretézcova pohyblivost nejvice limitujicim faktorem pro celkovou pohyblivost [26]. Mira

vvvvv

krystalinitou. Pfedstavu o tomto problému si lze vytvorit ze schématu na obrazku 18. Domény
s vys$si krystalinitou vykazuji vy$si pohyblivost nosi¢l ndboje, kdezto domény s mensi krystalinitou
tvofi potencidlové bariéry, které mohou byt nosicem naboje preskoceny nebo tunelovany pouze
tehdy, pokud do systému vloZzime dostatek energie (napf. teplem, svétlem, vysokym napétim
apod.).

Tvorbu domén s vyssi krystalinitou Ize ovlivnit mj. volbou vhodného dopantu. Mitchell a kol. [55]
proved!| experiment s dopovdnim PPy pomoci malych sférickych (SO4,, CI) a velkych plandrnich
aromatickych (toluensulfonatové ¢i naftalensulfonatové anionty) dopanta, ktery vedl k zjisténi, Ze
typ a struktura dopantu vyznamné ovliviuji izotropii usporadani molekul PPy. Zatimco dopovani
pomoci malych sférickych dopantd vede k tvorbé materidlu s vyrazné izotropnim uspofadanim
molekul, velké planarni molekuly interaguji pomoci slabych vazebnych interakci (zejména pomoci
-1t interakce) s aromatickymi kruhy PPy, a tim snizuji vzddlenosti mezi jednotlivymi retézci,
zkompaktiuji materidl a zvySuji anizotropii uspofadani molekul. Pfi dopovani PPy pomoci
planarnich aromatickych molekul tedy vznikaji vétsi krystalické domény. Podobny jev, avsak u
supramolekularnich struktur PPy, sledoval i Kopecky a kol. [56]; detailnéji je tento problém
diskutovan v oddile 4.2.

3.3  Syntéza polypyrrolu [49]

PPy je ziskavan polymerizaci pyrrolu chemickou nebo elektrochemickou cestou. Elektrochemicka
cesta (tedy anodickd oxidace monomeru v pfitomnosti dopantt) vede zpravidla k syntéze PPy
s vy$si mirou usporadanosti fetézcd, a tedy i s vyssi elektrickou vodivosti. Elektrochemicka syntéza
také nabizi moZnost pfipravovat tenké vrstvy PPy in-situ pfimo v reakénim roztoku. Jedna se vSak
o tématiku, jejiz rozsah vyrazné prekracuje moznosti této prace, a proto bude v textu diskutovana
pouze okrajové. Detailni informace o elektrochemické syntéze PPy lze nalézt napfiklad
v prehledovych ¢lancich [57] ¢i specializovanych knihach [26,54].

V pripadé chemické syntézy je PPy syntetizovan oxidaci (chemickym cinidlem, nikoli anodicky)
pyrrolu, zpravidla ve vodnych roztocich, méné ¢asté jsou syntézy v jinych rozpoustédlech, napft.
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v reverzni mikroemulzi [58], v alkoholech [52], vpevné fazi (ledu) [59], ¢i vplynné fazi
(polymerizace v parni fazi) [60].

Pyrrol snadno spontanné polymerizuje vlivem svétla, tepla i atmosférického kysliku. Jedna se vsak
o velmi pomalé déje. Pfi standardni chemické polymerizaci se pouzivd vhodné oxidacni Cinidlo,
nejcastéji kationtové oxidacni Cinidlo soli prechodnych kov(. Mezi béZna oxidacni Cinidla patfi
napF. Zelezité (FeC|3'6H20, Fe(N03)3-9H20, Fe(C|O4)3'9H20, Fez(SO4)3'5H20, K3F€(CN)6, FEBI’3),
médnaté (CuCl,-2H,0, CuBr;) nebo stfibrné soli (AgNOs) [61], nebo exotictéjsi oxidacni Cinidla
napr. Ce(SQa),, PdCIl; [62], ¢i aniontova oxidacni Cinidla jako naptiklad APS [63].

Syntézu PPy je mozZné provadét za bézné laboratorni teploty. Jedna se o reakci exotermickou, a
reakéni smés je tedy nutné ve velkych objemech kontinualné ochlazovat. Vysledny PPy vsak
vykazuje vyssi stabilitu i hodnoty elektrické vodivosti, pokud je reakce provadéna za nizkych teplot
[52][59]. Kromé teploty jsou findlni vlastnosti PPy ovlivnény i koncentraci a stechiometrii
reaktantd, dobou syntézy, mechanickym michanim ¢i praci v ochranné atmosfére.

Mechanism( popisujicich priibéh polymerizacni reakce pyrrolu bylo popsano nékolik. Na obrazku
19 je zobrazen obecné pfijimany mechanismus, popisujici iniciani fazi polymerizacni reakce,
ve které pfi oxidaci pyrrolu dochazi k vzniku kation-radikald (obrazek 19a) a nasledné jejich
spojenim vznikd bipyrrol (obrazek 19b). Ve fazi propagace retézce, vznikaji oxidaci radikaly
bipyrrolu, a nasledné oligopyrrol(, které se dale fetézi. Se zvysujici se délkou fetézce dochazi
k prekroceni meze rozpustnosti polymeru v reakénim roztoku a vznikd ¢erny precipitat [26].
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Obrdzek 19 - Mechanismus polymerizacni reakce pyrrolu

PPy pfipraveny chemickou polymerizaci je zpravidla nerozpustny ve vodé i organickych
rozpoustédlech, cozZ limituje jeho poutziti v fadé modernich depozi¢nich technologii (napf. Ink-Jet,
Spin-Coating atd.), kde jsou funkéni materidly deponovany z kapalné faze. Nerozpustnost PPy je
zpUsobena zejména mezitetézcovymi interakcemi (napf. m-mr interakce heteroaromatickych
kruh(l) a jejich vliv Ize potlacit vybérem vhodnych dopanti. NejbéZznéjsim typem dopantu, ktery
se vyskytuje v dopovaném PPy, jsou malé anorganické anionty (Cl, FeCly, SO4%, HSO4, NOs apod.),
které jsou do materidlu zaneseny v prlibéhu polymerizace z pouzitého oxidacniho ¢inidla. Jejich
pfitomnost v PPy vSak nema témér zadny vliv na jeho rozpustnost.
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Experimentovani s dopanty vSak ukazalo, Ze pokud jsou pouzity velké organické molekuly typu
surfaktantl ¢i sulfonovych kyselin, je mozné vyznamné rozpustnost VP zvysit a ziskat koloidni
roztok VP [48,64-68]. Prikladem tohoto pfistupu je syntéza PPy v pritomnosti Ctyf rGznych
organickych dopant: i) aniontu p-toluensulfonatu (p-TSA); ii) aniontu dodecylbenzensulfonatu
(DBSA); iii) aniontu dioktylsulfosukcinatu (DEHS) a iv) aniontu kafrsulfonatu (CAMP), ktera byla
provadéna s cilem ziskat PPy s vysokou rozpustnosti v organickém rozpoustédle dimethylsulfoxid
(DMSO) pro depozice metodou MAPLE (viz oddil 2.2) [49].

Referencni vzorky PPy byly syntetizovany pomoci dvou rliznych oxidacnich Cinidel — FeCl; a APS a
ptipraveny polymer tedy obsahoval pouze malé ionty CI, resp. SO4%. Dalsi vzorky byly
syntetizovany v pfitomnosti vZzdy jedné z vyse jmenovanych pomocnych latek (p-TSA, DBSA, DEHS,
CAMP, viz obrazek 20). Molarni pomér reaktantl pyrrol : pomocna latka byl vidy 5 : 1. Vzorky byly
syntetizovany za snizené teploty, 0 °C. Syntetizovany PPy obsahoval vidy dopanty, které byly do
materidlu zaneseny z oxida¢niho ¢inidla (tedy bud ionty CI, nebo SO,*) a v pfipadé poufZiti
pomocné latky jeSté navic aniont pfislusné sulfonové kyseliny ¢i surfaktantu.

Méreni rozpustnosti pripravenych vzork(d ukazalo, Ze PPy dopovany pouze malymi anorganickymi
ionty v roztoku sedimentoval v fadu jednotek minut. Ani relativné malé molekuly sulfonovych
kyselin p-TSA a CAMP vyrazné nepfispély k vyssi rozpustnosti PPy v DMSO i destilované vodég,
pouze PPy syntetizovany pomoci APS v ptfitomnosti CAMP bylo mozné povazovat za rozpustny
s vyraznym rozdilem rozpustnosti v DMSO (6,5 hm. %) a ve vodé (1,8 hm. %). V ptipadé pouziti
surfaktant(i DBSA a DEHS se situace vyrazné zlepsila. PPy syntetizovany v pfitomnosti DEHS, DBSA
vykazoval dobrou rozpustnost v DMSO (4 resp. 5 hm. %). Rozpustnost DBSA byla shodna jak pro
DMSO, tak pro destilovanou vodu. V pfipadé DEHS bylo v destilované vodé dosazeno pouze
relativné nizké rozpustnosti (cca. 2,5 hm. %), celkové vsak PPy pfipraveny v DEHS vykazoval
nejmensi velikost rozpusténych ¢astic a mél nejblize k pravému roztoku.
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Obradzek 20 - Organické dopanty a) anion kys. p-toluensulfonové (p-TSA); b) anion kys. dodecyl-
benzensulfonové (DBSA); d) anion kafrsulfondtu; c) anion dioktyl-sulfosukcindtu (DEHS).

Zajimavou korelaci mezi velikosti dopantl a elektrickymi vlastnosti ukazalo méreni elektrické
vodivosti pripravenych vzork( PPy. Z dfivéjSich praci je zndmo, Ze velké planarni molekuly
aromatickych dopant( zvysuji elektrickou vodivost PPy, protoZe vznika kompaktni material s vyssi
mirou krystalinity [55]. Vyssi hodnoty elektrické vodivosti bylo mozné pozorovat i v pripadé PPy
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filmu, ve kterych bylo pouZito DEHS a N-metyl-2-pyrolidon jako rozpoustédlo [66]. V pfipadé vyse
popsanych experimentl [49] byla elektrickd vodivost PPy syntetizovaného v pfitomnosti p-TSA,
DBSA, DEHS, CAMP skute¢né vys$si (obecné v fadech 10 S:cm?), neZ u referenénich vzork(
(v fddech 10?% S-cm?), av3ak obecné se stile jednd o nizké hodnoty. Elektrickd vodivost
nejrozpustnéjsiho vzorku PPy syntetizovaného v pfitomnosti DEHS dosdhla dokonce hodnot
v Fadu 101 S-cm™. AZ v pozdéjsim vyzkumu PPy syntetizovaného v pfitomnosti methyl oranze (MO)
bylo ukazano, Ze pro organické dopanty tohoto typu existuje maximum koncentrace pomocné
latky, kterou je moZzné pfi syntéze pouZit a po jejim prekroceni dochdzi k prudkému poklesu
vodivosti (a to vlivem tvorby nezadouciho kompozitu) [56].

Zavérem lze tedy shrnout, Ze dopanty hraji podstatnou roli nejenom pfi modifikaci elektrické
vodivosti VP, ale jejich struktura a vlastnosti vzhledem k jejich relativné velkému mnozstvi ovliviuji
radu dalSich dulezitych parametri VP, a jejich variaci Ize pfipravovat VP na miru dané aplikace.

4  Supramolekuldrni struktura polypyrrolu

Vysledkem syntézy PPy standardni chemickou cestou, tedy bez pridavku jakékoliv latky vyjma
monomeru pyrrolu a oxidacniho Cinidla, je vidy material s izotropnimi vlastnostmi a morfologii,
kterd z makroskopického pohledu pfipomina hlavku kvétaku (obrazek 21). PPy s touto morfologii
se v odborné literature nazyva globularnim PPy (PPy-G) a v dnesni dobé je zpravidla pouzivan
pouze jako referencni materidl pro moderni syntézy nano- a mikro-strukturovaného PPy. Vyznam
PPy-G pro redlné aplikace postupné upada, protoze byl v mnoha ohledech strukturovanymi
protéjsky prekonan (napf. velikosti mérné elektrické vodivosti ¢i specifického povrchu).

Obrdzek 21 - Standardni globuldrni PPy (a) a nanotubuldrni PPy pfipraveny pomoci azobarviva
methyl oranz (b) pro porovndni

Na pocatku 90. let 20. stol. provedl Martin a kol. [69-72] sérii experimentd, které Ize povaZovat za
prakopnické v oblasti supramolekuldrnich struktur VP, protoZe jejich cilem bylo usmérnit
polymerizaci VP a ziskat tak material s nano-tubuldrni ¢i vlaknitou morfologii, jejiz jednotlivé
Castice budou mit definované rozméry (zejména pramér ale i délku). Pro tento typ syntézy poufil
tzv. "tvrdou Sablonu" - tedy Sablonu tvofenou mikroporézni membranou polykarbonatového filtru
s valcovymi otvory o priméru 0.5 um. Membrdna oddélovala oxidacni ¢inidlo a monomer tak, aby
polymerizaéni reakce probihala uvnitf valcovych otvor(, coZ v zavislosti na délce reakce vedlo
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k tvorbé nanotrubek ¢&i nanodratl®. Poprvé se zde také ukdzalo, Ze vysledné struktury vykazuji
vyssSi elektrickou vodivost neZ globularni morfologie v dlsledku pravidelnéjsiho usporadani
polymernich fetézcd, coz vedlo k rozvoji této metody i ke vzniku fady dalSich metod pro pfipravu
usporadanych supramolekularnich VP jeZ se pouZivaji dnes.

4.1 Metody pfipravy supramolekularniho polypyrrolu

Syntézy strukturovanych VP Martina a kol. [69-71] znamenaly vyznamny skok v zakladnim
vyzkumu supramolekularnich struktur VP. Postup, ktery byl zde navrZen, tj. "tvrda Sablona", je
univerzalni a neni omezen pouze na konkrétni VP ¢i Sablonu. Dnes se kromé polykarbondatovych
membran bézné pouZzivaji napf. disky anodizovaného Al,Os3 [73]. Metoda ma fadu prednosti —
vzniklé struktury polymerd maji uniformni primér i délku, ve spojeni s elektrochemickou syntézou
je lze pouZit pro ptipravu tenkych vrstev s orientovanymi nanostrukturami (hfebenovité vrstvy)
[74]. Nevyhodou, ktera je vSak pro mnohé aplikace velmi omezuijici, je fakt, Ze timto procesem
nelze pfipravit velké objemy materidlu, a také je nutné pouZit znacné agresivnich metod (napft.
leptani) pro odstranéni Sablony po skonéeni polymerizace, coz mize byt ve vysledku destruktivni
pro syntetizovany material.

V prlibéhu nékolika nasledujicich let byla proto vyvinuta fada dalSich metod, které mély za cil tyto
prekdazky prekonat. Jednou z nich byla adaptace elektrospiningu pro pripravu nanovlaken VP [75].
Ackoliv se ukazalo, Ze timto zplsobem lze pfipravovat relativné snadno velké mnozstvi materialu,
metoda se neujala, a to zejména kvdli striktnimu omezeni na VP dopované surfaktanty, které jsou
jako jedny z mala dostatecné rozpustné a tvofi roztok vhodny pro depozici.

Velmi specifickou metodou pfipravy supramolekuldrniho VP je syntéza PANI v prostiedi nizkého
pH, kterého se dosahuje pomoci rliznych typl béznych anorganickych kyselin (HCI, HNOs, H,SO4
apod.). Timto postupem byly ptipraveny nejenom nanotrubky [76], ale i struktury daleko
komplikovanéjsi s mnohdy prekrasnymi tvary [77][78]. BohuZel tato metoda funguje jenom pro
syntézu supramolekuldrniho PANI a Zadny jiny VP timto zpUsobem nevytvafi usporadané
supramolekularni struktury.

Samostatnou a rozsahlou oblasti je syntéza nanostruktur VP na povrchu poréznich elektrod pfi
elektrochemické polymerizaci [79]. Jedna se o jednoduchou metodu, se vSemi vyhodami a
nevyhodami zminénymi pro elektrochemické syntézy.

Zasadni metodou, jeZ znamenala pralom v pripravé supramolekularnich struktur VP, je
polymerizace v pfitomnosti tzv. ,structure guiding agents“® tedy pomocnych latek, které jsou
schopné se ve vodnych roztocich samousporadavat do vyssich supramolekuldrnich struktur, a
poté slouzi jako Sablona ("mékka predloha"), na jejimz povrchu dochazi k polymerizaci VP. Mezi
latky, které podporuji supramolekularni rist VP, patfi rozmérné planarni sulfonové kyseliny, které
jsou schopny se skladat pomoci ri-t interakci, napt. kys. 8-naftalen sulfonova (NSA) [80-83], DBSA
[84], kys. kafrsulfonovd [85-87], micelarni systémy surfaktantl, napf. DEHS [88,89],
hexadecyltrimethylammonium bromid (CTAB) [90,91], sodium dodecylsulfatu (SDS) [92], pevné a
kapalné krystaly azosloucenin a azobarviv, napf. kys. p-hydroxyl-azobenzen sulfonova [93] a

5V této souvislosti je nutné poznamenat, 7e pfedlozka nano zde neni pouZivana ve stejném vyznamu, jako
napf. u uhlikovych nanotrubek. Obecny Uzus oznacujici uhlikové trubicky jako nanotrubky predpoklada, ze
tyto trubky nebudou dosahovat priméra vétsich nez 100 nm. V oblasti vodivych polymerU neni tato hranice
striktné vymezena a zcela béZné se oznacuji nanotrubkami i trubky o prdméru do 1 um.

6\ ¢eském jazyce neexistuje pro tento vyraz ustaleny preklad.
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zejména MO [94-96] ¢i Acid Red 1 [97], a fada dalSich méné obvyklych latek, napr. kys. salicylova
[98].

Vyhoda téchto syntéz spociva zejména ve skutecnosti, Ze na rozdil od polymernich membran ¢i
leptaného Al,0s, Sablony pomocnych latek vznikaji a ¢asto i zanikaji pfimo v pribéhu
polymerizacni reakce VP a po skonceni reakce je lze z produktu snadno odstranit (napfr.
promyvanim destilovanou vodou ¢i acetonem), bez vlivu na vysledny produkt. Vznik Sablon, tedy
samousporadani téchto latek, je vSak podminén pouzitim vhodné koncentrace pomocné latky i
teploty syntézy [80]. Rada z téchto latek také zlistdvd v malém mnoZstvi ve VP jako dopant
(aniont), ktery nahradil ¢i doplnil dopanty vzniklé z oxida¢niho Cinidla. To s sebou pfindsi fadu
dalsich vedlejsich dasledkll, napf. snizeni elektrické vodivost pfi velmi vysokych koncentracich
pomocnych latek v dlsledku tvorby kompozitu [56].

Pfedchozi vycet syntéz supramolekuldrnich struktur VP Ize rozdélit do jednotlivych skupin, jejichz
oznaceni je bézné uzivano pri syntézach supramolekuldrnich struktur VP a bude pouzivdno i dale
v tomto textu [99]. JiZ zminéné syntézy s polymernimi membranami ¢i leptanym Al,Os patti mezi
tzv. syntézy stvrdou Sablonou; charakteristickou vlastnosti téchto syntéz je, Ze Sablona je
vytvarena samostatné mimo reakcni roztok, ¢asto pomoci odlisSnych chemickych a fyzikalnich
metod, neZ jaké se uplatriuji pfi vlastni polymerizaci. Po skonceni polymerizaéni reakce zUstava
Sablona trvalou soucdsti polymeru, nebo je odstranéna chemicky, nejcastéji leptanim i
rozpousténim v rozpoustédlech. Mezi syntézy stvrdou Sablonou se proto zpravidla fadi i
polymerizace VP na povrchu struktur tvofenych anorganickymi oxidy (napf. nanotrubek V,0Os,
TiO,) [100-102], kovy, ¢i polymery [103,104] nebot tyto reakce splfiuji vySe uvedené
charakteristiky.

Syntézy, které pouZivaji pomocné latky, jez se samousporadavaji ve vodnych roztocich pfi vhodné
koncentraci i teploté reakéniho roztoku, se nazyvaji syntézy s mékkou prediohou.
Charakteristickou vlastnosti téchto syntéz je, Zze Sablona je vytvorena pfimo v reakénim roztoku a
po skonceni reakce ji Ize relativné snadno odstranit z produktu. Pomocné latky ¢asto zlstavaji
v polymeru v malém mnozstvi ve formé dopantl. Pro syntézy s mékkou predlohou vyuzivaji
obecné pomocné latky, které samy vytvareji supramolekularni struktury, napf. micely, nematické
kapalné krystaly i krystaly pevné. Pfi jejich tvorbé se zpravidla uplatiuji zejména slabé vazebné
interakce, napf. rt-it interakce, dipél-dipolové interakce, vodikové mustky, ale predpoklada se, Ze
v nékterych pripadech dochazi i ke vzniku koordina¢né kovalentni vazby [97]. Je nutné zdlraznit,
Zze rozdil mezi tvrdou a mékkou Sablonou neni ostfe ohrani¢en, zejména tam, kde
samousporadavanim pomocnych I[dtek vznikaji pevné krystaly, je obcas toto rozdéleni
zpochybriovano. V této praci bude dale diskutovana zejména syntéza s mékkou Sablonou, a to tak,
jak je definovana vyse.

Pro uplnost je nutné dodat, Ze existuje jesté skupina bezsablonovych syntéz. Zakladni princip je
zfejmy jiz z ndzvu této skupiny, reakce nevyzaduji Zadnou 3ablonu, a presto je vysledkem VP se
supramolekularni strukturou. Patfi mezi né jiz zminénad elektrochemicka syntéza a elektrospinning,
ale také plazmova polymerizace [105], zvlakniovani z kapaliny [106,107], sonochemické [108,109]
¢i radiolytické metody [110]. Kromé elektrochemické syntézy vSak Zadnd ztéchto metod
nedosahla obliby, jaké se tési syntézy s mékkou sablonou.

4.2  Syntéza s mékkou predlohou vyuZivajici azobarviv [8,56]

V soucasné dobé se tési velikému zajmu védecké komunity pfiprava supramolekularnich struktur
VP pomoci azobarviv. Tato syntéza s mékkou predlohou se osvédcila pfi pfipravé nanostruktur
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PANI i PEDOT [95,111], zcela zasadni je vSak zejména pro pfipravu supramolekuldrnich struktur
PPy.

StéZejni praci, kterd iniciovala rozsahly vyzkum v této oblasti, je syntéza nanotrubek PPy
v pfitomnosti azobarviva MO, které se bézné pouZziva jako acidobazicky indikdtor. Prvni syntézu
provedl Hu et al. [112], ale vétSi pozornosti védecké komunity se dostalo az prdci stejného
vyzkumného tymu Yang et al. [94]. Yang syntetizoval jednoduchou procedurou (postupného
pfidavani monomeru a oxidacniho ¢inidla do vodného roztoku MO) uniformni nanotrubky o
priméru 50 nm. Tato reakce je v mnoha ohledech vyhodnéjsi nez doposud pouzivané syntézy se
sulfonovymi kyselinami ¢i v prostredi reverznich micelarnich systém, zejména co se tyce kvality
ziskanych nanotrubek (napt. vyssi elektricka vodivost), relativni jednoduchosti provedeni syntézy
i separace nanostruktur z reakéniho prostiedi. Nanotrubky PPy se diky této reakci staly snadnéji
dostupnymi ve velkém mnoiZstvi a bylo je moZné otestovat v fadé aplikaci, napf. v senzorech
[113,114], v superkapacitorech a bateriich [115-119], v aerogelech [120], v syntetickych
absorbentech [121], jako antioxidant [122,123], redukéni cCinidlo [33], katalyzator [124],
fotokatalyzator [125], nebo v elektricky vodivych textiliich [126].

Yang et al. [94] navrhl ve své praci jednoduchy mechanismus vzniku nanotrubek PPy, ktery
predpoklada, Ze v prvni fazi syntézy dochazi pfimichanim oxidacniho ¢inidla FeCls do vodného
roztoku MO k vytvoreni jehlicovych krystal( komplexu MO-FeCls. Po ptidani pyrrolu ve druhé fazi,
polymerizace probiha na povrchu predtim vzniklych Sablon a FeCls je redukovan na FeCl, diky
¢emuz se komplex rozpadd a produktem je nanotrubka PPy s podélnou vnitfni kavitou o
rozmérech plvodni Sablony. Svoji koncepci Yang nazval reaktivni samorozkladnou Sablonou. Pro
tento koncept hovoti napt. schopnost azobarviv fungovat jako ligand v donor-akceptorové vazbé
s AI** & Fe®* [127], proti nému pak ne zcela shodné rozméry nanotrubek (vniténi pramér a délka)
s pouzitymi Sablonami a zejména neschopnost Sablon samostatné oxidovat pyrrol po vymeéné
okolniho roztoku za destilovanou vodu [8].

Detailnéjsimu vyzkumu funkce MO pfi syntéze nanotrubek PPy a mechanismim jejich ristu se
vénuje soucasna prace Kopecka a kol. [8]. V ramci této prace byla provedena sada experimentd,
které vyuzivaly tfi rdznych reakénich schémat zplsobu smésovani reaktant (RS1-RS3, viz nize),
mezi néz patfila i takova, ktera na pocatku nevedla ke vzniku pevnych krystal( podpUrnych Sablon
(RS2 a RS3). Spolecné s variaci koncentrace MO ve vodném roztoku byl tak ziskan robustni soubor
vzorku. Rozbor vysledkl pak vnesl svétlo na nékteré dosud malo zndmé aspekty mechanismu této
reakce.

l
RS1: methyl oranz + oxidacni ¢inidlo —» meziprodukt e polypyrrol

oec'id_aéni
RS2: methyl oranz + pyrrol = meziprodukt Lnidlo, polypyrrol

RS3:methyl oranZ + oxidacni ¢inidlo + pyrrol = polypyrrol

Produktem vsech reakci (provedenych podle navrzenych reakénich schémat) byla prekvapivé vzdy
nanotubuldrni morfologie. Zajimavym vysledkem tohoto experimentu bylo téz zjisténi, Ze variace
poradi pridavani jednotlivych reaktantl vede ke vzniku nanotrubek odlisného tvaru prarezu a
rtizné velikosti. Zatimco v reakci, kterda méla na pocatku zfetelné vyvinuté sablony (RS1), vznikaly
rozmérné nanotrubky (fadové stovky nm) ¢tvercového prirezu, v pripadé, kdy Sablony nebyly na
pocatku v reakénim roztoku pritomny (RS2 aRS3), byly ziskany tenké (fadové desitky nm)
nanotrubky kruhového prirezu s lepsimi mechanickymi vlastnostmi. PouZity pracovni postup se
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odréazel i v namérené elektrické vodivosti, ktera byla nejvyssi u tenkych nanotrubek s kruhovym
prarezem.

VySe popsané experimenty umoznily zpfesnit poznani mechanism tvorby supramolekuldrnich
struktur PPy pomoci MO. Vychozim bodem pro jejich popis je mechanismus vzniku morfologie
globularni struktury VP, ktery predpoklada nejprve reakci nékolika monomernich jednotek; ty jsou
po prekroceni meze rozpustnosti vylouceny z roztoku a vytvofi nukleaty. Nukledty funguji jako
iniciacni centra, na jejichZ povrchu dochazi k ndhodnému ristu polymerniho fetézce. Tim vznikaji
charakteristické kulové Utvary globuldrniho polymeru [128]. Pokud je do tohoto roztoku vlozen
vhodny objekt, vznikad na rozhrani jeho povrchu a kapaliny tenky film VP [129].

V pripadé, Ze v roztoku existuji na pocatku reakce Sablony ve formé pevnych jehlicovych krystal,
Ize tedy uvaZovat o pokryvani krystalG tenkym filmem. Rada pozorovanych nanotrubek viak byla
znacné delsi nez plvodni sablony, navic jejich konce nebyly uzavrené, rist tedy nebyl izotropni,
jak by se dalo ocekavat od struktur kompletné pokrytych tenkou vrstvou. Lze tedy spekulovat, ze
$ablony MO-FeCls pouze iniciuji poc¢atecéni anizotropni rist polymeru, ktery se déle propaguje bez
dal$i podpory. Jesté vice tuto teorii podporuji reakce, ve kterych byl nejprve misen pyrrol
s roztokem MO, a teprve poté bylo pfidano oxidacni ¢inidlo FeCls (tedy postup RS2). V tomto typu
reakce na pocatku neexistuje Sablona, ktera by mohla byt tvofena komplexem MO-FeCls, jsou zde
vsak pfitomny plandrni molekuly MO, které se v zavislosti na koncentraci skladaji pomoci n-rt
interakci do di- ¢i trimer(, popfipadé oligomerd obsahujici jednotky molekul MO [130]. Zda se, Ze
tyto malé samousporadané struktury MO jsou zcela postacujici k tomu, aby umoznily propagaci
rastu nanotrubky, kterd je schopna dosahnout délky aZ nékolika pm beze zmény priméru. Tento
v zdsadé prosty zavér vysvétluje napf. rlist nanotrubek pomoci oxidacnich ¢inidel, kterd netvofi
komplexy s MO [131], a také otevird prostor pro fadu azobarviv, kterd netvofi ve vodnych
roztocich pevné krystaly [132].

Experimenty provedené v praci Kopecka et al. [8] naznalily jesté jeden velmi zajimavy trend, ktery
dale komplikuje obecné predstavy o rlstu nanotrubek VP jako o pokryvani $ablon tenkou vrstvou
polymeru. Primér syntetizovanych nanotrubek se totiz zmensuje se zvysujici se koncentraci MO.
Paradoxné tak (oproti ocekavani) v roztocich o nizkych koncentracich MO vznikaji nanotrubky
s nejvétsSim prdmérem.

Prace Kopecky a kol. [56] se mimo jiné vénovala i tomuto problému. Syntéza nanotrubek PPy
probihala v prostredi, na jehoZ pocatku se vyskytuji pouze samousporddané oligomery MO tedy
postupem RS2. V prvnim kroku je pfidavan pyrrol do vodného roztoku MO a ve druhém kroku je
pfikapdvano oxidacni Cinidlo FeCls. Tim je zaruceno, Ze nedojde k tvorbé jehlicovitych krystalt
komplextt MO-FeCls. Koncentrace MO byla pro kazdou syntézu odliSnd a ménila se v fadé 0,5; 1;
1,5; 2,5; 3,5; 5; 10; 25 mM. Dalezitym stupném volnosti byla i variace teploty syntézy, a to v fadé
(-5, 5, 15, 25, 35 °C). Sledovana byla zejména morfologie vznikajicich nanocastic, a dva parametry
dullezité pro aplikace v organické elektronice — hodnota mérné elektrické vodivosti a specifického
povrchu.

Z grafll na obrazku 22 je patrné, Ze prliimér nanotrubek se vzristajici koncentraci MO klesa a se
vzrlstajici teplotou naopak roste. Oba dva trendy doplnily predstavy o mechanismu rlstu
nanotrubek. Dle vysledk je tedy velmi pravdépodobné, Ze na tvorbé nanotrubek se podileji pouze
relativné mala iniciacni centra tvofena nékolika samousporadanymi molekulami MO. Inicia¢ni
centra nastartuji rlst nanotrubek, a ty poté pokracuji v rstu samy bez dalsi podpory. Pfi malé
koncentraci MO je téchto iniciacnich center pouze velmi malo a supramolekularni struktury proto
v prebytku pyrrolu vyrostou do vétsSich rozméru, celkové vsak mensiho poctu castic. Se zvysujici
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se koncentraci MO vznika vétsi mnozstvi iniciacnich center, a tak polymerizace probiha ve vice
mistech simultanné, diky cemuz vznika velké mnoZstvi velmi tenkych nanotrubek. Teplota syntézy
urCuje zejména pocet iniciacnich mist v reakénim roztoku a rychlost reakce. Se zvysujici se
teplotou syntézy pocet inicianich mist klesa a dochazi k rychlému rlstu velkych, méné kvalitnich
nanotrubek PPy.
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Obradzek 22 - Priimér nanotrubek PPy syntetizovaného v pfitomnosti MO v zdvislosti na koncentraci
MO (vlevo) a teploté syntézy (vpravo) [56].

Méreni elektrické vodivosti (obrazek 23), specifického povrchu a nasledné také prvkového a
strukturniho sloZeni nanotrubek PPy ukazalo jesté jeden dulezity trend. MO z(stava v materialu
Caste¢né jako dopant a do urcité koncentrace v matecném roztoku (zde 3,5 mM) zvySuje
elektrickou vodivost vznikajicich nanotrubek, protoZe sniZuje meziretézcovou vzdalenost PPy [55].
Avsak v pripadé vysokych koncentraci MO jsou tyto dopanty sloZzené nikoliv z jednotek
samousporadanych molekul, ale v polymernim Fetézci jich zdstava tolik, Ze se stavaji slozkou
nového kompozitu PPy-MO a kvili své nizsi elektrické vodivosti potladuji celkovou elektrickou
vodivost nanotrubek.
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Obrdzek 23 - Zavislost elektrické vodivosti nanotrubek PPy na koncentraci MO a teploté syntézy
(vlevo) a zavislost elektrické vodivosti na priiméru nanotrubek (vpravo) [56].

Pfi vyzkumu vztahl mezi rozméry nanotrubek PPy syntetizovanych v pfitomnosti MO a jejich
elektrickymi parametry (obrazek 23) se také podafilo experimentalné odvodit matematicky vztah
popisujici zavislost mezi elektrickou vodivosti nanotrubek s a jejich primérem d; A oznacuje
prefaktor Arrheniovy rovnice (obrazek 23, vpravo nahore) [56]. Tento matematicky vztah ma
podle stavajicich indicii obecnou platnost a byl Gispésné testovan na dostupnych datech z praci
jinych autora, nap¥. Martin a kol. [71].
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Dvé vySe popsané prace [8,56] prindseji velice detailni fyzikalné-chemicky pohled na
supramolekularni struktury PPy. Zdaleka se nejednd o vycerpdvajici studie, pro aplikace
v organické elektronice se vsak jejich zabér mize zdat pfilis hluboky. Z praktického hlediska se v3ak
ukazuje, Zze bez detailni znalosti mechanismu vzniku materialu je zhola nemozné pochopit jeho
vysledné vlastnosti a efektivné fidit postup syntézy.

Vysledky, které prinesly prace Kopecka a kol. [8] a Kopecky a kol. [56] ukdzaly, Ze tvar pfipravenych
nanostruktur PPy nekopiruje vloZené Sablony presné, ale Ze Sablony pouze iniciuji pocatecni
polymerizaci. Konecny tvar, ktery na pocadtku uda iniciani centrum, je tak vysledkem
usporadaného rlstu bez potfeby sablony. Toto dulezité zjisténi vedlo k otazce, zda jind azobarviva,
ktera maji vyrazné odlisSenou hydrofilni a hydrofobni ¢ast molekuly, jsou také schopna iniciovat
vznik usporddanych struktur PPy.

Velmi zajimavych vysledk( bylo vtéto otdzce dosazeno v prdaci Valtera a kol. [132], ktera se
zabyvala syntézou supramolekularniho PPy v pfitomnosti tfi azobarviv (Acid Red 1, Orange G a
Sunset Yellow FCF), kterd maji v molekule obsazeny spolecny naftylfenyldiazenovy skelet. Prvni
dvé jmenovana barviva vytvareji, v zavislosti na koncentraci, ve vodném roztoku pevné tycovité
krystaly, které by podle obecnych predpokladi mohly vést k nanotubularni morfologii PPy, treti
barvivo, Sunset Yellow FCF, nevytvari pevné krystaly vibec, chova se vsak jako typicky nematicky
kapalny krystal [133]. Syntéza PPy v pfitomnosti struktur téchto latek prekvapivé ukazala, Ze
nanotubuladrni morfologie vznika pouze v pfipadé Acid Red 1, druhé barvivo, Orange G, vedlo ke
vzniku rozmérnych platd o velikostech v fadech mikrometr(. Daleko zajimavéjsim vysledkem vsak
byly uniformni soudkovité mikrostruktury PPy, které vznikly pfi polymerizaci PPy v roztoku Sunset
Yellow FCF, viz obrazek 24.

Obrazek 24 - Mikrostruktury PPy pripravené polymerizaci pyrrolu v roztoku Sunset Yellow FCF [132]

Podobné soudkovité supramolekuldrni struktury PPy nebyly doposud vyzkumnikim z oblasti VP
znamy, a proto byl proveden dlkladny rozbor jejich vlastnosti a ty byly nasledné srovnany se
znamymi vlastnostmi nanotrubek PPy pfipravenych v pfitomnosti MO. Z méreni prvkového (EDX)
a chemického sloZeni (FTIR a Raman) se ukazalo, Ze tyto struktury zadrZuji daleko méné zbytkd
azobarviva ve formé dopantl ¢i kompozitni pfimési. Toto zjisténi je pozitivni z hlediska moznych
budoucich aplikaci, protoze zbytkové azobarvivo miize byt toxické, navic ma malou elektrickou
vodivost, a proto ve vyssich koncentracich sniZuje celkovou vodivost materialu.

Elektrickd vodivost téchto soudkovitych dtvarG je srovnatelnd s elektrickou vodivosti
nestrukturovaného PPy (cca jednotky S-cm™) a v porovnéni s nanotrubkami pfipravenymi pomoci
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barviva MO (cca desitky S-cm™?) je niZ$i. DGvodem muZe byt skuteénost, Ze kontaktni odpor téchto
mikrostruktur je pfilis velky a jeho vliv zastifiuje vlastni elektrickou vodivost soudkovych struktur.
K tomuto zavéru vedou vysledky méreni kontaktniho odporu nanotrubek VP, které proved| Long
a kol. [99].

Dosazené vysledky jsou dlleZitou demonstraci budoucich mozZnosti pripravy raznych typl
supramolekularnich struktur, kterd ukazuje dosud nevyuZity potencidl pomocnych latek
pouzivanych pro stimulaci ristu supramolekularnich VP.

4.3  Stabilita polypyrrolu v enviromentalnich podminkach [134-136]

Problémem, ktery dosud limituje vyuZiti VP, je velké mnozstvi defekt(, které jsou do struktury
materidlu vnaseny jiz pfi samotné syntéze Ci se objevuji v disledku starnuti materialu, a také
relativné mensi odolnost vic¢i enviromentalnim podminkdam jako je vzdusny kyslik, vihkost i
svételné zareni. VSechny zminéné jevy se v fetézci VP projevuji zejména ztratou konjugacni délky
a vyskytem atom0 kysliku v rznych funkénich skupinach (-OH; =0; -COOH a dalsich). Nékteré
z téchto problému Ize opakované odstranovat a VP ,revitalizovat®, jiné jsou vSak permanentni a
vedou k trvalé ztraté, zejména elektrickych vlastnosti.

Jednim z dulezZitych a velice sledovanych parametr( je mira deprotonace a reprotonace retézce
v neutralnim a mirné alkalickém prostredi, ktera ovliviiuje mnozstvi nosi¢ll ndboje v retézci VP.
Tato informace je dlleZita zejména pro konstrukce novych typ( zafizeni pro uchovavani energie a
biomedicinské aplikace. Pfi deprotonaci pomoci alkalii VP prechazi do svého zakladniho stavu (viz
odstavec 3.2), pohyblivé diry (polarony a bipolarony) v fetézci naboje zanikaji, s nimi odchazeji i
vazané proti-ionty; v dlsledku toho elektrickd vodivost klesa. Reprotonaci s naslednym
opétovnym vznikem dér lze vyvolat napfiklad ponofenim polymeru do roztoku anorganické
kyseliny. Rozdil elektrické vodivosti mezi deprotonovanym a reprotonovanym stavem polymeru
muizZe byt znacny, Casto se jednd o fadové zmény, naptiklad PPy-G s pocatecni vodivosti
0,24 S:cm™ byl deprotonovdn na hodnotu vodivosti 3,8x10° S-cm™ poté, co byl ponofen do
roztoku 1 M NH40H, a na hodnotu 6,4x1071° S-cm™ v roztoku 1 M NaOH [48].

Studie Stejskal a kol. [134] je ojedinélou praci, kterd se zaméruje Cisté na problematiku
deprotonaci/reprotonaci nanotrubek PPy. Mezi teoretickym mechanismem deprotonace PPy-G a
nanotubuldrniho PPy neni rozdil. Podle mechanismu na obrdzku 25 pti deprotonaci retézec ztraci
volné polarony a soucasné z materialu odchazeji proti-ionty.

H+
N

-2nHA

Obrazek 25 - Mechanismus deprotonace a reprotonace PPy

31



D. Kopecky Vodivé polymery pro organickou elektroniku

V pripadé deprotonace PPy-G je tedy odejmuta kyselina HCI, u nanotubularniho PPy dochazi jesté
navic ke ztraté kyselé formy MO. MO je za normalnich okolnosti v fetézci ¢astecné zabudovdana
jako dopant a pomoci rt-it interakci snizuje meziretézcovou vzdalenost, coz vede k vyssi elektrické
vodivosti. Vysledkem deprotonace pomoci 1 M NH4OH je pokles elektrické vodivosti z 1,55 S-cm
u PPy-G na 0,012 S:cm™ a z49,8 S:cm™ na 1,42 S.cm™ u nanotubuldrniho PPy. Pfi opétovné
reprotonaci pomoci 1 M HCI vsak nedochazi k navratu na plvodni hodnotu elektrické vodivosti.
PPy-G dosahl hodnoty 0,026 S-cm™ a nanotubuldrni PPy hodnoty 3,64 S-cm™. Dé&j tedy neni zcela
vratny a problém nekompletni reprotonace u PPy-G je dlouhodobé znamy [137]. Pfedpoklada se,
Ze dochazi k nevratnému naruseni retézce silnym alkalickym ¢inidlem. U nanotubularniho PPy
mUzZe navic hrat svoji roli i skutec¢nost, Ze pfi odejmuti dopantl tvofenych planarnimi molekulami
MO dochazi k nevratné zméné vzdjemného usporadani retézcll. Pfedpoklada se také, ze béhem
deprotonace je cast dopantll (proti-iontd) nahrazena hydroxidovym aniontem (OH) [138].
V porovnani s ostatnimi VP véetné svého globularniho protéjsku je vSak odolnost nanotubularniho
PPy vuci deprotonaci velmi dobra a elektricka vodivost zlistava ve znacné mire zachovana.

Aplikace VP v organické elektronice jsou ovliviiovany starnutim materialu’, spojenym s postupnym
zhorSovanim tady parametrd (napf. poklesem elektrické vodivosti, pruznosti, mechanické
pevnosti, Cistoty materidlu apod.). V pfipadé VP jsou hlavnimi Ciniteli zpusobujicimi starnuti
materidlu vzdusny kyslik, UV zareni, teplota a vzdusna vlhkost.

V praci Varga a kol. [135] byl po 3 roky sledovan postupny pokles elektrické vodivosti PPy-G i
nanotubularniho PPy (pfipraveného v pritomnosti MO podle ¢lanku Kopecka a kol. [8]) v dUisledku
starnuti. Paralelné stimto experimentem byly provedeny pokusy s umélym starnutim, které
vyuZivaji zvysené teploty (zde 120 °C), jeZ cely proces akceleruje (je nutné zdlraznit, Ze tento typ
starnuti neni zcela totozny s pfirozenym starnutim, nebot nezohlednuje napftiklad vliv UV zafeni).

Ukazalo se, Ze elektricka vodivost nanotubularniho PPy je ¢asové o fad stabilnéjsi nez u PPy-G a
jeji hodnota klesne béhem 3 let na 0,2nasobek plvodni hodnoty. Umélé starnuti naproti tomu
vedlo k velmi rychlému poklesu elektrické vodivosti u obou typd PPy aZz o 7 fadd béhem 1000 h
(41 dntl). Zaroven bylo zjisténo, Ze zbytkova MO pouzivand jako pomocna latky v polymerizacni
reakci, stabilizuje materidl a zpomaluje proces starnuti.

Dulezitym vysledkem je, Ze u nanotubularniho materidlu nedochazi v dlisledku starnuti k rozkladu
supramolekularni struktury, ale pouze k urcité zméné chemického slozeni. Méreni prvkového
sloZzeni pomoci EDX a chemické struktury PPy pomoci FTIR odhalilo, Ze pokles elektrické vodivosti
v dlisledku pfirozeného starnuti je spojen predevsSim s deprotonaci PPy fetézce a postupnou
karbonylaci uhlikd pyrrolového kruhu vzdusnym kyslikem. Z makroskopického hlediska se podle
elektrické tomografie PPy rozpada homogenné a z plvodniho usporddaného materialu, jehoz
elektrické parametry nebyly daleko od pfechodu z vlastnosti polovodice na vlastnosti kov(, se stal
velice neusporadany material v dlisledku mnozstvi poruch.

Porozumnéni principu pfirozeného starnuti VP je velmi dllezité pro pochopenich chovani
materidlu v podminkach, za kterych funguje bézna organickad elektronika. Zrychlené (umélé)
starnuti pomoci zvysSené teploty pak vypovida o dopadu jednoho konkrétniho Cinitele (teploty) na
elektrickou vodivost. Pro pochopeni vlivu dalSich Ciniteld (napf. vzdusného kysliku, UV zareni

7V Gvodu préace bylo zminéno, Ze organicka elektronika je v mnoha pfipadech koncipovana jako jednorazova
¢i pro pouze kratkodobé pouziti (1-2 roky). Z tohoto pohledu nemusi byt proto proces dlouhodobého
starnuti velkou prekazkou.
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apod.) na morfologii i elektrickou vodivost PPy je vSak nezbytné pouzit jiné metody zrychleného
starnuti materidlu.

Jiny pohled na proces starnuti prindsi prace Galar a kol. [136] v niZ bylo pouzito nizkoteplotniho
plazmatu (NTP) pro generovani reaktivnich ¢astic ve vodném roztoku. Mezi tyto Castice patfi
zejména stabilni molekuly Os, H,0,, HNO,, HNOs, N,O, N,Os a nestabilni ¢astice typu radikald a
iont( [139]. Takto obohaceny vodny roztok silné interaguje s globuldrnim i nanotubularnim PPy.
Vyhoda této metody je, Ze pti ni nedochazi k zahtivani materidlu, a tak s jistym zjednodusenim
predstavuje komplementdrni metodu umeélého starnuti k vySe uvedenému starnuti zvysenou
teplotou.

Podobné jako v pfedchozim pripadé se PPy-G ukdzal jako méné stabilni nez PPy nanotubularni;
elektricka vodivost poklesla 14krat pro PPy-G respektive 2kradt pro nanotubuldrni PPy béhem
60 minut. PFi¢inou tohoto chovani je zfejmé vy3si kompaktnost nanotubularniho PPy, ktery proto
snadnéji odolava reaktivnim ¢asticim ve vodé aktivované NTP. Stejné jako v pfipadé pfirozeného
¢i umélého starnuti nedoslo k poskozeni morfologie testovaného materidlu a za hlavni pticinu
poklesu elektrické vodivosti Ize opét oznacit rychly pokles chloridovych dopant( (deprotonace)
spojeny s narlstem obsahu kysliku, ktery se v fetézci objevil v disledku oxidace PPy fetézce a
vzniku funkénich (-OH, -C=0, -COOH) skupin.

4.4  Kompozity nanostrukturovaného polypyrrolu a jejich vlastnosti [33]

V oddile 1.4 bylo zminéno, Ze VP funguji jako efektivni redukéni Cinidla, kterd lze pouZit pro
pfipravu kompozitd VP a kovovych nanocastic. Napt. Ayad a kol. [22] pouZil této vlastnosti pro
pfipravu nanokompozitu PANI s biopolymerem chitosanem (CS), magnetickymi ¢asticemi Fes0, a
nanocasticemi Ag. Redukéni schopnosti supramolekularniho PPy vSak dosud nebyly dostatecné
prozkoumdny. Skodova a kol. [33] proto zkoumali redukéni schopnosti nanotubularniho PPy pfi
redukci AgNOs za vzniku Ag a porovnavali je s redukénimi schopnostmi globularniho PPy (tedy PPy
soli) a jejich deprotonovanych forem (tzv. PPy bazi).

Vysledky ukazaly, Ze redukéni schopnosti vsech ¢tyf forem PPy (nanotubularni soli, nanotubularni
baze, globularni soli a globularni baze) jsou dostatecné na to, aby byly schopny vyredukovat ionty
Ag za vzniku metalickych nanocastic Ag podle niZe uvedené rovnice (obrazek 26).

\_ N\ [ n +2 n AgNO,
N N
_/ n N\
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N M/ +2nAg+2nHNO;
n

Obrdzek 26 - Mechanismus redukce AgNOs na Ag pomoci PPy

33



D. Kopecky Vodivé polymery pro organickou elektroniku

Nanotubularni PPy se vSak ukazal jako efektivnéjsi redukéni Cinidlo neZ jeho baze (odpovidajici
kompozity obsahuji 21,1 hm.% resp. 15,3 hm.% vyredukovaného Ag). PoufZiti rGznych forem PPy
navic vedlo ke vzniku odlisSné morfologie Ag nanocastic (nepravidelné i pravidlené shluky,
nanodraty apod.). Snimek vyredukovanych Ag nanocastic a jejich pravidelného uspofadani je na
obrazku 27.

Zaroven se ukazalo, Ze vznikly nanokompozit PPy a Ag vykazuje nizsi elektrickou vodivost
v pfipadé, Ze byla pouZita sdl nanotubularniho PPy (pokles z 35,7 S:cm™ na 20.9 S:cm™?) a vy3si
elektrickou vodivost v pfipadé pouziti PPy baze (narlst z 0,056 S.cm™ na 1,38 S:cm™). Dlivodem
pro pokles elektrické vodivosti PPy/Ag nanokompozitu je pravdépodobné vyssi narlst kysliku
v fetézci polymeru v dlsledku jeho oxidace kyslikem v pribéhu reakce.
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Obrazek 27 - Kompozit PPy vznikly redukci AgNOs pomoci nanotubuldrniho deprotonovaného PPy

4.5 Senzory na bazi nanotubularniho PPy [140]

Vysledky, kterych bylo dosazeno v pracich Kopecka a kol. [8] a Kopecky a kol. [56] byly pouZzity pfi
konstrukci senzoru pro detekci organickych tékavych latek VOC (z angl. Volatile Organic
Compound) — nepolarniho n-heptanu a polarniho ethanolu; oba VOC maji podobny tlak
nasycenych par. Jako citlivy material byl testovan PPy-G a nanotubuldrni PPy ve standardnim a
karbonizovaném stavu. Karbonizace materialu probéhla pfi 650 °C v inertni atmosfére podle dfive
otestovanych postupl [141]. Pfi karbonizaci PPy nanotrubek vznikd na vzduchu stabilni materidl
s vy$Sim specifickym povrchem a zachovalou supramolekuldrni strukturou [142]. Konkrétné
PPy-G (specificky povrch 26 m?-g1) zvysil po karbonizaci svij specificky povrch na 150 m%g! a
nanotubuldrni PPy (specificky povrch 75 m?.g1) na 211 m2g™.

Vsechny vySe zminéné citlivé materidly byly otestovany na senzorové platformé tvorené
polyuretanovou membranou [140]. Vysledky méfeni stejnosmérné citlivosti Spc ukazaly, Ze
nejlepsi odezvu vykazovaly PPy nanotrubky na nepoldrni n-heptan (cca 110 %). Vzhledem k obecné
velmi nizké odezvé VP na nepolarni VOC, jeZ se pohybuje zpravidla v fadech jednotek % [143] se
jednd o unikatni vysledek. Ukazka z méreni obou VOC je na obrazku 28. Odezva karbonizovaného
nanotubuldrniho PPy byla ve vSech pripadech rychlejsi.
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Obrdzek 28 - Profil Spc v zavislosti na ¢ase pro absorpcni a desorpcéni cykly 7,7 obj. % ethanolu
(vlevo) a 6,0 % n-heptanu (vpravo);, trojuhelnik znaci nanotubuldrni PPy a plny Ctverec
karbonizovany nanotubuldrni PPy [140]

5 Zavér

Organicka elektronika je moderni a rychle se rozvijejici obor, jenz absorbuje vysledky z Sirokého
spektra odvétvi vyzkumu a vyvoje. Vodivé polymery, jako napt. polyanilin Ci polypyrrol, se svoji
vysokou elektrickou vodivosti a relativné dobrou stabilitou v ném proto zcela jisté najdou své
uplatnéni, napfiklad jako citlivé materidly chemickych senzord.

Experimenty shrnuté na téchto strankach ukazuji nékteré perspektivni sméry ve vyvoji a vyzkumu
chemickych senzor( na bazi vodivych polymer(:

i) Do budoucna lze ocekavat, Ze supramolekularni vodivé polymery jako citlivé materidly
chemickych senzor( zcela prevazi nad svymi nestrukturovanymi protéjsky, coZ lze dobre
demonstrovat pfi srovnani vlastnosti supramolekuldarniho a standardniho globularniho
polypyrrolu. Hlavnim dldvodem je zejména vyssi stabilita parametrd (mésice aZz roky u
nanotubuldrniho polypyrrolu vs. dny u globularniho polypyrrolu), vyssi elektrickd vodivost (az
desitky S-cm™ vs. jednotky u globuldrniho polypyrrolu) a specificky povrch (cca desitky m2-g™* vs.
jednotky m?g™ u globuldrniho polypyrrolu). Rédové vyssiho specifického povrchu lze navic
dosahnout karbonizaci supramolekularnich struktur polypyrrolu (cca stovky m2-g?), karbonizaci
také zaroven dochazi k stabilizaci parametr(, coz se projevuje i na mensich ¢asovych driftech
vlastnosti senzor.

ii) Supramolekularni struktury vodivych polymert mohou mit rlizné tvary v zavislosti na zpGsobu
syntézy, které dale modifikuji specifické vlastnosti materialu. V praci byly srovnany vlastnosti
zejména nanotubularniho polypyrrolu pfipraveného v pfitomnosti azobarviva methyl oranze a
soudkovitych Utvar( polypyrrolu pfipravenych v pfitomnosti azobarviva Sunset Yellow FCF. Druhy
znich sice dosdhl jen primérné elektrické vodivosti (jednotky aZ desitky S-cm™) oproti
nanotubuldrnimu polypyrrolu obsahoval v priiméru mensi mnozZstvi zbytkového azobarviva, které
je vmnoha aplikacich nezadouci. Vzhledem ktomu, Ze azobarviva jsou pestrou a rozsahlou
skupinou latek, lze ocekavat, Ze fada novych tvar( a s tim souvisejici vlastnosti polypyrrolu bude
teprve objevena.

iii) V pribéhu experimentll zejména s polypyrrolu se podafilo zpfesnit mechanismus tvorby
nanostruktur. Tyto znalosti jsou dlleZité pfi hledani cesty, jak jednotlivé struktury orientovat, tak
aby vytvofrily usporadané tenké vrstvy s anizotropnimi vlastnostmi. Tyto vrstvy pak bude mozné
nasledovné funkcionalizovat, napf. chemickym i fyzikdlnim kotvenim receptord pro biosenzory i
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pridanim funkénich skupin do retézce vodivého polymeru (napf. skupinou -COOH) a vytvaret
senzory Ci biosenzory se specifickou detekci analyta.

iv) Velkou roli pfi zpracovani vodivych polymerl metodami tisku ¢i laserovymi depozi¢nimi
metodami hraje jejich rozpustnost. Velmi dobrych vysledkll bylo dosazeno pti syntéze polypyrrolu
v pfitomnosti sulfonovych kyselin ¢i surfaktantl. Rozpustnost takto pripraveného polypyrrolu
v poldrnich rozpoustédlech vyrazné vzrostla, a to az na jednotky hm.%, které jsou dostatecné pro
vySe zminéné depozicni technologie. Do budoucna je vSak nutné zvysit i rozpustnost
supramolekularnich vodivych polymert, ¢emuz by mohly napomoci i mozZnost ovliviiovat tvar
pfipravenych struktur volbou vhodného azobarviva.

v) Priprava tenkych citlivych vrstev vodivych polymer( muze byt realizovdna pomoci technologie
inkoustového tisku i laserovych depozi¢nich technologii. Technologie inkoustového tisku
umoziuje pripravovat i jemné motivy elektrodovych systémd, v pripadé laserovych depozicnich
technologii se pro tento uUkol hodi lépe nékterda ze sériovych technologii. Technologie
inkoustového tisku je perspektivnéjsi z hlediska nasazeni pfi masové vyrobé organické elektroniky.
Laserové depozicni technologie jsou pro tento ukol méné vhodné. Velkym ukolem do budoucnosti
je priprava tenkych vrstev ¢i jemnych motiv( ze supramolekularnich struktur vodivych polymerd.

vi) Senzory na bazi vodivych polymer(i mohou slouzZit pro detekci analyt v kapalném i plynném
prostredi, zaroven mohou slouZit jako nosiée receptort ¢i pfimo jako receptory. Vodivé polymery
také vykazuji znac¢né redukéni schopnosti, coz jim umoziuje vyredukovat kovové ionty ve formé
nanocastic, které poté dekoruji vodivy polymer. Timto zplsobem je mozZné v budoucnu
pfipravovat i nanocastice s katalytickymi Gcinky, které budou pfimo soucasti polymeru.

vii) Vodivé polymery ve standardnim globuldrnim stavu vykazuji pouze malou selektivitu
k analytim. Vyssi selektivity lze dosdhnout ptipravou supramolekuldrnich struktur vodivych
polymer(, vhodnou kombinaci vodivého polymeru, receptoru ¢i katalyzatoru, anebo vhodnym
zpracovanim signdlu, napf. analyzou Sumového spektra, ¢i pouzitim stfidavého méreni fazové
citlivost. Rada téchto metod viak vyZaduje je$té mnoho préce a optimalizace.

Experimenty, které byly provedeny v rdmci této prace, pripravily materidlovy zaklad pro nové typy
chemickych senzorl na bazi supramolekularnich vodivych polymer(, a zejména vodivého
polymeru polypyrrolu. Zaroven byla provedena rada pilotnich experimentli s depozicemi a
tvorbou jemnych motivl i zpracovanim a analyzou signal(i ze senzoru. Podafilo se také doplnit
nékteré zakladni otdzky tykajici se mechanisml rlstu supramolekuldrnich struktur, depozice
vodivych polymer( i dlouhodobé stability senzor(i. Do budoucna se vsak zaroven oteviela fada
novych vyzev, které bude nutné teprve vyresit a zodpovédét.
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7 Seznam velicin a zkratek

A

APS

CAMP

CS

CTB

DBSA

DEHS

DMSO

EDX

FET

LIFT

MAPLE

MAPLE-DW

MO

NPOE

NSA

NTP

OLED

OME

OPV

OTFT

PAC

PANI

PEDOT

PLD

prefaktor Arrheniovy rovnice

peroxodisulfat amonny (z angl. ammonium peroxydisulfate)
koncentrace

anion kafrsulfonatu

chitosan

amino-substituované kumarinové derivaty Trogerovych bazi

pramér nanotrubek polypyrrolu

anion dodecylbenzensulfonatu

anion dioctylsulfosukcinatu

dimethylsulfoxid

energiové-disperzni spektroskopie

frekvence

tranzistor fizeny elektrickym polem (z angl. Field-Effect Transistors)
technologie laserového psani (z angl. Laser Induced Forward Transfer)
matricova pulsni laserova depozice (z angl. Matrix Assisted Pulsed Laser
Evaporation)

matricova pulsni laserova depozice — pfimé psani (z angl. Matrix Assisted
Pulsed Laser Evaporation — Direct Write)

methyl oranz

2-nitrofenyl oktyl ether

B-naftalen sulfonova kyselina

nizkoteplotni plazma

organicka svétlo vyzartujici dioda (z angl. Organic Light Emitting Diode)
naparovani organickych latek (z angl. Organic Molecular Evaporation)
organicka fotovoltaika (z angl. Organic Photovoltaic)

organicky tenkovrstvy tranzistor (z angl. Organic Thin-film Transistor)
polyacetylen

polyanilin

poly-3,4-ethylendioxythiofen

pulsni laserova depozice (z angl. Pulsed Laser Deposition)
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PPy polypyrrol

PPy-G polypyrrol s globuldrni morfologii

PTFE polytetrafluoroehylen

PVC poly(vinyl chlorid)

QC™m krystalové mikrovazky (z angl. Quartz Crystal Microbalance)

RFID identifikace na radiové frekvenci (z angl. Radio-frequency Identification)

RS1, RS2, RS3
S

SAW
Sac

Soc
SnAcAc
r
p-TSA
UFMT
VOC
VP

VRH

reakéni schémata 1-3

mérna elektricka vodivost

povrchova akusticka vina (z angl. Surface Acoustic Wave)
fazova citlivost

stejnosmérna citlivost

acetyl-acetonat cinu

teplota

anion p-toluensulfondtu

Ustav fyziky a méfici techniky, Vysoka $kola chemicko-technologickd v Praze
organické tékavé latky (z angl. Volatile Organic Compound)
vodivé polymery

preskokovy mechanismus prenosu naboje (z angl. Variable Range Hopping)
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Abstract

Complexes of metals with organic ligands are known to be widely used materials for active layers of chemical gas sensors. Among these
materials especially those containing a system of conjugated double bonds in ligands have suitable properties for gas sensing. This article
deals with deposition and characterization of three materials commonly used in detection of oxidizing gases: indium acetylacetonate (InAcAc),
nickel phthalocyanine (NiPc) and copper(Il) para-tetratolylmethylporphyrine (CuTTMP). The layers are deposited by a non-conventional
matrix-assisted pulsed laser evaporation (MAPLE) method. The choice of a proper matrix and investigation of the deposition rate versus
energy density dependence are made. Prepared layers are characterized by Raman spectra and also by measuring their responses to oxidiz-
ing gases. The best dc-gas-response was exhibited with an InAcAc layer (S~ 10-100 ppb of ozone at 100-160°C and S ~ 8—1 ppm of NO, at

230°C).
© 2007 Elsevier B.V. All rights reserved.

Keywords: Organic metalocomplexes; MAPLE; Chemical gas sensors

1. Introduction

For the next generation of microelectronics and optoelec-
tronics, surface coatings, intelligent multifunctional materials
and technologies of thin organic film preparation are needed.
Organic materials provide high variability of chemical composi-
tion and thus flexibility of their electrophysical properties. In the
past few years also the research oriented to gas sensor applica-
tions is focused on organic, polymeric and biological materials.
Basic advantages of organic materials in sensor applications are
low working temperature, reaching higher selectivity and a wide
range of detectable gases.

Thin organic or polymeric films can be deposited by a variety
of “wet” techniques using solvents (aerosol, dip coating, spin
coating, electrochemical) or non-solvent techniques (vacuum

* Corresponding author.
E-mail address: vladimir.myslik@vscht.cz (V. Myslik).

0925-4005/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.snb.2007.02.005

evaporation, plasma polymerization). Recent works confirmed
the suitability of laser technologies (pulse laser deposition,
PLD and matrix assisted pulsed laser evaporation, MAPLE for
depositing thin active layers for gas sensor applications [1-5].
Laser deposition technologies utilize highly non-equilibrium
conditions of mass transfer and they also enable precise control
of deposition rate and layer thickness.

The MAPLE technology includes the following steps. The
material which is to be deposited (basic material) is embedded
in a frozen volatile matrix (solvent). The necessary condition is
that the solvent dissolves the basic material without chemical
reaction. The solvent has a higher absorption coefficient than
the basic material and thus preferentially absorbs the incident
laser pulse. Molecules of basic material obtain sufficient kinetic
energy through collective collisions with the vaporized matrix
molecules to be transferred to the gas phase. Small molecules
of matrix are pumped away from the working chamber, while
the molecules of basic material are incident on the sensor
substrate.
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Table 1
Deposition conditions and parameters of resulting layers for InAcAc

Deposition Number of Repetition Laser fluence, Laser spot Layer thickness Deposition rate
pulses rate, frep (Hz) F (mJcm™2) (mm?2) (nm) (nm pulse™")
Ac-1 20,000 10 70 20 120 0.006
Ac-2 20,000 10 100 20 800 0.04
Ac-3 10,000 10 150 20 6100 0.61
Composition of source targets was InAcAc 5 wt.% + acetone.
Hence the dominating principle of MAPLE technique 3. Results

is in the fact that large molecules of basic material are
“mechanically” transported from the target to the substrate by
“explosion” of small matrix molecules, which absorb major
part of laser energy. Thus the molecules of basic material
should be damaged by neither photothermal nor photolytic
process.

Under these circumstances a wide spectrum of organic and
even biological materials are grown. The main advantage of
MAPLE technology is in good similarity of chemical composi-
tion between source and deposited materials. It is also known
that MAPLE-prepared layers are porous and have large surface,
which is suitable for sensor applications.

2. Experimental

In our experiments MAPLE depositions were carried out
from three systems (basic material, matrix): (i) InAcAc, ace-
tone; (ii) NiPc, dimethylsulfoxide; (iii)) CuTTMP, chloroform.
The basic materials were chosen with respect to their appli-
cability for gas sensors and also in order to test possibility of
deposition of molecules with increasing complexity. Powder of
a basic material (Sigma—Aldrich) was diluted in a correspond-
ing liquid matrix and the resulting solution (concentration varied
from 0.1 to 5 wt.%) was then filtered. After filtration source tar-
gets were fabricated by freezing this solution at liquid nitrogen
temperature.

The deposition conditions were as follows: KrF excimer laser
248 nm, laser fluence F=350-600mJcm 2, repetition rate of
laser pulses frep = 10 Hz, pulse duration 15 ns, residual pressure
of the deposition chamber 10~ Pa, working atmosphere 3 Pa of
Ny, target-substrate distance 35 mm.

The layers were deposited onto two types of substrates: (a)
polished silicon chips for measurement of Raman spectra and
layer thickness; (b) sensor chips made of alumina for layer resis-
tance and dc-gas-response measurements.

The layer thickness was measured by Talystep and layer sur-
face was also observed by SEM for completeness. Alumina
sensor chips were equipped with sputtered platinum electrodes
in interdigital configuration. The distance between electrode
“combs” was 45 wm and the area between them was 0.8 mm?.
The gas-response measurements were carried out in a flow sys-
tem. Ozone (100 ppb) was generated by a Hg-low pressure lamp.
Nitrogen dioxide (1 ppm), Linde Technogas, was mixed with
a calibrated mass flow controller. Reference gas was “pure”
synthetic air in both cases.

3.1. Deposition of InAcAc

The deposition of InAcAc was carried out from an acetone
matrix because of its chemical similarity and hence good solu-
bility of InAcAc in acetone. Table 1 presents the dependence of
InAcAc deposition rate versus laser fluence. It is obvious that
in the studied range of laser fluence (F'=70-150 mJ cm™2) the
deposition rate strongly increases (increasing F' by about 40%
corresponds to an increase in deposition rate by one order of
magnitude). The ablation threshold Fy, was determined from
the derivative of the deposition rate versus laser fluence depen-
dence. The Fy, is the laser fluence for which the derivative
is 10 times higher than that in the coordinate origin. For the
InAcAc-acetone system the ablation threshold was estimated to
be Fy, ~ 80 mJ cm 2.

Raman spectra of InAcAc layers exhibit very good simi-
larity of chemical composition between source (Fig. l1a) and
deposited InAcAc (Fig. 1b and c). There are two significant
bands typical for acetylacetonic chelates v(C=0) in the vicinity
of 1370 cm™! and v(C=C) near 1270 cm™—! and one band corre-
sponding to In—O stretching at 450 cm™!. All these dominating
bands retain their positions. There is only a slight change to lower
frequency in the position of In—O stretching for laser fluence
Epr =150mJ cm—2. Also the ratio of v(C=C)/v(C=0) intensities
increases with increasing the laser fluence (Ep = 150 mJcm ™2
produces an increase in v(C=C)/v(C=0) ratio of about 10%
relatively). These two last-mentioned facts indicate that a
higher Ej produces stronger In-O bonds and weaker C=0
bonds.

Raman intensity a.u.

Wavenumbers (cm™)

Fig. 1. Raman spectra of (a) source InAcAc, (b) layers prepared by MAPLE-
laser fluence Ey = 150 mJ cm 2, and (¢) EL =70 mJ cm 2.



Table 2

R. Frycek et al. / Sensors and Actuators B 125 (2007) 189-194

Deposition conditions and parameters of resulting layers for NiPc

191

Deposition Number Repetition Laser fluence, Laser spot Layer thickness Deposition rate
of pulses rate, frep (Hz) F (mJcm™2) (mm?2) (nm) (nm pulse ")

Pc-1 10,000 10 150 20 50 0.005

Pc-2 8,000 10 315 20 40 0.005

Pc-3 4,000 10 430 20 80 0.02

Pc-4 2,000 10 500 20 120 0.06

Pc-5 1,100 10 600 20 NA NA

Composition of source targets was NiPc 0.1 wt.% + DMSO.

We can also observe strong bands in the 2920-2930 cm™!
region corresponding to the fundamental v(C—H) asymmetric
and symmetric stretching vibrations. However these bands are
not specific for acetylacetonates.

3.2. Deposition of NiPc

MAPLE deposition of NiPc is limited by low solubility of
phthalocyanines in a majority of organic solvents (acetone,
chloroform). For this purpose dimethylsulfoxide (DMSO) was
more acceptable, but nevertheless the concentration of result-
ing solution was only 0.1 wt.%. Because of the low content
of basic material in the given volume of target only relatively
thin layers can be prepared (Table 2). The ablation thresh-
old Fy, was estimated to be 380 mJcm™2. The highest laser
fluence Ep =600 mJ cm~2 produced very rough surface (non-
measurable thickness).

Phthalocyanines are relatively large molecules with compli-
cated Raman spectra; the situation is further complicated by
interaction of their molecules with the matrix. That is why
measured characteristic Raman shifts are compared with those
obtained by computer modeling [6]. Raman spectra of source
and deposited NiPc are presented in Fig. 2. The fundamen-
tal Raman shift in the spectrum of pure NiPc (Fig. 2a) is at
1548.6 cm ™!, corresponding to breathing vibration of the molec-
ular cavity whose dimension is approximately 0.37 nm. Other
significant shifts are present at 1336.9, 1140.3 and 684.4 cm™!

The MAPLE deposited NiPc layers (Fig. 2b—d) exhibit the
presence of weak band of molecular cavity vibration but there is
a strong band in the neighborhood of 1340 cm™! corresponding

Raman intensity a.u.

LA VTN A kS _A,L JaJU
1600 1400 1 200 1000 800 600

Wavenumbers (cm™)

Fig. 2. Raman spectra of (a) source NiPc, (b) layers prepared by MAPLE-laser
fluence Ep, =300 mJ cm 2, (c) EL =400 mJ cm~2, and (d) E. =500 mJ cm™2.

to molecular fragments. The fragmentation is probably due to
photochemical decomposition of phthalocyanine molecules.

3.3. Deposition of CuTTMP

Porphyrines are heterocyclic molecules with promising
properties applicable for both chemical and optical sensors. Cop-
per(Il) para-tetratolylmethylporphyrine dissolves readily in a
chloroform matrix. The deposition was carried out from 5 wt.%
solution (Table 3). The ablation threshold is Fy, =220 mJ cm 2.

The Raman spectrum of source CuTTMP (Fig. 3a) is even
more complicated because of the complexity of its molecule and
existence of many possible vibrations. The spectrum contains
significant bands at 1575.4, 1558.5 and 1527.4 cm™ !, resulting
from various C—C vibrations in the molecular cavity and also
in substituent phenyles. The C—N bond in macro cycle is repre-
sented by a strong band at 1363 cm ™! and C—C bonds to terminal
methyles by a band at 1237.8 cm~ ! [7].

The layers prepared by MAPLE (Fig. 3b—d) exhibit the pres-
ence of all the above-mentioned Raman shifts and also the ratio
of their intensities is retained constant. The differences in band
positions are minimal (up to 1cm™), so that it can be con-
cluded that the chemical composition of the deposited layers is
practically identical with the source material.

3.4. SEM portrait of deposited layers

The morphology of MAPLE deposited layers was charac-
terized by SEM. The quality of surface is in general affected
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Fig. 3. Raman spectra of (a) source CuTTMP, (b) layers prepared by
MAPLE-laser fluence Ep=50mJem™2, (¢) EL=100mJcm 2, and (d)
EL=200mJcm 2.
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Deposition conditions and parameters of resulting layers for CaTTMP
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Deposition Number of Repetition Laser fluence, Laser spot Layer thickness Deposition rate
pulses rate, frep (Hz) F (mJcm™2) (mm?) (nm) (nm pulse ")

Po-1 20,000 10 50 20 400 0.02

Po-2 10,000 10 100 20 600 0.06

Po-3 10,000 10 200 20 4900 0.49

Po-4 1,000 10 300 20 700 0.70

Composition of source targets was CuTTMP 5 wt.% + CHCl;.

to ozone and nitrogen dioxide in temperature range 100-350 °C.

by laser fluence. Fig. 4 gives an example of SEM image of an
InAcAc layer. It is apparent that £y = 100 mJ cm~2 is sufficient
to ensure rough surface advantageous for sensor applications.
The sensors based on this layer (sample Ac-2 in Table 1) exhibit
the highest dc-response to both gases.

3.5. Deposition rate and roughness of prepared layers

From the technological point of view, there are two important
outputs of out experiments: deposition rate and roughness of
produced layers. The roughness (r,) was measured by Talystep
on the distance (L)—approx. 100 wm. It was calculated from
(Eq. (1)) as the mean value of deviations of layer thickness r(x)
from its mean value rg related to distance (L):

1 L
ra= —/ Ir(x) = rol dx (1)
L Jo

Fig. 5 presents the deposition rate and roughness of a pre-
pared CuTTMP layer for laser fluences ranging from 0.05 to
0.30Jcm™2. A significant increase of layer roughness in the
vicinity of ablation threshold is potentially advantageous for
sensor applications.

3.6. Sensing properties of deposited layers

In the next step the MAPLE deposited layers were tested as
active layers of gas sensors. The dc-gas-response Sgc = Rgas/Rair
was evaluated as the ratio of the layer resistance in air Ry;r and in
the atmosphere containing detected gas Ry at a given temper-
ature. Fig. 6 depicts the dependence of the layer resistance on
temperature (Table 1, sample Ac-2) when atmosphere changes
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Fig. 4. SEM images of an InAcAc layer (sample Ac-2 in Table 1). Part (a) represents the as-deposited layer and part (b) the same layer after measurement of responses
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Fig. 7. The gas-response (Sqc) of the sensor based on a MAPLE-deposited
InAcAc layer to (a) 100 ppb of ozone and (b) 1 ppm of NO;.

every 3 min from “pure” synthetic air to synthetic air contain-
ing 100 ppb of ozone and vice-versa. In this figure the upper
envelope represents Rg,s and down envelope Ri;.

Fig. 7 presents responses to ozone (1ppm) and nitrogen
dioxide (100 ppb) of InAcAc-based sensors originated from the
deposition marked as Ac-2 (see Table 1). The measurement
was carried out on two samples with relatively low variance of
obtained data. Maximal values S4. ~ 10 for ozone were achieved
in therange 100—160 °C and maximal values S4. ~ 8 for nitrogen
dioxide in the range 200-260 °C.

4. Conclusions

We have deposited three organic substances by MAPLE tech-
nology. The complexity of their molecules increases in the
sequence of InAcAc (My =412) <NiPc (M, =571) < CuTTMP
(My, =743).

The Raman spectra showed that the chemical composition
of basic material was retained in the cases of InAcAc and
CuTTMP. On the contrary, deposition of NiPc did not bring
acceptable results. It means that the result of MAPLE depo-
sition is strongly dependent on the properties of both basic
material and matrix components. In our case the choice of a
proper matrix was primarily made on the basis of three criteria:
(1) high absorption coefficient at laser wavelength; (2) solubility
of basic material in matrix; (3) absence of chemical degradation
of basic material in matrix. It is apparent, however, that these
conditions are not complete (also melting and boiling points of

0.5

“’g + boiling point

5 = melting point DMSO

3 o4 —————————— ad
=)

o H,0

< 03} Femmmmm e

g

£ .

=

c 02 B -

8

=

T

e

© 01 L e =z

=

L

O 1 1 1 1 1 1 1
-150 -100 -50 0 50 100 150 200 250

Temperature (°C)

Fig. 8. The relation between ablation threshold and melting or boiling point of
matrix.

matrix, heat of evaporation or sublimation, etc. play an important
role).

An interesting result is the relation between the ablation
threshold and the melting or boiling point of matrix. This rela-
tion is presented in Fig. 8. Besides three matrixes used in
this work (acetone, chloroform and DMSO), water was also
included. Water matrix was employed in our experiments con-
cerning deposition of polypyrrole [8]. We can observe a nearly
proportional increase of ablation threshold in relation to the
melting point of matrix. Based on this fact we can estimate
ablation threshold of a given matrix from its melting point and
thus reduce the number of optimizing experiments. On the other
hand, the ablation threshold is not clearly related to the boiling
point (eventually sublimation point) of matrix. It is well known
that boiling or sublimation points are strongly dependent on the
ambient pressure. The working pressure is approx. 3 Pa, but the
local pressure near target surface dramatically increases during
interaction with laser pulse.

In this context, absorbance of all these source systems (i.e.
basic material + matrix) on KrF laser wavelength was measured.
It was shown that the differences in absorbance are in the range
of ~5% rel. and hence cannot play any significant role.

From the point of sensing properties of MAPLE deposited
layers the best results were achieved with InAcAc samples.
They represented maximal values Sqc ~ 10 to ozone in the range
100-160°C and maximal values S4c ~ 8 to nitrogen dioxide
in the range 200-260 °C. Such layers are perspective for low-
temperature detection of ozone. As for dynamic properties of
ozone detection it is apparent from Fig. 6 that at temperatures
above 150 °C the time necessary for stabilization of layer resis-
tance is shorter than 3 min.

The sensors containing deposited NiPc-based and CuTTMP-
based active layers were also prepared, but their Ry;; values were
higher than 100 M2 at temperatures ranging from 100 to 350 °C.
These results have no practical utilization.
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Thin sensitive layers of polypyrrole (PPY) are deposited onto alumina sensor substrates by matrix-assisted
pulsed laser evaporation (MAPLE) technology. The depositions are carried out with the KrF excimer laser
from dimethylsulfoxide (DMSO) matrix. After 1-month “ageing” period the complex impedance of pre-
pared sensors is measured in the frequency range from 15 Hz to 10 MHz in following atmospheres: “pure”
synthetic air and synthetic air with variable (23% or 90%) relative humidity. The general character of
Nyquist diagrams, plots of complex admittance versus frequency, parameters of sensor equivalent circuit

{fg}‘:;‘;ﬁile and phase-angle sensitivities are then evaluated from the obtained impedance data. While equivalent
Gas sensor circuit capacity (C) of PPY-based sensors remains from 1.7 to 2.0 pF in all the above-mentioned atmo-

spheres, equivalent circuit resistance (R) varies widely from 6 to 140 M2, mostly in dependence on
surrounding atmosphere humidity. The differences in charge-transport mechanisms between PPY and
tin dioxide sensitive layers and also influence of surrounding atmosphere to electric properties of PPY are

Impedance measurement
Phase-angle sensitivity

discussed.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Polypyrrole and its composites are promising materials for
active layers of chemical sensors detecting both reducing and
oxidizing gases. The doped polypyrrole (PPY) joins flexibility in
chemical composition of organic substances with possibility to
affect physical properties of thin layer of material, typical for
inorganic semiconductors. In general, there are two necessary
conditions for applicability of PPY in sensors: (a) increasing of
“basic” conductivity of this material by oxidation of the neu-
tral polymer backbone (connected with formation of positively
charged centres—polarons or bipolarons) together with introduc-
tion a proper counter-anion called as dopant; (b) the ability of PPY
to change electric conductivity during sorption and/or desorption
of gas molecules on its surface.

There are three contributions to resulting conductivity of the
doped polypyrrole: (i) transfer of polarons (in reality electrons)
along the polymer backbone; (ii) hopping of electrons across the
interchains; (iii) mobility of the dopant counter-anions. Hence, PPY
is a mixed conductor with both electronic (i)-(ii) and ionic (iii)
conductivity mechanisms [1].

Itis well known thationic conductivity in doped PPY can be stim-
ulated by presence of humidity in the material (in connection with

* Corresponding author.
E-mail address: kopeckyd@vscht.cz (M. Vriiata).

0925-4005/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.snb.2008.11.013

humidity of surrounding atmosphere) [2,3], similar behaviour was
observed for other conductive polymers such as polyaniline [4,5].
Increasing content of water leads to higher mobility of the dopant
counter-anions. In “wet” material the conductivity mechanism (iii)
can be dominating, especially when small inorganic dopants are
used. Paradoxically, water molecules, even at low concentrations,
disturb the conjugation of double bonds in polymer backbone (due
to hydroxylation and formation of hydrogen bonds) and hence they
reduce the mobility of polarons (i) [6].

This contribution deals with impedance measurement of PPY-
based sensors. It presents some consequences between the
appearance of Nyquist plots and their drift on one side and con-
ductivity mechanisms in PPY on the other side.

2. Experimental
2.1. Preparation of PPY layers by the MAPLE method

The source target for MAPLE was prepared from 5 wt% water
solution of polypyrrole (My = 10,000 a.u.) doped with dodecylben-
zene sulfonic acid-specific electrical conductivity of the solution:
0=10-40Scm~! (Sigma-Aldrich). The water solvent was sub-
stituted by dimethylsulphoxide (Sigma-Aldrich, purity>99.5%,
DMSO) in order to obtain the DMSO matrix for the polypyrrole
layers growth. The substitution of the solvents was carried out by
water evaporation from the original water solution at 70°C and
subsequent transfer of the obtained solid phase into DMSO. The
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resulting solution was stirred and homogenized by an ultrasonic
device. Subsequently the solution was frozen in the tubular mould
by liquid nitrogen.

The prepared target was inserted into the deposition chamber
and placed on the shaft of the target holder. During the deposi-
tion the uniform ablation of the material from the target surface
was achieved by constant shaft rotation and the holder was simul-
taneously cooled by liquid nitrogen. The deposition chamber was
evacuated by a turbomolecular pump to a residual pressure of
5 x 103 Pa. The background gas was not used and the pressure in
the chamber did not exceed 3 Pa during the deposition process.

The depositions were carried out with a KrF excimer laser
(LUMONICS) emitting at 248 nm. The laser was used in a pulse mode
with 10 Hz repetition rate. The fluence F of the laser radiation was
set by an attenuator to a constant value of 0.3 ] cm~2. The laser spot
was adjusted to the size of 8 x 25 mm.

The alumina sensor substrates were placed parallel with the tar-
get surface at a distance of 30 mm. The substrates are equipped with
Pt-sensing electrodes in the interdigital arrangement on one side
and Pt-heating meander on the other side. The distance between
“combs” of sensing electrodes was 45 wm and the area between
them was 0.8 mm?2. The substrate holder was rotated during the
deposition so that a uniform layer thickness was achieved. The PPY
active layers were deposited by 10,000 pulses and have an average
thickness of ~670 nm.

The as-deposited PPY-based sensors were stored in a desiccator
for 1 month before impedance measurement.

2.2. Preparation of tin dioxide layers by PLD method

In order to investigate Nyquist diagram of an inorganic material,
tin dioxide active layers were deposited by pulsed laser deposi-
tion (PLD) method. The single-component targets for PLD were
pressed from SnO, powder (Sigma-Aldrich, purity > 99.5%) at pres-
sure of 85 MPa without sintering and using adhesives. The volume
contraction was estimated to be at about 1/4. For both PLD and
MAPLE depositions the same KrF excimer laser was used. The
PLD deposition was carried out in oxygen working atmosphere
at a pressure of 5Pa, laser fluence F=0.6]cm™2, repetition rate
of laser pulses frep=5Hz, pulse duration 15ns. The growth rate
of Sn0, layer under these conditions achieved 50 nmmin~'. Fur-
ther technological details have been reported in recent works
[7.8].

2.3. Measurement of sensor impedance

The Nyquist diagrams (i.e. real part versus imaginary part of
complex impedance) were measured with a HP4194A impedance
analyser. The frequency of testing signal ranged from 15Hz to
10 MHz and its amplitude has a constant level of 100 mV. No bias
dc-voltage was applied. The measured sensor was placed in a
shielded Teflon chamber and its interdigital electrodes were con-
nected with impedance analyser by a 4-TP professional adapter
(four-wire arrangement). The measurement of the Nyquist diagram
in a given atmosphere was carried out in a flow system (dead vol-
ume approx. 20 ml, gas flow rate 40 mlmin~—1).

3. Results

3.1. The general character of Nyquist diagrams of PPY- and
Sn0,-based sensors

The Nyquist diagrams of PPY- and SnO,-based sensors are
depicted in Figs. 1 and 2, respectively. It was necessary to measure
PPY sensors in 90%r.h. in order to investigate Nyquist diagram in the
whole frequency range (in dry synthetic air the absolute value of
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Fig. 1. Nyquist diagram of PPY-based sensor in synthetic air containing 90% r.h. at
isothermal conditions (t=22 °C)—measured repeatedly during 5 min.

complex impedance was in the order of 108 2 for frequency under
1kHz).

The character of both diagrams differs significantly: while for
PPY-based sensors (Fig. 1) the absolute value of the imaginary
part of complex impedance (|ImZ|) achieves an absolute maxi-
mum at low frequency, the same quantity (|]ImZ|) for SnO,-based
sensors (Fig. 2) limits to zero at comparable low frequency. Simul-
taneously, Nyquist diagrams of tin acetylacetonate-based sensors,
reported in previous work [8], have the same character as those
of Sn0O,-based sensors. Thus only the fact, that the sensitive layer
material belongs to either inorganic or organic substances, does
not determine the character of its impedance behaviour at low
frequencies.

The appearance of Nyquist diagrams similar to that in Fig. 1 is
well known from impedance measurement of solutions contain-
ing ionic charge carriers [9]. In such solutions the impedance value
at lower frequency is controlled by diffusion of ions (the “tail” in
the right part of Nyquist diagram) while at higher frequency the
impedance is controlled by charge transfer through the energy bar-
riers existing in the system (the semicircle in the left part of Nyquist
diagram). The occurrence of the “tail” in Fig. 1 is hence caused by
diffusion of counter-anions that are present in PPY. On the con-
trary, there are no anions in tin dioxide, so the character of Nyquist
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Fig. 2. Nyquist diagram of SnO,-based sensor in synthetic air containing 90% r.h. at
isothermal conditions (t=22°C).
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Fig. 3. The log-log plot of real part of complex admittance vs. frequency of signal
for PPY-based sensor in synthetic air containing 90% r.h. at isothermal conditions
(t=22°C).

diagram at low frequencies (Fig. 2) is profoundly different in this
case.

In order to ensure unambiguous determination of equivalent
circuit parameters and to calculate phase-angle sensitivity [8] of
PPY-based sensors, all the subsequent Nyquist diagrams were mea-
sured only for frequency higher than 1kHz (i.e. only “left part” of
diagram in Fig. 1).

There is also another possibility to characterize electrical proper-
ties of disordered materials and namely conducting polymers. This
alternative method is based on investigation of log-log plot of real
part of complex admittance versus frequency (i.e. Re Y versus f) [10].
While at small f the Re Y values are frequency-independent, after
reaching certain critical value, the so called cross-over frequency fc,
sublinear increase of Re Y with increasing f takes place. It was found
that Re Y grows proportional to f" for frequencies exceeding fc. The
exponent of this growth (n) is called fractional exponent. It holds
n <1 for conducting polymers. The values of f. and n are important
material parameters.

Fig. 3 is the log-log plot of real part of complex admittance ver-
sus frequency for PPY-based sensor. It can be estimated that in our
case fc~5x10*Hz and n~0.18. According to [10] the f. values
decrease from 3 x 10° Hz for “fresh” polypyrrole to 1 x 10° Hz for
“aged” material. The smaller f: values indicate that there is par-
tial fragmentation of PPY backbone as a result of material “ageing”.
The value of fractional exponent n of our samples is significantly
smaller than unity, it means that the charge transfer properties are
not predominantly determined by mobility of polarons in the poly-
mer backbone, but they are strongly affected by presence of dopants
(counter-anions) and impurities in PPY.

3.2. Nyquist diagrams of PPY-based sensors in dependence on
working temperature and humidity of synthetic air

Fig. 4 represents Nyquist diagram of PPY-based sensor in dry
synthetic air (0% r.h.), Figs. 5 and 6 the same diagrams in synthetic
air containing 23% and 90% r.h., respectively. All of these dia-
grams were measured under following conditions: (i) the frequency
ranged from 1kHz to 10 MHz; (ii) the initial working temperature
of the sensor (t; =21 °C) was elevated to t, =27 °C; (iii) the relative
humidity of synthetic air was kept constant during this experiment.
So Figs. 4-6 represent the response of sensor to a defined working
temperature step. This methodics was selected in order to simulate
typical sensor operation conditions in practice (variable, but in gen-
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Fig. 4. Nyquist diagram of PPY-based sensor in dry synthetic air (frequency
1kHz-10MHz). The temperature of sensor was: t;=21°C in the period =C
<0 min<time <15 min; t; =27 °C in the period TC< 15 min < time <21 min.

eral low working temperature of PPY sensor, constant temperature
and composition of analyzed gas).

It is apparent that the absolute value of complex impedance
decreases monotonously with increasing relative humidity of syn-
thetic air. When the relative humidity changes from 0% to 90%, the
corresponding decrease of complex impedance represents more
than one order of magnitude. A significant variance of the obtained
data in the right part of Fig. 4 is caused by higher noise when mea-
suring impedance values exceeding 108 .

There is a certain drift ofimpedance (Figs. 5 and 6) at the temper-
atures t; and t,. The long-term measurement of this drift showed
that even after 3 h at the increase of absolute value of impedance
stayed linear without any steady state features. According our opin-
ion it is caused by changes in structure of PPY backbone. After
exposition of the layer by humidity the absolute value ofimpedance
rapidly decrease, because relative humidity increases ion conduc-
tivity, but simultaneously the water molecules cause hydroxylation
of polymer backbone, which is a very slow process at laboratory
temperature and cause long-term decrease of absolute value of
impedance (long-term degradation of PPY backbone).
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Fig. 5. Nyquist diagram of PPY-based sensor in synthetic air containing 23% r.h.
(frequency 1 kHz to 10 MHz). The temperature of sensor was: t; =21 °C in the period
tC<0min<time<15min; t; =27 °C in the period vC< 15 min < time <33 min.
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Fig. 6. Nyquist diagram of PPY-based sensor in synthetic air containing 90% r.h.
(frequency 1 kHz to 10 MHz). The temperature of sensor was: t; =21 °Cin the period
TC<0min<time <15 min; t; =27 °C in the period vC< 15 min <time <33 min.

After switching of temperature to higher t, the drift proceeds
faster. It can be caused by two factors: (a) by slow hydroxylation
of the polymer backbone mentioned before, (b) by slow evapora-
tion of water molecules from the active layer of sensor to reach new
thermodynamic equilibrium with water molecules in the surround-
ing atmosphere. Nevertheless, the further investigation of these
phenomena is still needed.

3.3. Parameters of equivalent circuit of PPY-based sensors

As mentioned in Section 3.1, the Nyquist diagram of PPY-based
sensors exhibits in general one semicircle corresponding to a paral-
lel R-C element (Fig. 7). The values of equivalent circuit resistance
(R) and capacity (C) are calculated as follows: (i) the resistance value
(R) is determined by the semicircle diameter, which can be read
directly on real axis; (ii) the imaginary part of complex impedance
achieves its extreme at certain frequency fext:

1

foxt = 5= (1)

(iii) when knowing the fext and R, the equivalent circuit capacity C
is obtained from Eq. (1).

0.5 <

o
'S

-1Im Z (kQ)
o o

N w
\

- \

o
.r

0.0

00 02 04 06 08 10
Re Z (kQ)

Fig. 7. Nyquist diagram and equivalent circuit of resistor-capacitor parallel element.
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Fig. 8. Nyquist diagram and equivalent circuit parameters of PPY-based sensor at
isothermal conditions (t=22°C) at different relative humidity (dry synthetic air,
synthetic air containing 23% r.h., synthetic air containing 90% r.h.).

Fig. 8 shows Nyquist diagrams measured at isothermal
conditions for following sequence of atmospheres: dry syn-
thetic air — synthetic air containing 23% r.h. (i.e. 5 700 ppm of
water) — synthetic air containing 90% r.h. (i.e. 22,300 ppm of
water). The following relation holds for absolute value of complex
impedance |Z| of the PPY sensors: |Zgy air| > 1Z23%:.h.| > 1Zo0%ehl-

From Nyquist diagrams presented in Fig. 8 the parameters of sen-
sor’s equivalent circuit were calculated (Table 1). An interesting fact
follows from these data: while the value of R changes dramatically
in dependence on the composition of surrounding atmosphere, the
value of C remains almost constant (it has relative variance approx.
10% only).

3.4. Phase-angle sensitivity of PPY sensors

The phase-angle sensitivity Spa of gas sensor is evaluated for
given temperature of measurement and concentration of detected
gas component as a difference of phase angles 6 of complex
impedance of the sensor in a “pure” synthetic air (=reference)
and complex impedance of the sensor in a given concentration of
detected gas:

Spa = Gair - egas (2)

This quantity is dependent on concentration of detected gas,
temperature and frequency of measuring signal. The details con-
cerning phase-angle sensitivity are discussed in [8].

Fig. 9 depicts phase-angle sensitivities of PPY sensor in synthetic
air containing 23% r.h. and synthetic air containing 90% r.h. The
phase-angle sensitivity achieves its maxima in the range of frequen-
cies from 103 to 104 Hz. When analogous measurements were made
on tin dioxide sensors [8], the maximum of phase-angle sensitivity
was observed at frequency approx. 7 x 10° Hz.

Table 1

Parameters of sensor’s equivalent circuit in dependence on relative humidity.

Relative humidity Equiv. circ. Equiv. circ.

(%r.h.) resistance, R (MS2) capacity, C (pF)
0 ~140 1.8

23 ~25 2.0

90 ~6 1.7
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Fig. 9. Phase-angle sensitivity of PPY sensor in various atmospheres (synthetic
air containing 23% r.h.; synthetic air containing 90% r.h.) at isothermal conditions
(t=21°C). Reference gas in all cases—dry synthetic air.

4. Conclusions

Impedance spectroscopy is a powerful tool for studying elec-
trophysical properties of conducting polymers. The data obtained
by this method help us to better understand charge-transport
mechanisms and interaction of sensitive layers based on polymers
with surrounding atmosphere. Finally the phase-angle sensitivity
is defined on the basis of impedance measurement.

In the presented contribution the impedance properties of PPY-
based sensors were investigated. Some general comments to our
results can be made:

e There is a principal difference in the character of Nyquist diagram
at low frequency between the materials with ionic conductiv-
ity (PPY containing dodecylbenzene sulfonic acid as a dopant) or
without it (tin dioxide, tin acetylacetonate). While in the former
case ImZ achieves absolute maximum at 15 Hz, in the latter one
ImZ limits to zero at comparable low frequencies.

e The meaningful contribution of ionic conductivity to electrical
properties of PPY is documented by small value of fractional
exponent (n=0.18) and also by the fact that sensor impedance
is determined by content of water in sensitive layer. The varying
impedance during the changes of sensor temperature is mostly
a result of varying water content in the layer. This hypothesis is
supported by long time constants (tens of minutes) of impedance
transient after sudden change of temperature. The long time con-
stants are connected with diffusion of water into- or out of the
active layer.

e The equivalent circuit capacity (C) of the sensor ranges from
1.7 to 2.0 pF and is primarily determined by sensor “internal”
factors (composition of sensitive layer, arrangement of sensor
substrate)—it is almost independent on “external” composition
of the surrounding atmosphere.

e The equivalent circuit resistance (R) is strongly affected by
atmosphere composition, primarily by atmosphere humidity
(R=140MS2 in 0% r.h., R=25MS2 in 23% r.h. and R=6 M2 in 90%
r.h.).

e The PPY-based sensors are applicable as humidity sensors in the
whole range of concentrations (0-100% r.h.). They operate at lab-
oratory temperature without necessity to use heating. Both dc-
and ac-operating mode is possible. The previous results of dc-
measurements of PPY-based sensors are summarized in [11]. In
dc-mode the response time (t;) of the sensor depends on rela-
tive humidity and varies from 7, ~1 min when detecting changes

in lower range (up to 60% r.h.) to t;=3-4min for higher range
(80-100% r.h.).
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Thin films of polypyrrole (PPY) were prepared by Matrix-Assisted Pulsed Laser Evaporation (MAPLE)
technology from two matrices: water and dimethylsulfoxide (DMSO). The deposition was carried out using a
KrF excimer laser (laser fluence F ranged from 0.1 to 0.6 ] cm™2). This work deals with optimization of two
deposition parameters - laser fluence and number of pulses - for both matrices. From the deposition curves,
the fluence thresholds, Fy,, and maximum growth rates were subsequently determined (water matrix:
Fin~0.40-0.45 ] cm 2, maximum growth rate 0.16 nm pulse™!; DMSO matrix: Fy~0.25-0.30 ] cm™?;
maximum growth rate 0.20 nm pulse”™ ). The changes in chemical composition of deposited layers were
studied by Attenuated Total Reflection Fourier Transform Infrared spectroscopy. Surface morphology was
characterized by Atomic Force Microscopy. A discussion is also presented concerning relationships between
laser fluence and chemical composition of deposited layers with respect to their potential application in gas
sensors. Finally, the response of a sensor with a MAPLE deposited PPY active layer to air humidity is

presented.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The doped polypyrrole (PPY) combines the flexibility of the
chemical composition of organic substances with the possibility to
influence the physical properties of a thin layer of material, typical for
inorganic semiconductors. In general, there are two conditions that
are necessary for the application of PPY in sensors: a) the increase of
the “basic” conductivity of this material by the oxidation of the neutral
polymer backbone (associated with the formation of positively
charged centers — polarons), together with the introduction of a
proper counter-anion called a dopant; and b) the ability of PPY to
change electric conductivity during the sorption and/or desorption of
the gas molecules on its surface.

The latter property of PPY is attributed to the following mechan-
isms [1]: (i) interaction of gas molecules with charge carriers
(polarons) in the polymer backbone affecting the charge carriers’
mobility in the system of conjugated double bonds; (ii) changing
barrier height for hopping of charge carriers between distinct back-
bones (especially in the presence of gases with high dipole moments);
(iii) interaction of detected gas with dopant counter-anions.

* Corresponding author.
E-mail address: kopeckyd@vscht.cz (D. Kopecky).

0040-6090/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/.tsf.2008.10.047

The physical properties of polypyrrolic materials (density, viscos-
ity) that are important from the standpoint of deposition technology,
together with the structural properties (layer porosity) desirable for
the given application, can be tailored by the formation of composite of
PPY with a dielectric polymer (e.g. polymethyl methacrylate).

Preparation and characterization of doped PPY and its composites
are described in many works, e.g. [2-9]. They probe optimal properties
of PPY material suitable for application in chemical gas sensors [2-7]
and biosensors [8,9]. Chemical gas sensors are simple devices for
detection of various gases and vapors in the atmosphere (work-place
safety and automation in industry, monitoring of air pollutants in
environment). Chemical gas sensors have advantages over other gas
analyzers (e.g. gas chromatographs, spectrophotometers) — small size,
portability, low cost, and low power consumption. Their active layers
can be relatively easily prepared using suitable deposition method.

The depositions of PPY layers are carried out using several
methods. The selection of the deposition method has a fundamental
influence on both the physical and structural properties of the
prepared layer (resistivity, thickness, morphology and porosity, and
adhesion to substrate). The widely used conventional deposition
methods are spin coating and dip coating [10]. They are both “non-
destructive” (chemical decomposition of deposited PPY does not take
place), cheap and fast. However, spin coating and dip coating are not
suitable for “sandwich” layer fabrication, and simple control of layer
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thickness is complicated. In addition, the source solution has to have
suitable viscosity and wettability, necessitating the use of plasticizers
[11], which are mostly toxic.

This study focuses on the investigation of both the chemical
changes and the structure of PPY layers using an improved deposition
method, Matrix-Assisted Pulsed Laser Evaporation (MAPLE).

The MAPLE technology [12-15] is a laser deposition method
providing gentle mechanism for organic layer deposition. In MAPLE, a
frozen phase consisting of a dilute solution of a high-molecular-
weight compound (basic material) in a low- molecular-weight solvent
(matrix) is used as the laser target. The matrix should fulfill certain
criteria: a) it should dissolve basic material; b) it should not react with
the basic material; c) it should strongly absorb the radiation of the
laser employed, and d) it should have sufficient volatility. Deposition
takes place after the impact of a laser pulse with the surface of the
frozen target. In an optimal case, the energy of the laser pulse is
completely absorbed by the matrix, resulting in a strong local increase
of temperature. The matrix molecules transfer their kinetic energy of
thermal motion to the molecules of basic material. Hence the
molecules of basic material are transferred to the substrate “mechani-
cally”, with neither photolytic nor pyrolytic damage.

The advantages of MAPLE in comparison with conventional
methods can be summarized as follows: (a) The thickness of the
prepared layers can be simply controlled by setting laser fluence and
number of pulses. Thus, reproducible preparation of thin layers having
thicknesses of the order of tens of nanometers is possible. (b) The
prepared layers are porous (i.e. they have a high surface/volume ratio),
so they are suitable for sensor applications. (c) “Sandwich” structures
can be fabricated in situ in one step by changing targets during the
deposition. (d) The effect of the laser pulse is strongly limited in time
and localized in space, hence there is a possibility to create various
patterns by Matrix-Assisted Pulsed Laser Evaporation — Direct Write
method [16].

2. Experimental details
2.1. Preparation of thin layers by the MAPLE method

The source target for MAPLE was prepared from 5 wt.% water
solution of polypyrrole (M,,=10000) doped with dodecyl sulfonic acid —
specific electrical conductivity of the solution: 0=10-40 S cm™! (Sigma
Aldrich). In the second case, the water matrix was substituted by
dimethylsulfoxide (DMSO) (Sigma Aldrich, purity>99.5%) in order to
study the effect of the matrix on the polypyrrole layers' growth. The
substitution of the solvents was carried out by water evaporation from
the original water solution at 70 °C and subsequent transfer of the
obtained solid phase into DMSO. The Fourier Transform Infrared (FTIR)
spectra did not show any change for the chemical composition of the
PPY in the DMSO solution that was prepared. Both PPY solutions were
stirred and homogenized by an ultrasonic device. Subsequently, these
solutions were frozen to —196 °C in the tubular mould using liquid
nitrogen.

The prepared target was inserted into the deposition chamber
and placed on the rotating shaft of the target holder. Uniform abla-
tion of the material from the target surface was achieved by constant
rotation during the deposition. The holder was simultaneously
cooled by liquid nitrogen throughout the deposition. The deposition
chamber was evacuated by a turbomolecular pump to a residual
pressure of 5-1073 Pa. The pressure in the chamber did not exceed
3 Pa during the deposition process (a background gas was not used).

The depositions were carried out using a KrF excimer laser
(LUMONICS) emitting at 248 nm. The laser was used in a pulse mode
with a 10-Hz repetition rate. The fluence F of the laser radiation was set
by an attenuator in the range of 0.1 ] cm™2 to 0.6 J cm™2. The laser spot
was adjusted to the size of 8 x25 mm. Variable deposition parameters
were the number of laser pulses and laser fluence.

Two alumina sensor substrates were placed parallel to the target
surface at a distance of 30 mm. The substrates are equipped with Pt
sensing electrodes in the interdigital arrangement on one side and Pt-
heating meander on the other side. The distance between “combs” of
sensing electrodes was 45 pm and the area between them was
0.8 mm?. A polished silicon wafer was placed next to the sensor
substrates for thickness measurements. Both FTIR spectra and surface
morphology were measured on this wafer. The substrate holder was
rotated throughout the deposition so that a uniform layer thickness
was achieved.

2.2. Measurement of layer thicknesses, FTIR spectra, and study of the
surface morphology

Chemical composition of the layers was analyzed from the IR spectra
scanned by the Attenuated Total Reflection Fourier Transform Infrared
spectroscopy. Spectra of all samples were scanned using a BRUKER IFS
66 V device (germanium crystal) in the intervals of wavenumbers
ranging from 400 cm™! to 4000 cm™ !, with a 4 cm™! step.

The following samples were measured: a) The powder obtained by
evaporating the solvent from the original water- or DMSO-solution of
PPY. b) The samples of PPY subjected to repeated freezing by liquid
nitrogen and subsequent melting. This process takes place during
preparation of targets. c) The material of the thin deposited layers. In
all these samples, a)-c), the amount of residual water or DMSO were
checked by comparison of the measured spectra with those of the
solvents.

Thickness of the layers prepared on the silicon wafer was
measured using an Alfa-step profilometer. The zero level for the
thickness measurement was the polished silicon surface.

The surface morphology of the layers on the silicon wafer was
acquired using Atomic Force Microscopy (AFM). The AFM images were
taken under ambient conditions on a Digital Instruments CP II
apparatus. For sample characterization, ‘Tapping mode’ rather than
‘Contact mode’ was chosen to minimize damage to the sample
surfaces. A Veeco oxide-sharpened silicon probe RTESPA-CP attached
to a flexible microcantilever was used at its resonant frequency of
300 kHz. The scans were acquired in air at a rate of 1 Hz. The image
resolution was 256 x256 pixels. The dimensions of the AFM scanned
area (5x5 um) were selected so as to be representative enough, as they
are greater than the dimensions of a typical surface roughness by one
order of magnitude.

3. Results and discussion
3.1. Parameters of deposited layers

Deposition by MAPLE technology is a rather complicated process
with many adjustable parameters. The most significant of them are:
laser fluence, number of laser pulses, working pressure in the deposition
chamber, target-substrate distance, temperature of frozen target, and
laser spot area. Another important parameter is the target composition;
the absorbance of the matrix at the excimer laser wavelength used.
Therefore, the deposition process has many degrees of freedom.

Table 1 shows an overview of the deposited samples and their
variable parameters — the matrix used for target preparation, laser
fluence, and number of laser pulses. The other deposition parameters
mentioned in the previous paragraph were kept constant. Table 1 also
includes deposition results — thickness and growth rates of layers.

In order to obtain layers with approximately uniform thicknesses,
we took into account results of our previous experiments with similar
materials [17,18]. Hence laser fluence and number of laser pulses were
set in order to reach layer thicknesses close to 1 pm. This is necessary
to compare layer morphology with detection properties.

Growth rate was calculated as the ratio of layer thickness to
number of pulses. All the depositions mentioned in Table 1 were
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Table 1
Overview of deposited samples and their parameters

Sample no.  Solvent Laser fluence  No. of pulses  Thickness  Growth rate
(J-cm™2) (x10%) (nm) (nm-pulse™ )

W-1 H,0 0.1 50 580 0.012

W-2 H,0 0.2 40 560 0.014

W-3 H,0 0.3 30 760 0.025

W-4 H,0 04 15 630 0.042

W-5 H,0 0.5 10 1580 0.158

W-6 H,0 0.6 5 780 0.156

D-1 DMSO 0.1 30 1170 0.039

D-2 DMSO 0.2 20 1260 0.063

D-3 DMSO 0.3 13 1800 0.138

D-4 DMSO 0.4 5 960 0.192

D-5 DMSO 0.5 3 610 0.203

carried out using thousands of pulses, so the growth rate represents a
mean value, which is important from the technological point of view
when depositing active layers of gas sensors.

3.2. Growth rate and determination of fluence threshold

The results presented in Fig. 1 confirm that the so-called
“deposition curve”, i.e. dependence of growth rate on laser fluence
has the typical “lazy S”-shaped form. This behavior is similar to effects
observed during ablation of polymers by UV laser [19] and includes
information concerning the fluence threshold Fy,. The methodology of
fluence threshold evaluation was described in previous work [18].
Determination of fluence threshold is important for subsequent
preparation of chemical gas sensors. This threshold represents the
optimal value of laser fluence where layer growth is sufficiently fast
while the deposited material is not subjected to excessive thermal
stress.

Evaluation of the deposition curves in Fig. 1 shows the existence of
the fluence threshold F, in the range 0.40-0.45 | cm™2 for the H,0
matrix and in the range 0.25-0.30 ] cm™2 for the DMSO matrix.

It is apparent that the growth rates of layers prepared from the
DMSO matrix are 1.4-5 times higher than the growth rates of layers
prepared from the H,O matrix. These results are in accordance with
the actual different absorption coefficients a of both matrices
(04120=0.030 cm™! and apymso=3.912 cm™! at 248 nm). The spectra
of water and DMSO in UV region are also discussed in [20]. Higher
growth rate of PPY prepared from the DMSO matrix correspond to
higher absorption coefficient of DMSO at 248 nm.
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Fig. 1. Deposition rate as a function of laser fluence for sample prepared from H,0 (®)
and DMSO (A).

3.3. FTIR spectroscopy of basic material and deposited layers

Pure PPY has characteristic absorption bands [21,22] at wave-
numbers 1549 cm™! and 1472 cm™! (stretching vibration of pyrrolic
ring), 1302 cm™! (stretching vibration of C-N bond), 1225 c¢cm™!
(nonplanar deformation vibration of pyrrolic ring), 1094 c¢cm™'
(planar vibration N*-H), 965 cm™! (out-of-plane vibration C-C),
899 cm™! (out-of-plane vibration Cp-H), 784 cm™! (deformation
vibration of pyrrolic ring), and 678 cm™! (out-of-plane deformational
vibration C-C).

The presence of dopants causes a shift of characteristic PPY bands
to higher or lower values. Simultaneously, the characteristic bands of
dopants appear in such case.

The spectra of PPY obtained from original (Sigma Aldrich) - Fig. 2a -
and frozen solution - Fig. 2b - show bands at wavenumbers 1560 cm ™,
1490 cm™ !, 1225 cm ™%, 1128 cm ™}, 1036 cm™!, 969 cm ™, and 676 cm™ L. As
both these spectra are similar, it can be assumed that the structure of PPY
was not damaged due to solvent exchange, chemical reaction with
solvent, or freezing to =196 °C.

There is a separate band in both these spectra (Fig. 2a,b) occurring
at wavenumber 1710 cm™ . This indicates the presence of carbonyl
group C=0 on B-carbons of pyrrolic ring. This group arises from the
oxidation of PPY chains by atmospheric oxygen and/or oxygen
incorporated in PPY chains as the dopant. This PPY chain oxidation
and its mechanism were previously described [21,22] and cannot be
avoided under normal conditions. It was found, however, that in the
spectra of all our samples, the intensity of the 1710 cm™' band in
relation to the intensities of the other PPY characteristic bands does
not change significantly. Hence, it can be concluded that the degree of
PPY oxidation in normal atmosphere remains constant.

Fig. 2¢ presents spectra of PPY deposited from H,0 and Fig. 2d
PPY deposited from DMSO matrix. The depositions were carried out
at an energy density of 0.4 ] cm™2 in cases c—d. There are significant
differences among these spectra, especially in the range of
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Fig. 2. FTIR spectra of (a) original PPY; (b) frozen PPY; (c) PPY deposited from H,0 at
0.4 J-cm™2; (d) PPY deposited from DMSO at 0.4 ] cm™2.
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wavenumbers from 1230 to 1160 cm™’. A broad spectral feature
containing series of overlapping bands is observed in this region.
The above-mentioned band at 1225 cm™! is attributed to a
nonplanar deformation mode of pyrrolic cycle [21,22]. According
to [23], there are characteristic bands in this region which can be
assigned to population of two types of charge carriers in the poly-
mer backbone: polarons (1227 cm™ ! and 1196 cm™!) and bipolarons
(1165 cm™!). Furthermore, the band positions of the vibrational
modes of both polarons and bipolarons depend on PPY conductivity;
particularly, the band corresponding to bipolarons shifts strongly in
dependence on PPY conductivity from 1186 cm™! (less conductive)
to 1165 cm™' (more conductive material) [24]. Hence, the resulting
appearance of the region from 1230 to 1160 cm™ ' is strongly affected
both by changes of intensity ratios of all the above-mentioned bands
and by shifts of bands, namely those corresponding to bipolarons.

The shift of bands corresponding to vibration of C=C double bonds
in pyrrolic cycle of PPY deposited from H,0 and from DMSO is
depicted in Fig. 3a and b, respectively. The isolated C=C bond creates a
band in the vicinity of 1600 cm™ It is known that this band shifts to
1560 cm™! with an increasing degree of conjugation. This is apparent
in original PPY (Fig. 2a), where the strong band is present directly at
1560 cm™ . The presence of non-reduced form with high degree of
conjugation is crucial for high electrical conductivity of PPY and hence
its “detection capability”. Fig. 3a proves that when deposition is made
from a H,O matrix, increasing laser fluence leads to a shift of C=C
vibration toward lower wavenumbers. On the contrary, during
deposition from DMSO matrix (Fig. 3b), this band stays almost
unchanged at 1560 cm™ .

It can be concluded from Figs. 2 and 3 that PPY is damaged when
deposited from a H,O matrix, as increasing isolation of C=C bonds
signifies decomposition of the pyrrolic ring. On the other hand, in the
case of DMSO matrix, the pyrrolic ring is not damaged by laser radiation.

The trend of stronger decomposition of the pyrrolic ring with
decreasing values of laser fluence in samples deposited from H,0 was
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Fig. 3. FTIR spectra in the 1500-1670 cm™ ' of PPY deposited from (a) H,0 and (b) DMSO
as a function of laser fluence.
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Fig. 4. AFM images of PPY samples deposited from H20 at laser fluence of (a) 0.2, (b) 0.3
and (c) 0.5 J-cm™2.

.\‘—-\“*I

T T T T

40 50 60 70 8 90 100
Relative humidity (%)

10°4

Electric resistance (Q)

Fig. 5. Electrical resistance of MAPLE deposited PPY sensor (deposition from water
matrix; F=0.5 J-cm™2). The measurement was carried out in “pure” synthetic air with
variable relative humidity at constant sensor temperature t=25 °C.
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not expected. Explanation for this effect can be attributed to the
combination of slow material ablation during the deposition and the
relatively low absorption coefficient of the matrix (resulting in a
higher penetration depth of radiation). Under these circumstances,
the target material remains under the influence of laser radiation for a
longer time than in the case of the layers deposited from DMSO.

3.4. Morphology of the deposited layers

The morphology of the deposited layers was studied by AFM. Fig. 4
shows examples of layers deposited from the water matrix with laser
fluences of 0.2-0.5 ] cm™2. The z-axis values represent the roughness
of the layer surface expressed as the difference between minimum
and maximum thickness of the deposited layer (area 5x5 pm). It is
apparent from Fig. 4 that the layers deposited at lower values of laser
fluence have in general smaller surface roughness. At the same time,
these layers are built from smaller particles and therefore they are
more segmented.

A similar trend was observed for layers deposited from DMSO
matrix, i.e. the lower laser fluence, the smaller surface roughness.

This trend can be explained as follows: a laser beam with high
fluence causes local overheating of the matrix on the laser spot. Hence,
the subsequent release of material has the character of an explosion,
which is associated with the rough craters on the target surface
produced during this process. The ablated material is expelled in
larger particles and creates a layer with a greater dispersion of
minimum and maximum values of layer thickness. Material, which is
ablated by smaller laser fluence, is carried away gently (in smaller
particles), which manifests itself as a smooth abrasion of the target.
Consequently, the layer that is produced is composed of smaller
particles, and it is also less rough.

Gas sensors require porous (in order to achieve compromise
between two contradictory requirements: high sensor sensitivity and
short response time) material with high segmentation. This requirement
can be fulfilled by depositing at lower laser fluences. Simultaneously, as
it was stated in Section 3.3, low fluence leads to degradation of the
deposited PPY when deposition of the layer is from a water matrix. This
is the reason why the deposition of active layers of sensors at a laser
fluence in the vicinity of the fluence threshold, Fy,, is optimal.

3.5. Sensing properties of deposited PPY

A thin layer of PPY was deposited (water matrix; laser fluence
F=0.5 ] cm™2; thickness of resulting layer ~300 nm) onto the sensor
substrate described in Section 2.1 in order to measure the change in
electrical resistance at various humidities in the surrounding atmo-
sphere. The results of these measurements are presented in Fig. 5. The
sensor resistance in dry synthetic air is immeasurably high. It strongly
decreases with increasing content of water vapor in the atmosphere.
Such character of sensor resistance vs. humidity dependence was
found to be typical for PPY sensors [1].

4. Conclusions

The depositions of PPY by MAPLE presented in this work are early
attempts of this kind. Polypyrrole layers have been deposited by
various technologies, but the influence of laser radiation and laser
deposition conditions on chemical composition of PPY has not been
investigated systematically till now.

One of the important deposition parameters is the selection of the
matrix. The results of the presented work show that in general both
DMSO and water matrices are applicable for deposition of thin layers
of polypyrrole. The samples deposited from the water matrix have
characteristic changes in FTIR spectra, especially at wavenumbers
1560 cm™! (degree of conjugation of double bonds) and in the region

from 1230 to 1160 cm™' (non-planar deformation mode of pyrrolic
ring; type and population of charge carriers in PPY backbone). These
changes correspond to partial breaking of the pyrrolic cycle and hence
degradation of PPY. When the layer is deposited from the water
matrix, the intensity of interaction between laser radiation and
deposited PPY is higher. Thus DMSO is a better matrix than water —
based on FTIR spectra of deposited layers and also higher growth rates
of layers deposited from DMSO.

The fluence threshold, Fy, ranged from 0.40 to 0.45 J cm 2 for
layers deposited from a water matrix, and 0.25-0.30 ] cm™2 for layers
deposited from DMSO. The higher growth rates and lower fluence
thresholds achieved for DMSO matrices are explained by the higher
absorption coefficient of DMSO at a laser wavelength of 248 nm. In
general, it is desirable to carry out depositions at laser fluences close to
Fyh. This range is a compromise between the necessity for sufficiently
high growth rate on one side and the risk of material damage by
excessive irradiation on the other side.

The results of AFM analysis of thin layers prepared confirm that
surface roughness and granularity of the layer are correlated with
applied laser fluence. These relations can be explained by the
existence of different mechanisms of material transfer at different
laser fluences. From the point of sensor applications (i.e. requirement
of sufficiently high porosity and segmentation of produced layers), it
can be concluded that optimal laser fluences are close to Fy,.

Finally, we can conclude that PPY is a promising material for
depositions of active layers of sensors by MAPLE. Investigation of
parameters of these sensors and their response to various gases and
vapors will be the theme of further work.
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The contribution deals with synthesis and characterization of conductive polypyrrole (PPY), which should
be suitable for depositions of thin layers by Matrix Assisted Pulsed Laser Evaporation (MAPLE) method.
The samples of doped PPY containing various organic dopants - (i) p-toluenesulfonic acid, (ii) dodecyl-
benzenesulfonic acid, (iii) dioctyl-sulfosuccinic acid and (iv) camphorsulfonic acid - were synthesized

by polymerization of pyrrole in acidic or neutral solution. Solubility of synthesized PPY and settlement

Keywords:
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time of PPY particles in water and dimethylsulfoxide - parameters critical for MAPLE method - were
investigated. The composition of prepared PPY was verified by FTIR spectroscopy. Conductivity of the
polymer in solid state was determined to be in range from 0=2.6 x 10 Scm~! to 6=6.0 x 10-2Scm™!.
The optimal material for MAPLE deposition is PPY containing organic dopants (ii)-(iv), dissolved in DMSO
matrix (solubility from 4.1% to 6.5% by weight and settlement time 140-240 h).

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The MAPLE technology [1-4] is a laser deposition method pro-
viding gentle mechanism for organic layers deposition. By MAPLE,
a frozen phase consisting of a dilute solution of a high-molecular-
weight compound (basic material) in a low-molecular-weight
solvent (matrix) is used as the laser target. Deposition takes place in
avacuum after impact of a laser pulse with the surface of the frozen
target. In an optimal case, the energy of the laser pulse is com-
pletely absorbed by the matrix, resulting in a strong local increase
of temperature. The matrix molecules transfer their kinetic energy
of thermal motion to the molecules of basic material. Hence the
molecules of basic material are “mechanically” ejected to vapour
phase and subsequently collected on the substrate with neither
photolytic nor pyrolytic damage, while small molecules of the
matrix are evacuated with a pump.

The advantages of MAPLE in comparison with conventional
deposition methods (deposition from aerosol, spin-coating and
dip-coating) can be summarized as follows:

e The thickness of prepared layers can be simply controlled by
setting laser fluence and number of pulses. Thus, reproducible
preparation of thin layers having thicknesses on the order of tens
of nanometers is possible.

* Corresponding author. Tel.: +420 605290285.
E-mail address: martin.vrnata@vscht.cz (M. Vriiata).

0379-6779/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.synthmet.2010.02.030

e The prepared layers are porous (i.e. they have a high sur-
face/volume ratio), which can be advantageous for sensor
applications.

e “Sandwich” structures can be fabricated in situ in one step by
changing targets during the deposition.

¢ The effect of the laser pulse is strongly limited in time and local-
ized in space.

Since its development at the end of nineties, the MAPLE technol-
ogy was applied for depositions of variety of organic compounds,
starting from small molecules (acetyl-acetonates, phthalocyanines
[5] or glucose) and continuing to polymers (polyethylene glycol [6]
or fluoroalcoholpolysiloxane) or even enzymes (lysozyme [7]).

The only reference concerning MAPLE deposition of PPY is
[8]. This study gives an overview of possibilities of deposition
various organic materials by MAPLE technology. Polypyrrole was
deposited from the target containing a 0.96 wt.% deionized water
solution of doped PPY (Aldrich). The deposition was performed
with ArF excimer laser operating at 193 nm using a laser fluence
of 0.19)J cm~2. The MAPLE deposited films exhibited conductivity
0=0.6Scm~!. However, the composition of dopants is not declared
for the commercially distributed polypyrrole, so these results can
provide only rough orientation.

Based on the mechanism of MAPLE deposition, it is possible to
determine basic property of the synthesized PPY that is necessary
for its applicability in MAPLE technology.

PPY for depositions should be soluble in (or at least miscible [9]
with) matrix, i.e. liquid possessing high absorption coefficients on
wavelengths of laser radiation used in MAPLE. These wavelengths
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Fig. 1. Organic dopants in synthesized PPY: (a) p-toluenesulfonic acid (p-TSA); (b) dodecyl-benzenesulfonic acid (DBSA); (c) dioctyl-sulfosuccinic acid (DEHS) and (d)

camphorsulfonic acid (CAMP).

are, for example, 248 nm (KrF excimer laser) or 266 nm (the fourth
harmonic of Nd:YAG laser). Dimethylsulfoxide (DMSO) is a repre-
sentative of such matrices previously investigated by our group
[10]. The condition of solubility of prepared PPY is crucial and
simultaneously difficult to fulfil, as the solubility of PPY in various
liquids is low in general. Poor solubility of PPY in common organic
solvents is explained by the presence of strong interchain interac-
tions [11]. A promising approach, how to overcome this problem,
was suggested in [12]. Solubility of PPY in various solvents (from
weakly polar chloroform to polar DMSO or water) can be increased
by using “detergent-type” dopant, whose molecules contain both
relatively long, non-polar alkyl chains and strongly polar (e.g. sul-
fonic) group.

The occurrence of dopants in PPY (even at higher concentra-
tions) does not affect the suitability of this material for MAPLE
technology provided that the absorption coefficients of both PPY
and dopants are lower than that of the matrix.

Thin layers of PPY are commonly used as anti-static coatings,
electromagnetic shielding [13] and above all as active layers of
chemical sensors [14]. So electric properties and namely conduc-
tivity of prepared polymer are of cardinal importance.

FTIR spectroscopy is a powerful tool for characterizing chemi-
cal composition of both synthesized- and MAPLE deposited-PPY.
Amongst much information obtainable from FTIR spectra of the
polymer we will focus attention to: degradation of PPY by oxidation
(resulting to presence of carbonyl group on (3-carbon of pyrrolic
ring); observation the degree of conjugation of double bonds in
PPY chain; monitoring the incorporation of dopants in the polymer.
These parameters are certain measure of “quality” of both synthe-
sized and deposited polymer. They can also be related to previously
measured conductivity.

Hence the presented study is aimed to synthesis of PPY con-
taining various inorganic and organic dopants, investigation of
miscibility or solubility of this PPY in DMSO (proper matrix for
MAPLE) and water (native solution), measurement of conductivity
and analysis of FTIR spectra of the prepared polymer.

2. Experimental
2.1. Synthesis

For the synthesis of doped PPY following chemicals were used:
(a) pyrrole as amonomer; (b)iron(Ill) chloride anhydrous or ammo-
nium persulfate (APS) as oxidizing agents and (¢) p-toluenesulfonic
acid (p-TSA), sodium salt of p-toluenesulfonic acid Na*(p-TSA)~ -
Fig. 1a, dodecyl-benzenesulfonic acid (DBSA) - Fig. 1b, sodium salt
of dioctyl-sulfosuccinate Na*(DEHS)~ - Fig. 1¢ or camphorsulfonic
acid (CAMP) - Fig. 1d as doping agents. All of these chemicals were
reagent grade (Sigma-Aldrich).

The polymerization was carried out either in acidic (p-TSA, DBSA
and CAMP) or neutral solution (Na*(p-TSA)~ and Na*(DEHS)~). An
overview of synthesized materials is summarized in Table 1. Typical
molar ratio of pyrrole:oxidizing agent:doping agent (when present)
was 5:10:1, which means the polymerization proceeds in excess of
oxidizing agent.

For example, synthesis S3 in Table 1 proceeds as follows: firstly
0.05 mol of pyrrole and 0.01 mol of (p-TSA) were added to 100 ml of
distilled water at 0 °C. This mixture continuously cooled was stirred
for 20 min until pyrrole and p-TSA completely dissolved. The solu-
tion of 0.1 mol of iron(III) chloride in 200 ml of distilled water (0 °C)
was prepared separately. Then both the above mentioned solutions
were mixed together. The polymerization started immediately (for-
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Table 1
Overview of synthesized PPY materials. The SO42~ and Cl- dopants are residuals of
APS and FeCls; respectively.

Synthesis no. Oxidizing agent Doping agent Dopants awaited in product

S1 APS - S04%~

S2 FeCls - Cl-

S3 FeCls p-TSA Anion p-TSA, Cl-
S4 FeCl; Na*(p-TSA)~  Anion p-TSA, Cl

S5 FeCls DBSA Anion DBSA, Cl-

S6 FeCls Na*(DEHS)~  Anion DEHS, Cl-

S7 FeCls CAMP Anion CAMP, CI-
S8 APS p-TSA Anion p-TSA, SO4%~
S9 APS Na*(p-TSA)~  Anion p-TSA, SO42~
S10 APS DBSA Anion DBSA, SO42~
S11 APS Na*(DEHS)~  Anion DEHS, SO4%~
S12 APS CAMP Anion CAMP, SO4%~

mation of a characteristic precipitate). After 2 h the precipitate of
doped PPY was filtered in Buchner funnel, washed with distilled
water and finally dried in a vacuum drier at 75°C for 2 h.

2.2. Measurement of conductivity, solubility and chemical
composition of doped PPY

The dried PPY was comminuted in mortar to a homogeneous
powder and then formed in hydraulic press to tablets (12 mm
in diameter, 3 mm thick). As the conductivity of the material is
partially dependent on applied pressure, it was necessary to pre-
pare all tablets at the constant pressure of 66 MPa. Gold electrodes
were vaporized onto opposite faces of the tablet. Resistance of pre-
pared samples was measured with Agilent 34401A multimeter by
two-electrode method (constant applied potential of 500 mV). The
measurement of resistance was carried out at temperature of 22 °C
in dry synthetic air. Conductivity (o) of doped PPY was calculated
from the value of resistance and dimensions of a given tablet.

The solubility of synthesized PPY in water and DMSO was inves-
tigated as follows: 30ml of a given solvent was transferred to a
beaker, and then powder of synthesized PPY was added in small
portions until gel was formed on the bottom of a beaker. The occur-
rence of gel is attributed to cross-linking of dispersed polymer
particles. After formation of gel the solution was homogenized by
sonification for 30 min and allowed to stay. Five millilitres of the
solution from the upper part was then placed to crystallizing dish
and dried in a vacuum drier at 75 °C. Then the weight of evaporation
residue was determined.

Chemical composition of doped PPY was analyzed from the IR
spectra scanned by the Attenuated Total Reflection Fourier Trans-
form Infrared spectroscopy. Spectra of all samples were scanned
using a BRUKER IFS 66V device (diamond crystal) in the intervals
of wave numbers from 600 to 1800 cm~! (it covers finger-print of
PPY molecule).

3. Results and discussion
3.1. Solubility of prepared PPY in water and DMSO

As discussed earlier, the necessary condition for applicability of
MAPLE technology is miscibility of synthesized polymer with low-
molecular-weight “solvent” (matrix) absorbing at the employed
laser wavelength. In this contribution, solubility in binary systems
PPY-DMSO and PPY-water was tested (Table 2). Dimethylsulfoxide
is a common matrix for MAPLE depositions at laser wavelengths
from 220 to 270 nm. Water is not a proper matrix [10], but all the
syntheses of PPY (S1-S12) were carried out in water solution, so
from the practical point of view it is important to have information
concerning solubility in PPY-water system.

Table 2

Solubility of doped PPY in water and dimethylsulfoxide (in % by weight). The table
includes only the samples classified as “miscible” or “soluble” (see the text). Solu-
bility of all other samples was zero.

Synthesis no. Dopants Dimethylsulfoxide Water
S5 Anion DBSA, CI- 5.2 5.5
S6 Anion DEHS, CI~ 4.0 2.6
S10 Anion DBSA, SO4%~ 5.1 5.4
S11 Anion DEHS, SO42- 44 2.3
S12 Anion CAMP, SO4%~ 6.5 1.8

There are three different situations observed when investigating
solubility of synthesized PPY. (i) All the samples of PPY containing
only inorganic dopants (Cl~ and SO42~) and/or p-TSA anion were
non-miscible with neither DMSO nor water at all. In these cases
(samples S1-S4, S8 and S9) the precipitate particles of doped PPY
settled spontaneously in a few seconds to the bottom of beaker. It
seems that incorporation of inorganic or small organic (even polar,
such as p-TSA) dopants cannot decrease interchain interactions in
PPY and hence the synthesized polymer remains insoluble. Surpris-
ingly, sample S7 (PPY oxidized by FeCl; with CAMP dopant) also
falls to this category, unlike S12 (PPY oxidized by APS with CAMP
dopant). (ii) In the cases S5, S6, S10 and S12, the prepared polymer
was miscible with both DMSO and water; however it forms small
micelles that can be filtered out by common filter paper. These
systems have a character of dispersion. (iii) The sample marked
as S11 - PPY containing DEHS and SO42~ anions — was soluble in
both solvents and no precipitate remained on the filter paper. The
behaviour of S11 is the closest to model of ideal solution. This is
probably caused by the above mentioned “detergent effect”.

In general, when applying DBSA dopant, the solubility of syn-
thesized PPY in water and DMSO is almost the same (samples S5
and S10), but on the contrary for DEHS and CAMP dopants we can
observe significantly higher solubility in DMSO.

Another important parameter characterizing behaviour of PPY-
DMSO and PPY-water binary systems is settlement time of PPY
particles, summarized in Table 3. When leaving to stay, all the sam-
ples settle in the time range of 0.1-240 h and the liquid above the
fine black sediment is almost clear. One can notice high values of
settlement time for samples S10-S12 in DMSO, indicated smaller
particles of PPY and hence better homogeneity of these systems.
According to our opinion this is not only a consequence of organic
dopant properties (i.e. polar, detergent-like), but is also caused by
“synergetic” effect of combination of both used organic dopant and
APS oxidizing agent (see Table 3, the third column).

3.2. Conductivity

Conductivity (o) of doped PPY synthesized by reactions S1-S12
is summarized in Fig. 2. It ranges in about four orders from
0=26x10"%Scm~1 (S11)to 0=6.0 x 10-2Scm~! (S5).

We can also observe that (to some extent) shorter time of poly-
merization leads to higher values of conductivity, but the stability of
short-synthesis-time materials is poor. According to Fig. 2, several
relationships between conductivity and parameters of synthesis
can be found:

Table 3

Settlement time (hours) of PPY particles in dimethylsulfoxide and water.
Synthesis no. Dopants Dimethylsulfoxide Water
S5 Anion DBSA, Cl- 1 1
S6 Anion DEHS, CI- 12 0.1
S10 Anion DBSA, S04~ 240 12
S11 Anion DEHS, SO4%~ 140 1
S12 Anion CAMP, SO4%~ 120 1
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Fig. 2. Conductivity of doped PPY synthesized by reactions S1-S12.

The values of 6(S1) and o(S2) are significantly lower than o val-
ues of most other samples (the exception is o(S11), which will be
explained later). The samples S1 and S2 contain only “small” inor-
ganic dopants. On the contrary, the presence of “large” organic
dopants (S3-S9) and S12 causes the conductivity to be in average
of about one order of magnitude higher.

As 0(S3)~0(S4) and simultaneously o(S8)~ o(S9), there is no
significant difference between polymerization in the presence of
p-TSA (acidic solution) or Na*(p-TSA)~ (neutral solution).

It is also apparent that the samples prepared using FeCl3 as an
oxidizing agent have in general higher conductivity than those
oxidized by APS.

There is no simple relation between conductivity of samples
containing organic dopants and complexity of organic dopant
molecule.

The synthesis S11 (oxidizing agent APS and doping agent DEHS)
constitutes a special situation. Low value of ¢(S11) is probably
given not only by parameters of synthesis, but also by the method
of obtaining PPY powder from the native aqueous solution. This
doping agent acts as a highly effective detergent, so this is the
only case when the as-prepared PPY cannot be filtered out. Ele-
vation of temperature to above 40 °C leads to formation of foam,
hence is was necessary to evaporate water at low temperature for
a long period. Degradation of polymer connected with decrease
of conductivity probably takes place during this process. On the
other hand, PPY containing DEHS in water represents the system
closest to ideal solution advantageous for deposition by MAPLE
technology.

Generally, the conductivity results of our samples (except S11)
correspond to values published in [12], where conductivity of the
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Fig. 3. FTIR spectra of samples S1 and S2 respectively (detailed view).

synthesized PPY in the solid state was reported to be in the range
from 1 x 1073 to 3 x 100 Scm~'. Similar results were obtained also
in [15]. In this case polypyrrole bearing sulfonic group doped with
DEHS, i.e. PPY(SO3H)~ DEHS has conductivity =5 x 10~ Scm~1.

3.3. Chemical composition

The FTIR spectra of all samples were measured in order to
verify chemical composition of the synthesized material and to con-
sider incorporation of dopants into the polymer. The spectra were
observed in an important region from 1800 to 600 cm™! (it covers
finger-print of PPY molecule).

Fig. 3 displays the detailed spectra of PPY containing only small
inorganic dopants (samples S1 and S2). It also depicts influence
of type of oxidizing agent on the composition of resulting PPY.
Both spectra are very similar. There is only one significant shift:
the band, which appears at 1628 cm~! in the spectrum of S1 shifts
to 1615 cm™! in the spectrum of S2. This shift is related to degree of
conjugation of double bonds in polymer backbone and hence to its
conductivity. Lower wave number corresponds to higher degree of
conjugation and hence higher conductivity of S2 sample compared
with that of S1 (Fig. 2).

Table 4 shows the characteristic bands of PPY and also includes
the assignment of corresponding vibrations. There are also wave
numbers of PPY characteristic bands measured by other research
teams [16-18]. Ourvalues are in good accordance with these values.
The only shift is noticeable in wide bands of out of plane vibrations
of PY circle, but these bands are flat and their maxima are fuzzy.

Fig. 4 presents an overview of FTIR spectra of the synthesized
PPY samples (S1-S12). All these spectra contain the above men-

Table 4
The assignment of vibrations to bands in PPY spectra.
Identified bands Bands identified by other groups Vibrations according to Refs. [16-18]
S1(S0427) S2(Cl) [17] PPY(SO4%~) [17] PPY(CI7) [18] PPY
1628 1615 1638 - - C-C, C=C stretching
1517 1518 1552 1540 1529 C-C, C=C stretching
1430 1428 1476 1459 1445 C=C, C-N stretching
1270 1266 1289 1308 1295 C-H, C-N in plane deformation
1124 1124 1197 1166 1210 Breathing vibration of the PY ring
1085 1085 1123 1094 1080 C-H, N-H in plane deformation
997 1001 1050 1050 1020 C-H in plane deformation
957 959 967 967 960 C-C out of plane deformation
838 840 920 915 930 C-H, N-H out of plane deformation
732 733 796 796 760 C-H, N-H out of plane deformation
646 648 678 678 660 C-C out of plane deformation
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Fig. 5. FTIR spectra of organic dopants.

tioned (Fig. 3) characteristic bands of PPY. The “wide” shape of
some absorption bands is caused by certain dispersion of molec-
ular weight together with variable oxidation degree of the polymer
backbone.

Fig. 5 summarizes spectra of the organic dopants. When com-
paring Figs. 4 and 5, one can observe that the characteristic bands
of organic dopants are not significant in the spectra of PPY samples.
It must be taken into account, that the molar quantity of dopants
is five times lower than the quantity of pyrrole units (Section 2.1)
and hence most of dopants-bands are overlapped by PPY-bands in
the spectrum. There is only one exception: the presence of DBSA
can be demonstrated in both S5 (1118, 1017 and 1002cm™!) and
$10(1110, 1014 and 1002 cm~1) sample.

4. Conclusions
There has not been published as yet a relevant study concerning

the relation between particle size on one side and quality of MAPLE
deposited layers, ablation thresholds and growth rates on the other

side. However, based on our previous experience [10] with MAPLE
depositions of commercially distributed PPY (Aldrich) we can con-
clude that the samples should be in group (ii) - miscible - i.e. S5,
S6, S10 and S12 or in group (iii) — soluble - i.e. S11 in order to be
suitable for MAPLE depositions from DMSO matrix.

The weight fraction of doped PPY dispersed/diluted in DMSO
varies from 4.0% to 6.5%, which is significantly higher value, than
the concentration used for successful MAPLE depositions of PPY
(0.96%) reported in [8].

The synthesized PPY dispersed/diluted in DMSO has signifi-
cantly higher settlement time than PPY dispersed/diluted in water
(especially samples S10-S12). It means that PPY-DMSO binary sys-
tem possesses better homogeneity than PPY-water system, which
is advantageous for MAPLE depositions from DMSO matrix. With
respect to the requirements of miscibility or at least solubility and
simultaneously homogeneity and stability of PPY-matrix system
we can conclude that optimal for MAPLE depositions are PPY sam-
ples S10-S12 in DMSO matrix.

As for FTIR spectra of the synthesized samples, the character-
istic bands of organic dopants are in most cases overlapped by
PPY-bands. Hence FTIR spectroscopy is a valuable tool for verifi-
cation of structure of primarily synthesized PPY and for checking
secondary structural changes in polymer during its subsequent
MAPLE deposition [10]. On the contrary, using FTIR spectroscopy
in order to prove the presence of dopants in PPY can be disputa-
tive.
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Gas sensing structure was deposited from the tin dioxide/tin acetylacetonate (SnO, 90 wit%/
SnAcAc 10 wt%) target by Pulsed Laser Deposition method. The prepared layer was improved by
Pd catalyst via subsequent diode sputtering technique. The Nyquist diagrams were measured. DC
sensitivity and Phase response to hydrogen in synthetic air and dynamic properties were investi-
gated. The optimised parameters were following: sensor temperature and frequency of AC measur-
ing signal. The sensor response was measured at different concentration of hydrogen. Measured
data were fitted to an equivalent circuit. The obtained results were compared with those of SnO,

and polypyrrole sensing layers.

Keywords: Gas Sensors, Organocomplex Layer, Sensing Layer, Impedance Measurement,

Phase Response.

1. INTRODUCTION

Tin dioxide is known as the most widely used inorganic
basic material for gas sensors utilising change of surface
conductivity. The surface of some organic substances also
exhibits an ability to enter into reversible chemical reac-
tion with gases. The principle of conductivity changes of
organic systems is in high polarizability of delocalized
m-electrons in the system of conjugated double bonds.
Metal complexes of acetyl-acetone (MeAcAc) are rich
in delocalized electrons and in combination with semi-
conductive tin dioxide are apparently active. In our pre-
vious works"-2 we recognized that high DC-sensitivity
(S4 =~ tens to hundreds) at elevated working temperature
(300-400 °C) is typical for SnO,-based sensor layers. On
the contrary metallic acetylacetonate (MeAcAc)-based lay-
ers achieved relatively good sensitivity at low working
temperature (up to 200 °C). We can suppose that addition
of SnAcAc to SnO, results to increasing specific surface of
layer corresponding to higher “porosity,” i.e., ratio (area of
material surface/layer volume). It also leads to changes in
mechanism of sorption—desorption process (shorter recov-
ery time of sensor) and to decrease of activation energy.
In all cases presence of Pd plays an important role.’™

*Corresponding author; E-mail: seidlj@vscht.cz
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Metallic Pd acts as catalyst (increase of sensor response
and decrease of temperature necessary for detection). Pal-
ladium in oxidized state (Pd*") acts as an acceptor in basic
material and also as inhibitor of grain growth.’

Pulsed laser deposition (PLD) method can be used for
deposition of both organic and inorganic substances. The
main advantages of PLD method are in its relative simplic-
ity and high flexibility in connection with a good repro-
ducibility of chemical composition and convenient surface
morphology of prepared layer.

The most significant group of chemical sensors operates
on the basis of surface DC conductivity changes. A differ-
ent approach considering possibilities of chemical sensors
may be derived from AC measurements.”” These mea-
surements are a valuable tool for material characterization
(grain size, conduction mechanisms, character of junctions
between the active layer and the metallic contacts). In this
contribution, an alternative Phase response (S,,) resulting
from AC measurements is calculated. The values of S,
for different materials of sensing layer are also compared.

2. EXPERIMENTAL DETAILS

The PLD of sensing layers was carried out from source
targets containing SnO, (90 wt%)+ SnAcAc (10 wt%).

doi:10.1166/s1.2009.1303 1
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The targets were prepared by mixing powder materials
(Fluka Chemicals) and subsequent pressing operation at a
pressure of about 85 MPa. The estimated volume contrac-
tion of the mixture during pressing process is one third.
SnO,/SnAcAc layers were then prepared by PLD (KrF
excimer laser, A = 248 nm, energy density 0.6 J-cm™2,
pulse duration 3 ns, repetition rate of laser pulses f =
5 Hz, nitrogen working atmosphere p =5 Pa). The tech-
nological set-up for PLD is depicted in Figure 1. The as-
deposited layers were ~100 nm thick. These layers were
deposited to sensor substrates—i.e., small alumina plates
equipped with interdigital Pt electrodes for reading sen-
sor response (Figs. 2-3). The substrates had Pt heating
element on reverse side. This element served also as Pt
thermometer. The interdigital electrodes were on the area
of 1300 wm x 1400 um, the distance between “combs”
of interdigital electrodes was 40 um. In order to improve
sensor properties, a Pd catalyst was diode sputtered on sur-
face of compound layers. Optimal equivalent thickness of
sputtered catalyst was 0.75 nm.

The as-deposited sensors were thermally activated at
350 °C in a special atmosphere. These conditions of acti-
vation were applied in order to simulate subsequent real
operation of the sensor.

The experimental details of sensor DC resistance
measurement and DC sensitivity (S,,) evaluation were
described in previous work.! The DC sensitivity was eval-
uated for sensor temperature (7') and hydrogen concen-
tration as a ratio of layer resistance in the pure air (R,;)
and the resistance in the atmosphere containing hydrogen
(Rgas):

Rair(T) (1)
Rgas(T’ C)

Optimal sensor temperature is assumed for the value when
the S,. reaches maximum with respect to tolerable thermal
stress of the sensor.

Sdc(Tv C) =

Fig. 1. Technological setup of PLD 1-penning gauge, 2—pirani gauge,
3—substrate holder, 4-rotating target, 5-silica window, 6-vacuum sys-
tem, 7-needle valve, 8-target rotation mechanism, target changer
9-temperature measurement, 10-heating, 1l-lens, 12—prism, 13-KrF
excimer laser, 14—filter system.
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Sensitive layer

— Pt electrodes

Wire - &
contact &\‘Q\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\‘E Al,O4 ceramic

substrate

Pt heating/
thermometer

Fig. 2. Schema of the sensor chip.

Nyquist diagrams (i.e., real part vs. imaginary part
of complex impedance, Fig. 4) were measured using a
HP4194A impedance analyser. The frequency of testing
signal ranged from 40 Hz to 110 MHz and its amplitude
had a constant level of 500 mV. No bias DC-voltage was
applied. The measured sensor was placed in a shielded
Teflon chamber and its interdigital electrodes were con-
nected with impedance analyser by a 4-TP professional
adapter (four-wire arrangement). The measurement of the
Nyquist diagram in a given atmosphere was carried out in
a flow system (dead volume approx. 10 ml, gas flow rate
40 ml-min~").

The Nyquist diagram of SnO,/SnAcAc sensors exhibits
in general one semicircle corresponding to a parallel RC
element (Fig. 4). The values of equivalent circuit resis-
tance (R) and capacity (C) are calculated as follows: (i) the
resistance value (R) is determined by the semicircle diam-
eter, which can be read directly on real axis; (ii) the
imaginary part of complex impedance achieves its extreme
at certain frequency f.:

1
2mRC

(iii) when knowing the f,,, and R, the equivalent cir-
cuit capacity C is obtained from Eq. (2). Fitted course of
Nyquist diagram is showed in the Figure 4 as well. For
comparsion, there was calculated a CPE model using the
Z-View software.'>!* The CPE model fits measured data
better, but resistance parts are similar, R(fit to circuit) =
10360 Q, R(CPE method) = 10580 (). Parameter CPE-
P = 0.84 (ideal capacitor CPE-P = 1).

Definition of the Phase response (S,,) is conspicuous
from the Figure 5. S, is evaluated as a difference:

Spa(T’ f’ C) = eair(T’ f) - egas(T’ f’ C) (3)

Jou = (2)

25mm

2,5mm

Fig. 3. Sensor substrates: (a) electrodes, (b) heating.
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R

Nyquist diagram

g
N
£
ly = 1/ 2xRC —— Data
-5 Fit to circuit
-=-CPE
0 2 4 6 8 10 12

ReZ (k)

Fig. 4. Nyquist diagram, measured in atmosphere of hydrogen concen-
tration 10 ppm, 7 = 300 °C, fit to circuit: R = 10360 , C =5.13 pF,
CPE method: R = 10580 Q, CPE-T =7.14-107""' s" Q~!, CPE-P =0.84
(calculated by Z-View software).

where 0, is an argument of sensor complex impedance
in pure air and 6, is an argument of sensor complex
impedance in the air atmosphere containing hydrogen.
The defined response depends on sensor temperature 7,
frequency of testing signal f and hydrogen concentra-
tion c¢. The typical shape of Phase response versus fre-
quency dependence is demonstrated by Figure 6. There
are explained definition of S, ,,, (maximum value in fre-
quency dependence) and f,,,, (frequency value for S, ;,.x)-
The plot contains also the fitted course according to RC

network model of sensing layer.

3. RESULTS AND DISCUSSION

Sensor temperature is an important parameter for optimal
sensor function. Figure 7 exhibits the DC sensitivity and
Phase response on the temperature dependence in range

0
100 kHz
g
~N 7
E
—data air
——data H, 10ppm
_10 T
0 10 20
Re Z (kQ2)

Fig. 5. Phase response (S,,) evaluation, measured in atmosphere of
hydrogen concentration 10 ppm, 7 =300 °C.
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20
— data
- fit to circuit

Spa man

Spa (deg)

Fig. 6. Phase response to 10 ppm of H,, 7 =300 °C.

from 100 °C to 300 °C. The phase response (S,,) is “flat”
in the sensor temperature range from 200 °C to 300 °C.
It is advantageous for operating point maintenance of the
sensor. On the contrary, the DC response can be very
strongly affected by temperature fluctuation. The value of
300 °C was chosen as the optimal working temperature.
Dependence of the sensor response to different hydro-
gen concentration was investigated. The sensor tempera-
ture was set to 300 °C (optimized value). It was chosen the
logarithmic scale for the concentration: 10, 40, 200, 400
and 1000 ppm vol. The results (also in logarithmic scale)
are summarized in Figure 8. The plot contains the data
for DC sensitivity (green), for maximum Phase response
(blue) and the data of maximum Phase response fitted
to RC network model (red). It can be observed the S,
exhibits power course (“linear” in logarithmic scale). On
the other hand S, increases by concentration logarithmi-
cally. The regression equations are presented. Fitted S,
course has similar shape to measured data, but the values
are shifted. The model is not valid for concentration higher
than 400 ppm. Further improving of the S, model will

100 1000
455, 70 MHz
L ] sac
+ 100
) =
- 3
4 )
v
+10
10 T T T T T 1
50 100 150 200 250 300 350

T(°C)

Fig. 7. Phase response and DC sensitivity versus sensor temperature
(1000 ppm H,).
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Fig. 8. Max. Phase response and DC sensitivity versus H, concentration,
T =300 °C.

be investigated. Qualitative agreement of the model with
measured data is evident from the Figures 4 and 6 as well.
In case of f,,, (Fig. 9), it can be enunciate good consent
of model values to measured data for range from 10 to
200 ppm.

Both DC and Phase sensor responses are not only given
by the sensor temperature, frequency of testing material
and hydrogen concentration. These are also significantly
affected by the material of the sensing layer. Table I com-
pares previously investigated materials—polypyrrole and
mixture of SnO, and Fe,O, (composition 99:1 percep-
tually) with actual sensing material (SnO,/SnAcAc/Pd).
Sqemax> I (optimal sensor temperature for Sy.), Sy, may @nd
fimax depend significantly on the sensitive layer material,
fmax changes even in three orders. Polypyrrole sensor can
operate at low (room) temperature, but the DC and Phase
sensitivities are very low. Detection properties are the best
for SnO,/SnAcAc/Pd sensor in this collection, but S

pa max

is achieved at high frequency. An interference effect is

4 data
+ fit to circuit

100

fmax (MH2)

1 :
10 100 1000

¢ (ppm)

Fig. 9. Frequency of maximal Phase response f,,, versus H, concen-
tration, 7 = 300 °C.
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Table I Sy, Sy mi and fr,, versus material of sensitive layer depen-

dence, 1000 ppm of H,.

Material TCO  SemaD)  Spama(deg) Frnax

Polypyrrole 23 1.7 6 26 kHz
SnO, 330 6 40 1 MHz
SnO,/SnAcAd/Pd 300 300 63 70 MHz

Spaldeg)

f(MHz)

Fig. 10. Phase response for different gases and temperatures (H,, CH,,
ethanol).

a general problem of the gas sensors. Layers of sen-
sors are diferently sensitive for various temperatures and
gases. It can be used for gas recognition in multicompo-
nent gas mixtures. There are phase responses for differ-
ent gases (H,, CH,, ethanol) and different temperatures
in the Figure 10. Apparently, there are various responses
of gases, f.e. for frequency about 3 MHz. Methan is little
sensitive. The phase response of ethanol is negative and
response of hydrogen is positive.

4. CONCLUSIONS

The conductive gas sensor with SnO,/SnAcAc/Pd sensitive
layer was investigated. Nyquist diagrams of gas sensor on
various conditions were measured and phase response (S,,)
was evaluated from these diagrams and DC sensitivities as
well. The phase response (S,,) is “flat” in the sensor tem-
perature range from 200 °C to 300 °C. It is advantageous
for operating point maintenance of the sensor. On the con-
trary, the DC one is very strongly affected by temperature
fluctuation. The value of 300 °C was chosen as the opti-
mal working temperature. Measured data were fitted using
model of simple parallel RC network and a CPE method
was also introduced. The validity of this model was con-
firmed in both Nyquist and Phase response diagrams. The
behaviour of “classical” DC sensitivity (S,.) and Phase
response (S,,) was compared. DC sensitivity versus H,
concentration dependence exhibits power course (“lin-
ear” in logarithmic scale). Phase response has logarithmic
behaviour in the same dependence. Maximum response
values were reached (300 °C, 1000 ppm H,): phase
response ~63° (frequency 70 MHz), DC sensitivity ~300.

Sensor Letters 8, 1-5, 2010
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Both methods allow quantifying H, from concentration
levels under 10 ppm. It was found that DC sensitivity, opti-
mal sensor temperature, Phase response and frequency of
maximum response depend significantly on the sensitive
layer material. DC sensitivity and Phase response of pre-
sented SnO,/SnAcAc/Pd sensor is better than those of the
polypyrrole and SnO,/Fe,O; sensors.
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Thin sensing films based on tin acetylacetonate (SnAcAc) with a platinum catalyst
were prepared in situ by pulsed laser deposition (PLD) with a Nd:YAG laser. The
morphology and roughness of both as-deposited and annealed layers were characterized.
These layers were also deposited on alumina sensor substrates with interdigital Pt
electrodes and then used for the detection of hydrogen, n-butanol, toluene, and water
vapors in synthetic air. The temperature dependence of the response of the prepared
sensors was measured in the range of 40-350°C. It was proved that the selectivity to
the above mentioned gases is easily tunable by adjusting the operating temperature of
the sensor. The maximum response was achieved at 110°C for hydrogen, 220°C for
n-butanol, 300°C for toluene, and 340°C for water vapor. The activation energy of
surface reactions taking place during the detection process was also calculated.

1. Introduction

Pulsed laser deposition (PLD) is commonly used for the deposition of both inorganic
and organic substances. The high flexibility of this method allows us to carry out the
deposition of multilayer or mixed structures in situ in one technological step. Prepared
layers exhibit high porosity resulting in a large specific surface, which is advantageous

*Corresponding author: e-mail: fitlp@vscht.cz
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for gas sensing applications. When depositing catalytic metal by PLD, it is possible
to create metallic nanoparticles or islands with dimensions even in the order of
nanometers.®-3 Such a dispersion of the catalyst ensures a high concentration of active
sites on which elementary steps of detection take place.

It is well known that plasma depositions of metal acetylacetonates lead to the
polymerization of molecules of acetylacetonic ligands, which is connected with a
significant increase in thermal stability and with a very good response to reducing gases.“®
According to our previous experience,”8 the layers also prepared from acetylacetonates
by the PLD method (where the deposited material is transferred through a plasma plume)
are thermally stable and simultaneously sensitive to hydrogen, alcohol vapors, and
ozone, for example.

Considering the detection of different gases or gas mixtures, the selectivity of sensors
is a complex problem. There is a possibility of improving the sensor selectivity by
setting its operating temperature. The higher the reactivity of detected gas (represented
by the low activation energy for the surface chemical reaction), the lower the sensor
operating temperature suitable to achieve maximum response and vice versa.

In this work, we investigated laser-deposited SnAcAc-based layers containing
embedded Pt catalyst from the following viewpoints: (a) content of platinum in the layers; (b)
layer morphology studied by scanning electron microscopy (SEM) and atomic force
microscopy (AFM); determination of layer roughness; (c) values of sensor parameters
(layer resistance, dc response, sensing dynamics, activation energy of surface reactions)
and their dependence on operating temperature as well as on the nature of the tested gas.

2. Materials and Methods

The sensing films were deposited from pure SnAcAc (pressed powder, Sigma-
Aldrich, reagent grade) and platinum (bulk metal, purity 99.99%) targets by the PLD
method. The 4th harmonic frequency of the Nd:YAG laser (Quantel Brilliant) at a
wavelength of 266 nm, pulse duration of 4 ns, and repetition rate of 10 Hz was used.
The sensitive layers were prepared in two steps: (i) deposition from the SnAcAc target
with 1,500 pulses (resulting equivalent thickness is approximately 350 nm) followed by
(ii) deposition from the Pt target with 500 pulses (representing an equivalent thickness
of approximately 4 nm). The energy density of the laser beam was 0.6 J cm=2 in the
case of the SnAcAc target and 4.0 J cm2 for the Pt target. The deposition took place
under nitrogen (5 Pa) atmosphere. It is well known that the as-deposited layers of
acetylacetonates exhibit very high electric resistance, so the next necessary technological
step includes their activation in order to acquire gas sensing properties.#578 The thermal
activation process developed in our laboratory, i.e., treatment by controlled heating in a
furnace (up to 400°C, 9 h, synthetic air atmosphere containing 5,000 ppm hydrogen), is
discussed in detail in a previous work.®

The depositions were carried out on three types of substrate: (a) glass slides (samples
for SEM and energy-dispersive X-ray analysis), (b) polished silicon wafers (samples for
AFM analyses), (c) alumina sensor substrates equipped with interdigital Pt contacts on
one side and resistance heating on the opposite side (measurement of response to various
gases).
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The presence and content of platinum in the layers were analyzed by energy-
dispersive X-ray (EDX) analysis. The microstructure of the prepared layers was studied
by scanning electron microscopy (SEM). Both these analyses were carried out on a
Philips XL30 CP instrument equipped with a detector of secondary electrons and the
EDX detector PV 9760. The accelerating voltage ranged from 5 to 25 kV, depending on
the thickness of the deposited layer.

The surface morphology and average roughness (Ra) of the samples were examined
using an atomic force microscope (Digital Instruments CP Il Veeco) working in the
contact mode with silicon P-doped probes CONT20A-CP and a spring constant of 0.9 N/m.

Surface roughness was also measured using a confocal microscope (Olympus Lext
OLS 3100) in order to obtain the values of Ra by a noncontact optical method.

The prepared sensitive layers with Pt catalyst were tested for hydrogen, toluene,
n-butanol, and water vapor detection. The testing proceeded in special measuring
equipment developed in our laboratory.® This system measures the resistance values
automatically and calculates the dc response in relation to the sensor temperature or
concentration of detected gas. It also enables us to process and analyze the measured
data, and to fit them with a suitable function. During measurements, the atmosphere was
switched every 2 min from “pure” synthetic air to synthetic air containing the detected
gas and vice versa. The values of sensor resistance were logged each second. Dc
response to the tested gas (at the defined concentration and operating temperature) was
calculated as the ratio of the sensor electrical resistance in a reference atmosphere of “pure”
synthetic air (R,) to its electrical resistance (R) in synthetic air containing the detected
gas:(7®

See = Ro/R. )

In order to better describe the chemical processes during detection, the activation
energy (E,) of surface reactions was determined. Activation energy is a certain measure
of the reactivity of detected gases; there is also a correlation between E, values and the
temperature of the response maximum. Several references deal with the calculation of
activation energy on oxidic materials of the active layer (tin oxide, titanium dioxide,
indium sesquioxide with catalysts).®-22 To the best of our knowledge, no estimation of
activation energy for layers based on acetylacetonates has been published to date. In this
manuscript, the activation energy was computed by solving the model of the first-order
reaction according to ref. 12.

When the concentration of the detected gas is kept constant, the reaction rate depends
(at a given thermodynamic temperature T of the sensor) only on the concentration of free
active sites:

B dc,
dr

= ke, [T = const], (2)

where ¢, is the concentration of free active sites, 7 is time, and k is a temperature-
dependent rate constant of the surface reaction. The quantity c, is nominally measurable;
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however, one can assume that the change in this quantity corresponds to the change in
the sensor resistance (R).t2 After integration with boundary and starting conditions,
where when 7 = 0, then c, is proportional to R, (starting resistance of the sensor), and
when 7 = 7/, then ¢, is proportional to R (resistance of a sensor after a sudden change in
atmosphere), we obtain the following expression for the rate constant k as a function of

sensor resistance:
— RO
kr = In< 3 > ®3)

Activation energy E, was then assumed to enter the Arrhenius equation for the
temperature dependence of the rate constant:

E.
kzZexp(— BT)' (4)

where Z is a pre-exponential factor, B is the Boltzmann constant, and T is the
thermodynamic temperature of the sensor. Hence, activation energy E, can be obtained
if the rate constant is known at least for two different temperatures.

The dynamic properties of the prepared sensors were characterized from the
following model. The time dependence of the sensor resistance, i.e., quantity R(z), can
be expressed from eq. (3) as

R(7) = R.~(R.~Ry)exp(—ka), (®)

where R, is a steady-state resistance of the sensor (after atmosphere switching). This
model is derived under the assumption of a first-order reaction. On the basis of extensive
experimental data R(z) obtained for each sensor, three characteristic parameters, R,
R, and k, were fitted. In the next step, the parameters “computed response (2 min)”
and “computed response (10 min)” were extrapolated from model eq. (5) to subsequent
2 or 10 min following each atmosphere switching. The difference between these
calculated parameters and “real time response” obtained from eq. (1) can provide useful
information, i.e., whether the sensing layer achieves a steady state for a given testing gas
and switching interval.

3.  Results

3.1 Chemical composition of prepared layers

Compositions (in atomic percent) of the SnAcAc source, as-deposited layer, and
the layer after annealing are summarized in Table 1. Microprobe analysis proved the
presence of Pt in the deposited layers. The quantity of Pt in the as-deposited layer is
rather small considering the fact that there were 1,500 pulses from the SnAcAc target
and 500 pulses with a significantly higher energy density from the Pt target during the
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deposition. The as-deposited layer is relatively rich in carbon, but during the activation
process, the relative content of carbon rapidly decreases, as carbon escapes in the form of
volatile compounds.

The detailed investigation of FTIR spectra of the PLD-deposited layers from the
SnAcAc source (both as-deposited and after thermal activation) was reported in ref. 9.
The above-mentioned “escape” of carbon during the activation process, accompanied by
the partial transformation of SnAcAc to tin carboxylate, was also reported in ref. 9.

3.2 Morphology and roughness

SEM images of as-deposited layers and the layers after activation (annealing) are
presented in Figs. 1 and 2, respectively. Layer morphology in the as-deposited state
could be described as homogeneously deployed wrinkled hills originating from the
laser-induced plasma polymerization of SnAcAc. It is apparent that after activation,

Table 1
Elemental composition of the layers (in atomic %).
Material
Element Pure SnACAc As-deposited layer After annealing
Sn 3.23 2.13 7.51
C 32.26 30.45 28.11
Pt 0 0.08 0.63
Ratio C/Sn 10.0 14.3 3.74

Fig. 1 (left). Surface morphology of as-deposited tin acetylacetonate/Pt layer.
Fig. 2 (right). Surface morphology of laser-deposited tin acetylacetonate/Pt layer after activation
process (annealing at 400°C for 4 h in synthetic air).
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the layer surface becomes less wrinkled (less structured) and smoother, but the layer
remains compact. This is probably a result of polymeric material creeping taking place
at elevated temperature.

AFM portraits of the same layers are shown in Figs. 3 and 4. Because the analyzed
area is significantly smaller than in the SEM images, the AFM portraits show details
of the above-mentioned wrinkled hills. Although the SEM images before and after the
activation process look different, repeated AFM scan of the surface shows the same
character of layer morphology at small scales. Table 2 shows the average roughness of
the samples before and after the activation process. Ra was measured using a confocal
microscope and AFM in an area of 50x50 pm? It is also important that the Ra values
obtained by contact and noncontact methods are comparable (i.e., the deposited organic

@)

(b)

Fig. 3. AFM portrait of as-deposited tin acetylacetonate/Pt layer.
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@)

(b)

Fig. 4. AFM portrait of laser deposited tin acetylacetonate/Pt layer after activation process
(annealing at 400°C for 4 h in synthetic air).

Table 2
Roughness of the layers (in nm).
As-deposited layer ~ After annealing
Confocal microscope 107 80
AFM 102 84

material is sufficiently “hard” and fixed to the substrate). The decrease in roughness
after activation, apparent in Table 2, also indicates the above-mentioned creeping.
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3.3 Sensing properties of prepared sensors

Figures 5-9 show the sensing response of SnAcAc/Pt layers to various gases and
vapors. The labels have the following meanings. “Resistance” represents changes in
measured resistance values during the whole measurement process. “Response” is
evaluated according to eq. (1) from the last ten resistance values logged immediately
before atmosphere change. This parameter is a “real-time” response of the sensor. The
“computed response (2 min)” and “computed response (10 min)” were extrapolated
according to model eq. (5) to the next 2 or 10 min following atmosphere switching.

The temperature of response maxima (T,,,,,) Was observed to be 110°C for hydrogen (Figs.
5-6), 220°C for n-butanol (Fig. 7), 300°C for toluene (Fig. 8), and 340°C for water vapor
(Fig. 9). In the detection of hydrogen at operating temperatures higher than approx. 150°C,
2 min is sufficient for the sensor response to achieve a steady state. In contrast, in the
case of n-butanol, the model shows that the sensor response does not reach the steady
state in 2 min for any temperature. In such a situation, the response can be improved
by prolonging the gas switching time. In the case of the detection of toluene and water
vapor, there is some discrepancy as the “computed response (10 min)” is slightly lower
than the real-time response. This is probably due to the higher complexity of the
mechanism underlying the detection process mechanism than that corresponding to a
first-order reaction.

Fig. 5. Temperature dependence of resistance and response to 1,000 ppm of hydrogen (reference
gas synthetic air).
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Fig. 6. Repeated measurement of resistance and response to 1,000 ppm of hydrogen (the same
conditions as in Fig. 3; delay between measurements, 5 h).

Fig. 7. Temperature dependence of resistance and response to 10,000 ppm n-butanol vapor (reference
gas: synthetic air).
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Fig. 8. Temperature dependence of resistance and response to 10,000 ppm toluene vapor (reference
gas: synthetic air).

Fig. 9. Temperature dependence of resistance and response to 10,000 ppm water vapor (reference
gas: synthetic air).
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According to eqg. (4) we also obtained the following activation energies of the
detection process (detection proceeds on a sensitive SnACAc layer containing platinum):
0.428 eV for hydrogen, 0.891 eV for n-butanol, 2.322 eV for toluene, and 2.558 eV for
water vapor. According to ref. 12, the computed activation energy for the detection of
hydrogen on a sensitive SnO, layer containing platinum is 0.053 eV.

The repeatability of the sensor response is another important parameter. It was
tested by a second temperature scan measurement delayed for 5 h after the first one. The
relative difference between the measured values of the response was less than 15% for
all the tested gases. Figures 5 and 6 illustrate the reproducibility in the case of hydrogen
sensing.

4. Discussion and Conclusions

The layers described in this article were prepared by an original technological
procedure comprising the pulsed laser deposition of an active layer from acetylacetonate
targets (i.e., laser-induced plasma polymerization) with the subsequent deposition of a
catalyst in one technological step. Annealing (activation) of the as-deposited layers led
to their thermodynamical and structural stabilization and also ensured a good stability
under the operating conditions of the sensor.

From the practical point of view it is important that the layers have clearly
differentiated temperatures of response maxima to distinct gases: T, = 110°C for
hydrogen, T, = 220°C for n-butanol, T, = 300°C for toluene, and T, = 340°C for
water vapour. Such properties are highly benefitial for use in multisensor arrays, so only
one kind of active layer is sufficient for this purpose. The selectivity can then be ensured
by setting only the operating temperature.

The sensor also enables us to distinguish between the response to hydrogen,
n-butanol, and toluene on one side and water vapor on the other side. Hydrogen,
n-butanol, and toluene behave like reducing agents during detection; an inverse response
was observed in the case of water vapor. The prepared sensors were also tested for
long-term stability (their response was periodically observed for one year). During this
period, the sensors exhibit the same operating-temperature-related selectivity. On the
basis of these findings, we judge our sensors to be suitable for application in practice.
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There are several mechanisms that are related to the fluctuation phenomena in QCM. The aim of our
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density. The adsorption-desorption kinetics is described by Kolmogorov’s equation and is compared with
the Wolkenstein and Langmuir equations.
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1. Introduction

Quartz crystal microbalance (QCM) represents a high-sensitivity
sensor for detection of chemical substances, and is widely utilized
as a result of its robust nature, availability and affordable inter-
face electronics [1]. The heart of the sensor is AT-cut quartz crystal
whose electrodes are covered by sorption layers with affinity to the
molecules of the detected matter. Since the resonance frequency of
quartz crystal depends on the total oscillating mass, the principle
of QCM is a frequency shift caused by the addition of sorbed matter
(molecules of the detected mass) to the electrodes or its removal
from them. Thus, the sensitivity depends on the stability of the
oscillator and the accuracy and stability of the devices measuring
the parameters of the quartz resonator. The selectivity is given by
the choice of the material of the sorption layer.

Analyses of noise measurements represent the approach of
extracting more selective response from chemical sensors, such as
resistive [2-6] and surface acoustic wave [7] sensors. Experimen-
tal results showed that the noise spectral density of the sensor’s
resistance fluctuations is modified by exposure to different gases
as well as by exposure to different concentration of gases [5].
Thus, noise spectroscopy might be highly useful for improving
gas sensors selectivity if both theoretical models and adequate
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ing and Communication, Brno University of Technology, Technicka 8, Brno 616 00,
Czech Republic. Tel.: +420 541143208; fax: +420 541143133.
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sensing devices can be developed [3]. Gomri et al. [4] proposed
a model of adsorption-desorption noise in metal oxide gas sen-
sors, based on the free electron density fluctuation produced by
the gas adsorption. Using this model for simulating the oxygen
chemisorption-induced noise, they found that the contribution
of oxygen adsorption-desorption noise to the noise spectra is a
Lorentzian component having a corner frequency and low fre-
quency magnitude which are specifics of the adsorbed gas.

The paper deals with an experimental study how absorption
of detected gas molecules affects frequency fluctuations of QCM,
and presents the model of adsorption-desorption noise which
is devoted on the basis of Kolmogorov equation for interaction
between two reservoirs.

2. Experimental setup

Two standard approaches of QCM measurement exist, namely
the active method and the passive method. In the first one, the
quartz crystal is a part of a wideband oscillator circuit whose fre-
quency is controlled by the crystal properties [1] and is measured
by a frequency counter with a resolution of 1 Hz, 0.1 Hz or 0.01 Hz.
Some researchers [6] use a reference oscillator to avoid ambient
effects. In that case, a counter measures the frequency difference
between the output signal of the sensor based oscillator, and the
output signal of the reference quartz based oscillator. In the passive
approach, a QCM receives a frequency which is determined by an
external source [2]. Thus, the frequency shift and the shift in band-
width (proportional to dissipation) can be obtained by recording
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Fig. 1. Noise measurement setup for quartz crystal microbalance.

the complex admittance around a resonance frequency and fitting
resonance curves to the admittance spectra.

In order to study a small frequency fluctuation of QCM, the active
method was modified to measure instantaneous frequency of QCM.
The scheme of our measurement setup is shown in Fig. 1. The mea-
surement setup consists of a quartz crystal with deposited sorption
layers (measuring oscillator) and a quartz crystal without sorption
layers (reference oscillator). These crystals are driven by two inde-
pendent oscillator circuits that regulate frequency of each quartz
crystal at the minimum impedance which corresponds to serial res-
onance. The frequency difference Afbetween these two oscillators
is a result of mixer procedure and low-pass filtering. This signal is
led to an input of a data-acquisition card (NI 5124) which triggers
on the rise-edges of the output signal and stores the correspond-
ing times at which the instantaneous frequency is estimated by
own-written software.

3. Samples preparation

The experiments were performed on sensors with a thin sorp-
tion layer of polypyrrole (PPY) which is a material suitable for
construction of QCM humidity sensors. The change of relative
humidity from 0% RH to 25% RH causes a change of resonant
frequency (Af) in the range 50-150Hz. Sensor parameters (e.g.
sensitivity, dynamic properties, time stability of response) depend
not only on the composition but even on the way of deposition of
the sorption layer. Thus, PPY was deposited using Matrix Assisted
Pulsed Laser Evaporation (MAPLE). This technology [12-16] is a
laser deposition method providing a gentle mechanism for organic
layer deposition. In MAPLE, a frozen phase consisting of a dilute
solution of a high-molecular weight compound (basic material) in
a low-molecular-weight solvent (matrix) is used as the laser tar-
get. Deposition takes place after the impact of a laser pulse with
the surface of the frozen target. In an optimal case, the energy of
the laser pulse is completely absorbed by the matrix, resulting in a
strong local increase of temperature. The matrix molecules trans-
fer their kinetic energy of thermal motion to the molecules of basic
material. Hence the molecules of basic material are transferred to
the substrate “mechanically”, with neither photolytic nor pyrolytic
damage.

The advantages of MAPLE in comparison with conventional
methods can be summarized as follows: (a) the thickness of the
prepared layers can be simply controlled by setting laser fluence
and the number of pulses. Thus, reproducible preparation of thin
layers having thicknesses of the order of tens of nanometers is
possible. (b) The prepared layers are porous (i.e. they have a high
surface/volume ratio), so they are suitable for sensor applications.
(c) “Sandwich” structures can be fabricated in situ in one step by

changing targets during the deposition. (d) The effect of the laser
pulse is strongly limited in time and localized in space, hence there
is a possibility to create various patterns by Matrix-Assisted Pulsed
Laser Evaporation - Direct Write method.

The source target for MAPLE was prepared from 5wt.%
water solution of polypyrrole (Mw=10,000) doped with dode-
cyl sulfonic acid-specific electrical conductivity of the solution:
0=10-40Scm~! (Sigma Aldrich). This solution was stirred and
homogenized by an ultrasonic device. Subsequently, it was frozen
to —196°C in the tubular mould using liquid nitrogen. The pre-
pared target was inserted into the deposition chamber and placed
on the rotating shaft of the target holder. The holder was simulta-
neously cooled by liquid nitrogen. Uniform ablation of the material
from the target surface was achieved by constant rotation during
the deposition process. The deposition chamber was evacuated by
a turbomolecular pump to a residual pressure of 5 x 1073 Pa. The
pressure in the chamber did not exceed 3 Pa during the deposition
process (a background gas was not used).

The depositions were carried out using Nd:YAG laser (Quantel),
operating at the fourth harmonic frequency (wavelength 266 nm).
The Nd:YAG laser was used in a pulse mode with a 10 Hz repetition
rate. The fluence F of the laser radiation was set by an attenuator to
be F=0.4] cm~2. The substrate-quartz crystal (without any surface
masking) was placed at a distance of 60 mm. The deposited PPY
layers have a thicknesses ranging from 80 to 400 nm.

Fig. 2 shows good agreement between relative humidity mea-
surements, where a commercial available humidity sensor (FH
A646-1, ALBHORN) and a QCM with deposited polypyrrole were
used. RH increase from 25% to 85% causes a rise of frequency differ-
ence Afbetween measuring oscillator and reference oscillator for
about 400 Hz.

4. Results and fluctuation mechanisms in QCM

Several mechanisms related to fluctuation phenomena exist
in QCM. The fundamental noise includes thermal noise, 1/f
noise due to the quantum fluctuation and phonon scattering
by defects, adoption-desorption noise from the analyzed gas,
thermo-mechanical noise, temperature fluctuation noise, and elec-
tronic oscillator noise. The mechanisms can be separated into
two groups; the first one is related to the quartz crystal and
its electrical circuit, while the second one is related to the
adsorption-desorption processes on a sorbent layer. Experimental
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Fig. 2. The frequency difference Af between measuring and reference oscillators,
and relative humidity as a function of time after certain amount of water being put
into gas chamber and sensors being exposed.
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Fig. 3. The spectral density S(Af) of frequency difference fluctuation of the polypyr-
role QCM at relative humidity 30% and spectral density of frequency difference
fluctuation of the two identical quartz crystals without active layer.

results shown in Fig. 3 reveal that the 1/f noise, thermal noise and
generation—-recombination (adsorption-desorption) noise seem to
be the main noise components. Fig. 3 also shows the spectral den-
sity of QCM has a higher slope of 1/f noise part and a higher
value of GR component in comparison to the noise spectrum of
the measurement system, which was determined on the basis of
the measurement of frequency difference fluctuation using two
identical quartz crystals without active layer.

There are various models and mechanisms that could be respon-
sible for the observed noise, especially for 1/f noise (e.g. [8-11]);
however, this paper focuses only on fluctuation mechanisms con-
nected with chemical processes on the active layer of QCM.

Fig. 4 illustrates how the spectral density SpAf) of the
frequency difference fluctuations is affected by the absorp-
tion/desorption of water molecules by the QCM sensor. When
the RH increases, the 1/f noise component changes insignifi-
cantly while the G-R component noticeably increases with a
rise of RH value. The authors of this paper suppose that ther-
mal noise component and 1/f noise component are mainly
associated with quartz crystal properties represented by its equiv-
alent circuit, while generation-recombination noise results from
adsorption-desorption processes which are present on the active
layer of the QCM sensor. Further, it can be assumed that a shift
of G-R noise is caused by increased flux density between the
sorbent layer of QCM and the ambient environment. Consider-
ing these interactions between the two reservoirs, a model of
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Fig. 4. Spectral density S(Af) of frequency difference fluctuations of the polypyrrole
QCM at relative humidity 30% and 70%.
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Fig. 5. (a) a model of adsorption-desorption processes on the quartz crystal layer
and (b) the transition probability intensity for emission and capture.

adsorption-desorption noise could be formulated on the basis of
Kolmogorov equation.

5. Adsorption-desorption noise

This section presents a model of adsorption desorption noise
related to RH concentration. The value of the adoption-desorption
noise depends on the physical and chemical parameters of the
analyzed gas. Adsorption-desorption kinetics is described by the
Kolmogorov equation and compared with the Langmuir and
Wolkenstein equations.

5.1. Kolmogorov equation

A proposed model of adsorption-desorption noise is based on
interaction between two reservoirs:

- analyzed gas with concentration n, temperature T and partial
pressure p,

- sensor sorbent surface with total surface density of sites for the
adsorption of analyzed gas Ny, with surface density of sites occu-
pied by analyzed gas molecules N;

5.1.1. Transition probability intensities

The model supposes that the system is: (i) Markowian, (ii) near
equilibrium, and (iii) generation-recombination processes may
take place between these two reservoirs. The random process of
the surface site is assumed to have two states and to be stationary
with a constant transition probability density w;; defined by

pij(s, t)
t—s

Mij = lim_, (1)
where p; devotes the transition probability at time s from
the i-state to the j-state at time t. Fig. 5a shows the model
of adsorption-desorption process on the quartz crystal sorbent
layer. Desorption corresponds to molecule emission from sor-
bent, i.e. generation of free particle, and the process of adsorption
corresponds to recombination. Thus, the process is similar to
generation-recombination in semiconductors. The transition prob-
ability density for emission and capture is schematically shown
in Fig. 5b, where 1 is the transition probability density for the
molecule emission and 19 for capture. There are two physical
quantities: the characteristic time 7. for a molecule to be captured
on the surface site which is inversely proportional to the transition
probability density w1g

1
MH10 = o (2)

C
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and the characteristic time 7. for molecule emission from the
surface site which is inversely proportional to the transition prob-
ability density o1

1

Hor = —- (3)

The probabilities p;j(t) of the transition from the state i into the
state j are found by solving the Kolmogorov differential equations

dp;i(t
%() = kz:l/«ikpkj(t) (4)
el

fori,j=0, 1, with the conditions p;(0)=1, p;(0)=0, fori # j.In ther-
modynamic equilibrium, the statistics, that the surface site is free
or occupied by a molecule, is described by the absolute probabil-
ity distributions I1g and I17. These ones are given by solving the
Kolmogorov equation [17] for stationary state in the form

Zni,uik =0, (5)

kel

where
-1
Ho1
Iy = [1 + —} 6
0 M10 (6)
-1
M10
T = [1 + —} 7
! Mo1 )

The absolute probability distributions I7y and I7; are similar to
the Fermi-Dirac statistics.

5.1.2. Kinetic equation
Kinetic equation describing surface density of adsorbed
molecules follows from (5) in the form

d
% = wiollo + 111 (8)
d
% = poollp + o1 1T (9)

where oo, (11 are densities that the system is persisting in the
state 0 or 1, respectively. With (g1 = Cyn; for generation, pt19=Cyn
for recombination and Cy as coefficient of capture,

(:TI;] = adsorption(N) — desorption(N) = Cyn(Ng — N) — CynyN.
(10)

The surface density of adsorbed molecules is proportional to
the coefficient of capture Cy, concentration of adsorbed molecules
n, sensor surface density of sites Ny and the effective concentration
of occupied sites ny.

5.2. Langmuir adsorption kinetics

The rate of formation of the monolayers can be written as [18]

% = adsorption(®) — desorption(®) = k(1 — O)C — k&  (11)
where ®=N/Nyg, C denotes concentration of analyzed gas
molecules, k; and k; are the rate constants for adsorption and
desorption processes, respectively. Integration of (11) and substi-
tutions ks = kq +kp and k' =C/(C+kgy/kq) lead to

O(t) = k'(1 — e Kobst) (12)

If the fractional coverage ® is measured as a function of time t,
coefficients k,,; and k' can be determined by fitting of (11) on the
experimental data.

5.3. Wolkenstein adsorption kinetics
The rate of formation of monolayers is [3,4]

dn = adsorption(N) — desorption(N)

dt
=ap(Ng — N) — Nv ex ) (13)
= ap(Ng — - p(ﬁ)
Ilo
o= 14
~2mmkT (14)
p = nkT (15)

where [T is the probability that a molecule approaching an adsorp-
tion center will be fixed on the sensor surface, p is the pressure of
adsorbed gas, m is the adsorbed molecule mass, o is the sensor site
adsorption cross section, Ej, is the binding energy of the adsorbed
molecule and v is the oscillation frequency of the corresponding
particle (typically v=1012 Hz).

5.4. Modeling of the adsorption-desorption noise

In order to find the dependence of the fluctuation SN(t) around
the value Ny at the adsorption-desorption equilibrium on the thick-
ness of the sensing layer, small fluctuations of Naround the value Ny
are considered as done in [3,4]. After some calculation procedures,
the following differential equation is obtained [4]:

dSN ON

T T T "

where

. (d(desorption(N)) d(adsorption(N ))) B (17)
= dN - dN Nog

In order to determine the power spectral density of the adsorbed
molecules density fluctuation, Wiener-Khinchin theorem [19] can
be applied. The theorem states that spectral density of a wide-sense
stationary random process (domain w € (— oo, 00) is considered) is
the Fourier transform of the corresponding autocorrelation func-
tion. Since frequencies can be only positive in physical processes,
the above mentioned spectral density equals two times Fourier
transform. Autocorrelation function is an even function, thus, factor
two is included again, the power density spectrum of the adsorbed
molecules density fluctuation writes [20]:

4021

Tra2e2’ (18)

+o0
Ssn = 4/ o2e /T cos wtdt =
0
where o2 denotes the mean square value of §N.

As mentioned above, the experimental results of humidity mea-
surements show that the concentration of detected matter affects
the spectral density of frequency difference fluctuations. The low-
frequency component (1/fnoise) changes insignificantly, while G-R
component increases with a rise of concentration. Thus, it can be
assumed that a shift of G-R noise is caused by increased flux density
between the sorbent layer of QCM and the ambient environment.
The increased flux of molecules corresponds to the increased vari-
ation of frequency difference fluctuations. Relation (18) can be
rewritten
40&1

Saf (19)

T 1twlt?
where ozAf denotes the variance of frequency difference fluc-
tuations. On the basis of the model and experimental results
(frequency change and its second statistical moment), the time t
for molecule capture can be estimated. Concerning Fig. 4 and the
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relative humidity 30% at frequency 2 Hz, the time constant equals
to 1.26 ws and is calculated on the basis of parameters estimated
from the measurement, spectral density Sxy=7.26 x 106 Hz2/sand
standard deviation o Ay=1.21Hz. For the relative humidity 70% at
frequency 2 Hz, the time constant 7 = 1.23 s is calculated from val-
ues Sap=2.15 x 107> Hz?/s and standard deviation o pf=2.11Hz.

6. Conclusions

Experimental results showed that absorption of detected mat-
ter affects the frequency fluctuations. The paper focuses on
adsorption-desorption noise without consideration of the diffu-
sion process in an active layer, and presents its model, which is
developed on the basis of the Kolmogorov equation for interac-
tion between two reservoirs. The probability, that molecules will
be captured on an active layer of the sensor, is proportional to the
adsorbed molecule thermal velocity and the surface site cross sec-
tion. The probabilities, that surface sites are free or occupied by
molecules, are implied by the Kolmogorov equation in the case
of thermodynamic equilibrium, when the flux of emitted parti-
cles is the same as the flux of captured particles on the active
layer of the sensor. The derived probability distributions are sim-
ilar to the Fermi-Dirac statistics for semiconductors. The surface
density of adsorbed molecules is proportional to the surface site
cross section, adsorbed molecule thermal velocity, concentration
of adsorbed molecules and sensor surface density of the sites.
The adsorption-desorption kinetics described by the Kolmogorov
equation is compared with the Wolkenstein and Langmuir equa-
tions.

The observed relative changes of noise spectral density at dif-
ferent RH values correspond to the frequency shift. Further, these
changes represent information, which can enhance selectivity and
sensitivity of the QCM sensor. On the basis of the model and
experimental results (frequency change and its second statistical
moment), the time t for molecule capture can be estimated which
can give additional information about processes on the sorption
layers. Thus, we can conclude that fluctuation enhanced noise sens-
ing can be utilized for gas measurements by QCM sensors.
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Polypyrrole-silver composites prepared by the
reduction of silver ions with polypyrrole nanotubes

Jitka Skodova,® Du$an Kopecky,® Martin Vriata,*@ Martin Varga,® Jan Prokes,?
Miroslav Cieslar,” Patrycja Bober® and Jaroslav Stejskal®

Polypyrrole nanotubes were prepared by the oxidation of pyrrole with iron(i) chloride in the presence of
methyl orange. They were subsequently used for the reduction of silver ions to silver nanoparticles. The
nanotubular form of polypyrrole is compared with the classical globular morphology in its ability to
reduce silver ions. Both polypyrrole salts and bases were used in the experiments. The content of
metallic silver in the resulting composite, determined by thermogravimetric analysis, was 21-31 wt%.
Elemental composition is also discussed on the basis of energy-dispersive X-ray spectroscopy. Contrary
to the expectation, the conductivity of polypyrrole nanotubes in salt form, 35.7 S cm™', was reduced
10 20.9 S cm™" after the incorporation of silver. The presence of silver had generally little effect on the
conductivity. The temperature dependence of conductivity reveals that the composites maintain the
character of polypyrrole and their increased with

semiconducting conductivity

temperature. The conductivity of the composites surprisingly increased when the samples were placed

increasing

www.rsc.org/polymers in vacuo.

Introduction

The combination of conducting polymers and noble metal
nanoparticles has recently become a tool in the preparation of
new materials. The composites combining two conducting
components, a metal and an organic semiconductor, are
expected to exhibit a good level of electrical conductivity, as well
as tunable physical, chemical, and responsive properties.
Among them, polypyrrole (PPy) and polyaniline (PANI)
composites with silver have become frequently studied."

The ability of PPy to reduce silver ions to metallic silver has
been reported many times. The paper by Pickup et al’ is
important from a historical point of view. In this early study, the
authors illustrated the ability of electrochemically prepared PPy
film to reduce silver ions to silver, and this was confirmed in
follow-up experiments.>* The progress of reaction, the reduc-
tion of silver cations on PPy film, was followed by a quartz
microbalance.® This reaction was used especially for silver
recovery from solutions of its salt.> Counter-ions in PPy were
demonstrated to have a significant effect on the silver yield,®
because some of them, such as chlorides or, to a certain extent,
sulfates, may form insoluble salts with silver cations. Poly-
pyrrole was also deposited on supports, such as sawdust’ or

“Faculty of Chemical Engineering, Institute of Chemical Technology Prague, 166 28
Prague 6, Czech Republic. E-mail: vrnatam@vscht.cz

*Charles University in Prague, Faculty of Mathematics and Physics, 180 00 Prague 8,
Czech Republic

“Institute of Macromolecular Chemistry, Academy of Sciences of the Czech Republic,
162 06 Prague 6, Czech Republic

3610 | Polym. Chem., 2013, 4, 3610-3616

porous carbon?® for recovery purposes. In addition, some studies
assumed the complexation of silver ions with nitrogen atoms in
PPy,® rather than the chemical reaction between both species.
Polypyrrole was used as-prepared, i.e. in the form of salt. Only
exceptionally it was reduced with sodium borohydride at first,’
or converted to PPy base in alkalis. Recent applications concern,
e.g., supports for surface-enhanced Raman scattering,' cata-
Iytic reduction of hydrogen peroxide'® or efficient antimicrobial
agents.™

Depending on the conditions, the reduction of silver ions
with PPy yielded silver particles with sizes below 10 nm,"** tens
of nanometres or micrometres.'''* Larger objects, such as
silver triangles,® nanosheets''® and nanocables,'”** have also
been observed.

The morphology of PPy entering the reaction was also
considered, and attention has been paid especially to nano-
tubes. PPy nanotubes were prepared by the coating of vana-
dium(v) oxide nanowires with PPy and subsequent dissolution
of the template. When exposed to silver nitrate solutions, 4-
8 nm silver nanoparticles were produced on their surface and
also agglomerated inside the nanotube cavity.” Aluminium
oxide membranes have been used as a hard template for the
reduction of silver ions.' Similar experiments have also been
made with PANI nanotubes and silver was occasionally located
inside the nanotubes.**** In another approach, PPy nanotubes,
prepared in the presence of methyl orange as a structure-
guiding agent, were immersed in silver nitrate solution and
thus decorated on the surface with silver nanoparticles.?”** In
these experiments, however, poly(N-vinylpyrrolidone) has been
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used as an additive to prevent the aggregation of silver nano-
particles. Another report used similar PPy nanotubes func-
tionalized with carboxyl groups.*

In the present study, PPy nanotubes were prepared also in
the presence of methyl orange, but in the absence of any
additives and without any modification. Their ability to reduce
silver ions is compared with that of the classical globular form
of PPy. In addition, both PPy salts and PPy bases have been used
in the experiments. Attention has been paid especially to the
electrical conductivity of the composites.

Experimental
Preparation of granular PPy and PPy nanotubes

Granular PPy was prepared by the chemical polymerization of
pyrrole monomer with iron(m) chloride hexahydrate at an
equimolar ratio in water. Iron(ur) chloride hexahydrate (3.9 g;
14 mmol) was dissolved in 287 mL of distilled water, then
pyrrole (1 mL; 14 mmol) was added. Molar concentrations of
both reactants were 50 mM, the total volume of reaction mixture
was 288 mL. The stirred reaction mixture was kept at 5 °C for
24 h. The precipitated PPy was separated by filtration, rinsed
with acetone and ethanol, and dried at 40 °C in vacuo.

Polypyrrole nanotubes were synthesized in a similar manner
in the presence of structure-guiding agent, methyl orange, (4-[4-
(dimethylamino)phenylazo]benzenesulfonic  acid  sodium
salt).'**>* Methyl orange solution in distilled water (287 mL;
2.5 mM) and pyrrole (1 mL) were mixed. Then iron(m) chloride
hexahydrate (3.9 g) was dissolved in distilled water (33 mL) and
added dropwise over two hours into the reaction solution. Both
solutions were cooled to 5 °C before mixing. Thus the molar
concentrations of reactants were 45 mM pyrrole, 45 mM iron(i)
chloride hexahydrate, and 2.2 mM methyl orange. After 24 h,
precipitated PPy nanotubes were separated by filtration, rinsed
with water and subsequently purified by Soxhlet extraction to
remove residual methyl orange using acetone until the extract
was colourless. Finally, extracted PPy was rinsed with ethanol.
Polypyrrole nanotubes were dried as above. Parts of PPy salts
were converted to the corresponding bases® by immersion in an
excess of 1 M ammonium hydroxide, rinsed with acetone, and
dried. Thus obtained PPy powders of salts or bases were
immersed in an excess of 0.1 M aqueous solution of silver
nitrate and left for 24 h to interact. The solids were collected on
a filter, rinsed with water, and dried. Nitric acid is the by-
product of these reactions' and its presence could cause a
partial reprotonation of the original PPy bases.

Characterization

A transmission electron microscope (TEM) JEOL JEM 2000 FX
was used to assess the morphology. Thermogravimetric anal-
ysis (TGA) was performed in a 50 cm® min~" air flow at a
heating rate of 10 °C min~" with a Perkin Elmer TGA 7 Ther-
mogravimetric Analyzer. Elemental analysis was done with an
elemental analyzer Elementar Vario EL III (Elementar Analy-
sensysteme GmbH) with accuracy <0.1 wt%. Surface
composition was characterized by energy-dispersive X-ray
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spectroscopy (EDS) using a JEOL JXA 50A electron microprobe
equipped with a Bruker AXS 4010 XFlash SD detector. The
conductivity of the granular PPy was estimated from powder
placed between two conducting pistons by a two-probe
method with an applied pressure of ca 23 kPa and using a
Keithley 6517 electrometer. In contrast to the nanotubes,
granular PPy could not be compressed to pellets. The room
temperature conductivity of PPy nanotubes was determined
on pellets compressed at 700 MPa by a four-point method in
the van der Pauw arrangement using a Keithley 220
Programmable Current Source, a Keithley 2010 Multimeter as
a voltmeter and a Keithley 705 Scanner equipped with a
Keithley 7052 Matrix Card.

The temperature dependence of conductivity in the range
of 2-318 K, and conductivity under dynamic vacuum (~units
of Pa), were measured on a commercial device Quantum
Design PPMS by the conventional four-point method on bar-
shaped samples where current probes were placed on the
edges of the bar and voltage probes were situated in the
middle of the bar.

Results and discussion

Polypyrrole prepared by the oxidation of pyrrole in acidic
aqueous media is obtained as a salt. In an idealized case,
proposed in analogy with PANI,** the PPy salts convert to PPy
bases when exposed to alkalis, such as ammonium hydroxide
(Fig. 1). While in the case of PANI the salt-base transition has
been well established, in the case of PPy it is mentioned only
rarely and in the course of other studies.”**

Both the PPy salt and PPy base are able to reduce silver
cations to silver. A formal reaction scheme of the reduction of
silver ions with PPy can be proposed (Fig. 2), again in analogy
with a similar reaction involving a closely related polymer,
PANIL. In the latter case, the emeraldine form of PANI converts to
pernigraniline®**® and silver ions are reduced to silver metal. As
the reaction between silver ions and PPy has been proven to take
place, an oxidized form of PPy, and an analogous form of per-
nigraniline in PANI, is likely to exist (Fig. 2).

oo
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PPy salts convert in alkaline media to the corresponding base. HA is an
arbitrary acid, here hydrochloric acid.

Fig. 1

Polym. Chem., 2013, 4, 3610-3616 | 3611



+2n AgNO4

/QN\/\ : "~

Iz
/
Sy

N |- +2nAg+2nHNO;

A\
z

n

Fig. 2 PPy base reduces silver salts, such as silver nitrate, to metallic silver. Nitric
acid is a by-product.

Polypyrrole morphology

The classical oxidation of pyrrole with iron(m) chloride in water
yields PPy with a globular morphology (Fig. 3a). The introduc-
tion of a small amount of some additives, such as p-phenyl-
enediamine, was demonstrated to considerably affect the
morphology of PANI** The presence of methyl orange in the
oxidation of pyrrole results in the formation of nanotubes
(Fig. 3b). The nanotubular morphology, i.e. the existence of the
cavity, is demonstrated by transmission electron microscopy
(Fig. 4). Both PPy morphologies, globules and nanotubes, in
their salt and base forms, have been tested for their ability to
reduce silver ions.

Reduction of silver ions with PPy

Transmission electron microscopy is a convenient tool in the
assessment of PPy-silver composites as it provides a good
contrast between both phases (Fig. 5-8). The reaction of glob-
ular PPy salt with silver ions generates aggregates of silver
nanofibers (Fig. 5). On the contrary, the nanotubular PPy salt
produces aggregates of globular nanoparticles (Fig. 6).

The PPy bases act in a different manner. The globular PPy
base enforced the globular morphology to silver (Fig. 7), while
PPy nanotubes provide flower-like silver aggregates (Fig. 8). It
has to be stressed, that PPy and silver are separated in all cases.
The micrographs, however, show just a small part of the sample
and need not represent the sample as a whole.

Fig. 3 Scanning electron microscopy of (a) granular and (b) nanotubular PPy.
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Fig. 4 Transmission electron microscopy illustration of nanotubular structure.

Silver content and elemental analysis

The silver content in the composites is an important factor.
Stoichiometry according to Fig. 2 expects 45.7 wt% Ag. The
silver content (Table 1) can be determined by thermogravi-
metric analysis of a residue (Fig. 9). The analysis has to be made
in air; in nitrogen PPy is carbonized,**** but not decomposed,
similarly to PANI*** and the residue after analysis would be
much higher. Even in air, PPy alone leaves a residue of 3.1 or
3.8 wt% for globular and nanotubular forms, respectively,
which was subtracted when calculating the silver content, and is
associated most likely with iron oxides.

The results of the elemental analysis of C, H, and N (Table 1)
refer only to the PPy part of the composite, but not to the
composite as a whole. After the conversion of the PPy salts to
bases, the relative contents of carbon and nitrogen increase,
due to the removal of inorganic acid (Fig. 1). The content of
sulfur (associated with the potential presence of methyl orange)
was below the detection limit.

Elemental composition by EDS

The subsequent analysis has been limited to PPy nanotubes
only, as they are a more interesting object from the
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Fig. 5 PPy composites obtained by the reduction of silver nitrate with globular
PPy salt. Two magnifications.
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Fig. 6 PPy composites obtained by the reduction of silver nitrate with nano-
tubular PPy salt. Two magnifications.
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Fig. 7 PPy composites obtained by the reduction of silver nitrate with globular
PPy base. Two magnifications.

Fig. 8 PPy composites obtained by the reduction of silver nitrate with nano-
tubular PPy base. Two magnifications.

Table 1 Composition and conductivity of PPy salts and bases before and after
deposition of silver

Composition [wt%] Conductivity [S cm "]

Polypyrrole Ag C H N As prepared With silver
Nanotubes, salt 21.1 57.7 4.6 16.2 35.7 20.9
Nanotubes, base 15.3 61.3 4.6 17.2 0.056 1.38
Globular, salt 21.0 56.0 4.4 16.5 0.012 0.028
Globular, base 30.6 61.5 4.3 174 3.7x10° 11x10*

morphological point of view. EDS is a straightforward way to
prove the presence of silver in the composites and to

This journal is © The Royal Society of Chemistry 2013

determine its content (Table 2). From this point of view,
nanotubular PPy salt seems to be a more efficient reducing
agent (compared with PPy base) of silver ions. A more critical
observer, however, may object that a part of silver in the
composite with PPy salt may be present as silver chloride, due
to chloride ions originating from iron(u) chloride oxidant.
Indeed, after the deprotonation of the composite with
ammonium hydroxide, which would dissolve silver chloride,
the content of silver would be reduced, as observed.
Furthermore, the previous study*® devoted to a similar study
on PANI protonated with various acids (H'A™) revealed that
the decreasing solubility product of the corresponding silver
salt (Ag"A™) correlates with the increasing content of silver in
the resulting composite, either in the form of insoluble salt or
in metallic form. On the other hand, there was no connection
between the presence of silver salt and conductivity of the
composite.

The content of silver determined by EDS (Table 2) is
considerably lower than by TGA (Table 1). This is due to the fact
that EDS characterizes especially the composite surface, which
may differ in silver content from the bulk materials character-
ized by TGA. It has often been observed that silver particles are
coated with PPy"*” and this may reduce the silver participation
observed by EDS.

Polypyrrole formulae shown in Fig. 1 and 2 are idealized but
serve well for the discussion of many PPy properties. A more
realistic view has to account for the presence of oxygen atoms in
the PPy structure. While the C/N atomic ratio is lower than the
theoretical value of 4, as much as one oxygen atom per nitrogen
atom seem to be present in reality (Table 2). This is probably a
similar situation as with polyaniline, in which the quinonoid
and semiquinonoid constitutional units have to be considered®®
in addition to the classical concept based entirely on nitrogen-
based structures.

The presence of sulfur atoms in the composites (Table 2)
suggests the presence of methyl orange, which could not be
removed completely, even after exhaustive extraction with
acetone. The content of this dye is reduced after deprotonation
with ammonium hydroxide but can still be identified in PPy
bases. The sulfonate group in methyl orange may also
contribute to the oxygen content.

The fact that PPy constitutes a salt with hydrochloric acid
(Fig. 1) produced by the hydrolysis of oxidant, iron(ur) chloride,
is well illustrated by the presence of chlorine atoms (Table 2).
The stoichiometry shown in Fig. 1 assumes the CI/N ratio of 0.5.
A considerably lower value is observed in the EDS experiment
(Table 2). This can be explained by various means, the washing
of samples with water and subsequent partial deprotonation
seems to be the most plausible reason.

The deprotonation of PPy salt to PPy base after the treatment
with ammonium hydroxide solution is well documented by the
reduction of the content of chloride counter-ions (Table 2,
Fig. 1). The fact that the oxidized form of PPy in PPy-silver
composites has a lower degree of protonation is also supported
by EDS (Table 2). The observation of a small amount of iron
atoms suggests the presence of complex FeCl,  counter-ions in
addition to simple chlorides.
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Fig. 9 Thermogravimetric analysis of (a) globular and (b) nanotubular PPy and the composites of its salt and base forms with silver.

Table 2 Elemental composition of the PPy nanotubes and its composites with
silver determined by EDS (wt%) and selected atomic ratios

Sample Ag C N (o) S Cl Fe C/N O/N CIN
PPy — 58.1 19.3 11.3 2.5 8.0 0.8 3.54 0.51 0.16
PPy/Ag 13.7 456 149 179 2.5 4.8 0.6 3.57 1.05 0.13
PPy base — 60.5 20.4 16.3 1.5 09 0.3 3.45 0.70 0.02
PPy base/Ag 8.5 48.5 18.4 21.2 1.7 1.6 0.1 3.07 1.01 0.03

Conductivity

The conductivity of the PPy nanotubes, 35.7 S cm ™Y, is consid-
erably higher than that of the globular form (Table 1) and also of
other conducting polymers, such as polyaniline.*® This value
was confirmed in repeated experiments. The deposition of silver
reduced the conductivity PPy nanotubes (Table 1) due to the
expected oxidation of PPy (Fig. 2).

It has been reported that the conductivity of PPy increased
when its preparation was carried out in the presence of anionic
surfactants bearing a sulfonic group.**** Molecules of water-
soluble organic dyes are generally composed of a large light-
absorbing system of conjugated double bonds and ionic groups,
such as a sulfonic group, that ensure the solubility. They
therefore resemble surfactants from a colloidal point of view.
Methyl orange, a molecule having also a large organic part and a
terminal sulfonic group, may thus play a similar role as
surfactants and be responsible for good conduction.

In addition to an exceptionally high level of conductivity, PPy
nanotubes maintain a good level of conductivity, 0.056 S cm™*
(Table 1), after treatment with ammonia solutions and conse-
quent conversion to PPy base (Fig. 1). This is an even higher
value than the conductivity of PPy salt in globular form, as
confirmed in repeated experiments. This is an important
observation, especially for potential applications in biomedi-
cine, such as hyperthermal cancer therapy,* where a good level
of conductivity has to be maintained as physiological pH = 7. In
this case, the incorporation of silver resulted in a moderate

3614 | Polym. Chem., 2013, 4, 3610-3616

increase in the conductivity to 1.38 S cm™ ' (Table 1), which
would be an additional benefit of PPy-silver composites in these
types of applications.

Temperature and time dependence of conductivity

Polypyrrole nanotubes exhibit semiconducting behaviour, as
obvious from the temperature dependence of conductivity
(Fig. 10) where conductivity increases with increasing temper-
ature, with a large conductivity ratio ¢(300 K)/o(2 K) = 128 for
PPy salt nanotubes alone and 16 700 for the composite with
silver, respectively, where measurements could be performed
down to 2 K. This ratio was ¢ (300 K)/o (77 K) ~ 41 000 for PPy
base and 54 for the composite with silver, respectively, where
resistance was too high to be determined at 2 K. Such a high
value of ratio is typical for highly disordered materials at the
insulator side far away from the metal-insulator transition.*?
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Fig. 10 Temperature dependence of the conductivity of the PPy nanotubes in
salt and base (B) forms and of their composites with silver.
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Fig. 11 Time evolution of conductivity normalized to the initial value for PPy
nanotubes in dynamic vacuum (units of Pa).

The amount of silver in the composites, i.e. 15-30 wt% (Table 1),
is then not sufficient for the formation of metallic conducting
pathways and, from this point of view, the composites lie in the
region below any percolation threshold. Silver nanoparticles
thus have probably only a secondary influence on the charge
transport properties of composites leaving the key role to the
conducting polymer matrix in a similar way as it was observed
in PANI-silver composites.** However, its effect is not easy to
understand since, in the case of nanotubular PPy base, silver
enhances electrical conductivity and decreases its temperature
dependence while for nanotubular PPy salt the effect is exactly
opposite, but much smaller. From the TEM study we know that
there are differences in morphology that can give at least intu-
itive insight. Silver nanoparticles form relatively uniformly
dispersed small clusters outside the nanotubes (Fig. 8). Then,
silver possibly can participate in transport via tunnelling
between these metallic islands as it was proposed for granular
metals.** On the other hand, large clusters formed close to
nanotubes were found for salts (Fig. 6), but their contribution to
transport may be negligible and overall conductivity is probably
decreased by the oxidation of PPy salt. Further and deeper
analysis and measurements, e.g., magnetoconductance, are
essential for the understanding of the charge transport in such
a complex system and will be reported in a separate paper.

The effect of dynamic vacuum, in particular moisture removal,
on conductivity was also studied (Fig. 11). It turned out to be
surprisingly positive, but at the same time it is almost negligible
in contrast to other conducting polymer systems, for instance, to
recently published results for PANI hydrochloride pellets where
moisture is believed to influence conductivity more.*

Conclusions

(1) Polypyrrole is able to reduce silver ions to metallic silver.
This applies both to granular and nanotubular forms of PPy,
and both to PPy salts and PPy bases.
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(2) Polypyrrole salt produces other silver morphologies than
the PPy base does. The content of silver is higher in the
composites prepared from PPy salts than from PPy bases.
Clusters of silver nanoparticles are generated outside PPy. Silver
is not produced inside nanotubes.

(3) When PPy salt containing chloride counter-ions reacts
with silver nitrate solution, one has to admit that a certain part
of silver ions is rather precipitated in the form of water-insol-
uble silver chloride than reduced into metallic silver.®

(4) The conductivity of PPy nanotubes is high, 35.7 S cm™,
and is moderately reduced by the incorporation of silver. PPy
nanotubes maintain a good level of conductivity, 0.056 S cm ™,
even after deprotonation with ammonia solution. In the
latter case, the presence of silver increased the conductivity to
1.38 S cm ™. This is a high level when considering the potential
operation under alkaline conditions.

(5) All PPy samples exhibit semiconducting behaviour and
very high temperature resistivity ratio. Silver is believed to have
only a secondary role in charge transport in PPy salts. In less
conducting PPy bases, it enhances the charge transport.
Further, the electrical properties of PPy salts are very stable
against applied dynamic vacuum, especially against potential
moisture removal.
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ABSTRACT

Presented work proofs usability of polyaniline (PANI) as a receptor for potentiometric detection of salicy-
lates. The potentiometric selectivity of PANI-coated membranes based on tridodecylmethylammonium
chloride (TDDMACI) towards salicylate is at least as good as the selectivity of membranes based on
“conventional” specific supramolecular receptor systems such as Sn(IV) and Al(III) phthalocyanates. X-
ray diffraction (XRD) and electric impedance spectroscopy (EIS) techniques are used to insight into the
phenomena leading to improvement of salicylate-selectivity of PANI. These studies reveal the relative
role of sodium chloride during the PANI polymerization that leads to preparing of partially crystalline
polymer and decreasing of the “bulk” resistance of membrane. The “bulk” resistance change is attributed
to introduction of the electronic conductivity into the system PANI/Salicylate. Determination of acetyl-
salicylate in pharmaceutical preparations with recovery at about 98-100% is reported. Additionally, the
ability to detect (0.11 + 0.01) x 103 M of salicylate present in a synthetic serum sample is demonstrated.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Potentiometric detection based on ion-selective electrodes
(ISEs) is a simple method that offers great advantages such as
high speed of measuring process, reasonable selectivity, wide lin-
ear dynamic range and low cost. Because of their selectivity,
small size, portability and low cost, the potentiometric sensors
are instruments being successfully applied in both chemical and
clinical analyses. In contrast to the first impression, the develop-
ment of potentiometric sensor is not easy due to the necessity to
design a receptor capable of providing selective complex analyte
of interest. An illustrative example can be the development of sen-
sors for potentiometric detection of salicylate and its analogues,
including acetylsalicylate (aspirin). The reliable salicylate-selective
potentiometric sensor attracts lasting interest in the field of both
medical and pharmaceutical applications [ 1]. Anumber of synthetic
receptors based on guanidinium [2], metalloporphyrins [1], met-
allophthalocyanates [3], metallosalophenes [4], and metallocenes
[5] have been proposed. Their selectivity is based on a biomimetic
approach [2], a specific coordination of salicylate to metal center
[1,3,4] or a specific interaction of salicylate with m-electron accept-
ing system of receptor [5].

* Corresponding author. Tel.: +420 220 444 227, fax: +420 220 444 352.
E-mail address: Tatiana.Shishkanova@vscht.cz (T.V. Shishkanova).

0013-4686/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.electacta.2013.10.214

Conducting polymers (CPs) have found widespread use in the
development of sensor technology [6] and in biomedical engineer-
ing [7,8]. Polyaniline (PANI) has proven useful for electrochemical
detection of biologically active molecules, such as anticancer
drugs [9], immunosuppressives [10], antibiotics [11]. The corre-
sponding electrodes were often covered with a PANI composite
[12], nanostructured PANI [13] or PANI immobilized onto silver
nanoparticles/carbon multiwalled nanotubes [14]. Special atten-
tion was also paid to the dimensional CPs that exhibit unique
properties such as greater conductivity and more catalytic activ-
ity [13,15]. These materials can be combined with metallic and
semiconducting supports and open new perspectives for a develop-
ment of sensor surface and properties [14,16,17]. Example of such
biosensor can be polyphenol biosensor based on silver nanoparti-
cles/carbon multiwalled nanotubes/PANI [ 14]. In contrary to earlier
enzyme sensors, it has no leakage of enzyme during reuse and is
unaffected by the external environment due to the protective PANI
microenvironment.

Based on the above-mentioned trends, the purpose of this con-
tribution is to introduce a new kind of receptor system for the
potentiometric detection of salicylate and its analogues. The key
innovation lies in replacing specific supramolecular receptor with
a conducting polymer, specifically PANI The salicylate-selectivity
of PANI as a receptor of potentiometric sensor is discussed. The
relations between PANI structure and its sensing properties are
analyzed. Finally, applicability of proposed potentiometric sensor
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Table 1
Potentiometric characteristics for uncoated (A) and PANI-coated (B, C) membranes.

Membrane Chloride Acetate
(composition)
Slope, mV/decade*

Linear range, M

Slope, mV/decade*
Linear range, M

Benzoate Salicylate

Slope, mV/decade*
Linear range, M

Slope, mV/decade*
Linear range, M

A -39(6.4)
(TDDMACI) 2 x 1073-2 x 102

-53(9.8)

B -64(3.1)
(TDDMACI/PANI) 4% 105-2x 102

-68(6.8)

c -52(0.7)
(TDDMACI/PANI + NaCl) 4% 10°6-2 x 102

-58(6.1)

2 x 1074-2 x 102

2 x 1074-2 x 102

2 x 1074-2 x 102

-45(3.5)
2 x 1074-2 x 1072

-59(2.3)
2 x 1074-2 x 102

-67(3.8)
4% 10°6-2 x 102

-76(4.0)
4% 10°6-2 x 102

-60(1.0)
45106-2 x 102

-62(1.6)
4% 10°6-2 x 102

* The values of relative standard deviation for slope of set of sensors (n=3) based on tested membranes are given in parentheses

in two areas of practical interest is demonstrated: measuring of sal-
icylate in a synthetic serum and monitoring of acetylsalicylate in
drugs.

2. Experimental
2.1. Reagents

Poly(vinyl chloride) (PVC) of high molecular weight, 2-
nitrophenyl octyl ether (NPOE), tridodecylmethylammonium
chloride (TDDMACI), tetrahydrofuran (THF, stored over a molec-
ular sieve) were purchased from Fluka (Selectophore grade,
Switzerland). Aniline (>99%) and 2-[4-(2-hydroxyethyl)-1-
piperazino]-ethanesulfonic acid (HEPES) were obtained from
Sigma-Aldrich (Germany). Acids and various inorganic/organic
salts of analytical grade used in the potentiometric measurements
were bought from Lachema (Czech Republic). The commercial
tablets of aspirin C (Bayer Bitterfeld GmbH, Greppin, Germany
Herbacos-Bofarma, s.r.o.), acylpyrin (Zentiva, a.s., Czech republic),
acylcoffin (Hlohovec, Slovak republic) used in this study were
purchased at a local drugstore in Prague. All standard solutions
and buffers were prepared using distilled water.

2.2. Preparation of membranes and deposition of polyaniline

The membranes were prepared by dissolving 3 mg of TDDMACI,
32.3 mg of NPOE and 64.7 mg of PVCin 1.0 mL THF at ambient tem-
perature. The prepared membrane mixture was deposited onto a
metallic ring of 16 mm internal diameter resting on a glass plate,
and dried in air.

The oxidation polymerization of aniline was carried out with
10ml of aqueous solution of aniline (0.08 M) and (NH4),S,0sg
(0.08 M) in 1.5M HCI at 0°C in the presence of TDDMACI-based
membrane immersed in the reaction medium. When specified,
3.3M NaCl was added in the polymerization mixture [16,17].
Uncoated membrane is referred to as membrane A. The membranes
coated with PANI in the absence or in the presence of NaCl are
referred to as membranes B and C, respectively. After polymeriza-
tion, the PANI-coated membrane was removed, rinsed with 1.5M
HCl aqueous solution [ 18], treated ultrasonically for 10 minin 1.5 M
HCI aqueous solution and dried at ambient temperature.

2.3. Potentiometric measurements

A disk of 10-mm diameter was punched from ion-selective
membranes prepared as described above, glued onto a polymeric
ring of 8 mm internal diameter with a PVC/THF paste, and mounted
in the electrode body for potentiometric measurements. All mea-
surements were carried out at ambient temperature with cell of
the following type:

Ag; AgCl; 3M KCl || sample solution | membrane | inner filling
solution; AgCl; Ag.

An aqueous solution of 10~3 M corresponding sodium salt was
used as the inner filling of the electrode. Prior to the potentio-
metric experiment, the electrodes were soaked in a solution of
1073 M corresponding sodium salt. The potentiometric response
(AE) was measured with digital ion-meter PHI 04 MG (Labio,
Czech Republic). The potentiometric response of the prepared
membranes toward chosen analytes (Table 1) was observed by
adding 2 L, 10 nL, 100 pL, 1 mL and 10 mL of the corresponding
sodium salt solution (0.1 M) into 50 mL of stirred water solution
(pH 5.5 +0.3). After the potentiometric measurements the PANI-
coated membranes were regenerated in 0.02M NaOH for 10 min
and then washed with distilled water for 1 min.

The values of potentiometric selectivity coefficients (log KF°t; 1)
were determined by the separate solution method (SSM) [19] with
the primary (I =salicylate) and interfering (] = chloride, acetate, ben-
zoate) ions at concentration being 0.01 M in aqueous solution at pH
5.5+0.3 (Table 2).

A program ACD/LogP DB was used to calculate the logarithm of
partition coefficient (log P) values for a series of studied carboxyl-
ates.

2.4. Electric impedance spectroscopy measurements

All electric impedance spectroscopy (EIS) measurements were
carried out using Potentiostat/Galvanostat M263 (PAR, Princeton,
USA) connected with Lock-in amplifier 5110 (EG°A, Wellesley,
USA). Measurements were realized in the frequency range of
0.1 MHz-0.01Hz in 0.01 M testing aqueous solution in a shielded
cell. The cell consisted of two acryl cuvettes (10 x 10 x 45 mm)
separated by membrane of 0.785 cm? area. The experimental mem-
brane was glued between the two compartments of the measuring
cell using mixture of PVC and THF. Before EIS measurements both
sides of the fixed membrane were soaked overnightin 0.01 M aque-
ous solution of the tested analyte. Both cell compartments were
filled with sodium salt of the studied analyte. The electrodes were
placed into both compartments.

Table 2
Comparison of potentiometric selectivity coefficients (IogK tsyjicyiare;) for the
membranes obtained in this work with the ones described in the literature.

Membrane Chloride Acetate Benzoate
Membrane A (TDDMACI) - -1.9 -1.6
Membrane C (TDDMACI/PANI +NacCl) -3.0 -34 -2.1
Aliquat 336S [26] -1.96 <=2.7 -1.15
Sn[TPP]Cl; [1] -3.8 -39 -14

Sn (IV) phthalocyanate [3] -1.53 -1.84 -1.12
AI(IIT) phthalocyanate [3] -1.85 -1.7 -1.12
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Fig. 1. (a) Potentiometric responses for uncoated membrane (®) and membranes coated by PANI in absence (O) and in presence of NaCl (A) recorded after 15 days. (b)
Repeatability of the potentiometric response of the membrane (TDDMACI/PANI+NaCl) toward 3.3 x 103 M salicylate after regeneration in 0.02 M NaOH and water within

day.

2.5. Structural characterization of polyaniline

X-ray diffraction (XRD) experiments of the PANI samples
obtained by polymerization in absence and in the presence of
NaCl were carried out at ambient temperature using Philips X'Pert
diffractometer in reflection mode (CuK, radiation, A=1.542 A°).

2.6. Analytical application

The determination of both acetylsalicylic acid in pharmaceuti-
cal preparations and salicylic acid in synthetic serum sample was
performed using the method of standard addition [20]. The poten-
tiometric analysis of analgesics was carried out (without subjecting
acetylsalicylic acid to hydrolysis) at 0.1 M HEPES with pH=7.1. The
procedure of preparation and analysis of acetylsalicylic acid was
taken from [21]. The composition of synthetic serum was prepared
accordingly to Ref. [4,22] in aqueous solution.

3. Results and Discussion

Our previous findings led us to conclusion that the ordering
PANI film should be potentially useful for potentiometric applica-
tions [23]. This key problem was solved on the basis of the results
published by prof. N. Gospodinova [16,17] and studies conducted
within project “COST-STSM-P12-01673" [24]. Prof. N. Gospodinova
et al. have demonstrated that the high concentration of NaCl in the
polymerization mixture prevents aggregation of the polymeric par-
ticles and influences the particle size. For this reason, PANI obtained
in the presence of NaCl was constituted from much smaller particles
formed by more ordered polymer. On the other hand, the driv-
ing force of the PANI adsorption onto the membrane surface is the
degree of hydrophilicity of the plasticized PVC. The hydrophilicity
of plasticized PVC was dependent on the ratio between plasticizer
and PVC in membrane matrix [24]. It was found that the ratio for
PVC/NPOE should correspond to 2:1 (m/m).

Therefore, the main attention of the present work is directed
onto PANI as a receptor system that was deposited in the presence
of the high concentration of NaCl onto the surface of PVC/NPOE, 2:1
(m/m), membranes based on TDDMACI (membrane C). For com-
parison, membranes coated with PANI in the absence of NaCl
(membrane B) were introduced.

3.1. Potentiometric measurements

Potentiometric results were evaluated and compared for
uncoated (A) and PANI-coated in absence (B) and in presence of

NaCl (C) membranes (Table 1). For uncoated membrane A, the
potentiometric responses were mostly obtained in a narrow con-
centration range.

Regarding the PANI-coated membranes, better potentiometric
characteristics were obtained for membrane C, where PANI was
deposited in the presence of NaCl. For all tested anionic species,
the sensitivity of the membrane C was near to the theoretical value
at the concentration range from 4 x 10-6 M to 2 x 10~2 M (with the
only exception for acetate). Coating of the membranes with PANI
in the absence of NaCl (membrane B) affected their sensitivity; the
sensitivity attained the super-Nernstian values independently on
the kind of the measured anionic species. The reason of observed
super-Nernstian response is probably in the differences of anion-
exchange process that likely originates from structural features of
polymer deposited onto the membrane surface [17]. In contrary
to the membrane B, the linear concentration range of the mem-
brane C was unchangeable during long-term testing (Fig. 1a). In
addition, the potentiometric signal for the membrane C was well
reproducible after a regeneration procedure (Fig. 1b). Therefore the
further potentiometric studies were carried out with the mem-
branes C (TDDMACI/PANI + NaCl).

Potential analytical application of the potentiometric sensor is
always preceded by the determination of its selectivity. The key fac-
tor that determines selectivity of a specific potentiometric sensor is
the difference in free energies of the ion transfer of the analyte versus
the interferent from the sample matrix into the membrane phase
[25]. The potentiometric selectivity of the membranes coated with
PANI was estimated using salicylate as the primary analyte (I) and
chloride, acetate, benzoate as interfering analytes (J). The compari-
son of the potentiometric selectivity coefficients (log K POt'Salicylate,_])
obtained experimentally with those found in the literature [1,3,26]
is summarized in Table 2.

As can be seen from Table 2, the deposition of PANI in the
presence of NaCl improved the selectivity of TDDMACI-based
membrane towards salicylate in comparison with membranes
based on charged carriers (phthalocyanates) [3] and on conven-
tional anion exchangers (membrane A from the present study,
Aliquate 336S [26]). The selectivity of the ion-selective membrane
is based on a specific receptor stems from highly specific interac-
tion between the receptor and salicylate. As far as the interaction
between anion and anion exchanger is not specific, the main
factor affecting the selectivity is the lipophilicity of corresponding
anions. In the very first approximation the relative lipophilicity of
two ions can be characterized by the ion exchange constant, and
this parameter is in quite a good correlation with the selectivity
coefficient [27]. One should note, that acetate and shape with
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Fig. 2. (a)Equivalent circuit used to fit the data shown in part (b). (b) The EIS spectra
recorded in 0.01 M sodium salicylate for uncoated membrane (®) and membranes
coated by PANI in absence (O) and in presence of NaCl (&).

salicylate (e.g. “Y-shaped” anions), but they differ by lipophilic-
ity: acetate (logP=-0.29)<benzoate (logP=1.89)<salicylate
(logP=2.06). Whereas the uncoated TDDMACI-based membrane
(A) slightly discriminated oxoanions, the membrane C gave the
gain in selectivity of 0.5 and 1.5 logarithmic units for benzoate
and acetate, respectively. The effect of polymer on selectivity of
TDDMACI-based membranes might be related with the variations
of exchange constants for acetate and benzoate. Obviously, the
membrane C demonstrated appreciable higher selectivity than
membranes based either on Sn (IV) or Al(III) phthalocyanates [3].
In the determination of salicylate in biological samples, possible
interference of chloride ions always has to be accounted to.
Therefore, the selectivity of salicylate versus chloride should be
maximized [2]. In comparison with metalophthalocyanate-based
membranes [3], the PANI-coated membrane C showed increased
selectivity toward salicylate versus chloride. Therefore incorporat-
ing of specific receptor into the membrane containing PANI is not
necessary.

The studies of Egorov’s group shown that anion selectivity of liq-
uid anion exchanger is affected by the nature of anion exchanger
[27]. In particular, (i) ion exchangers containing hydroxyl groups
near the exchange center are prospective for anions bearing a
hydrocarbonic radical and a hydrophilic carboxyl, (ii) ion exchang-
ers with the maximally sterically hindered exchange center are
suitable for large hydrophobic anions. However, the synthesis of
similar ion exchangers is connected with considerable experimen-
tal difficulties. Taking into account the results of Egorov’s group,
PANI might be regarded as a special kind of anion-exchanger
deposited onto membrane surface and contributing to its potentio-
metric selectivity. The structure of polymer including phenyl rings,
protonated imino and neutral amino groups might allow to form
three kinds of interactions: m — 1 stacking, coulombic interactions
and hydrogen bondings with aromatic, carboxy and hydroxy groups
of tested carboxylates. The features of polymer structure lead us to
propose that PANI migth be regarded as the specific receptor system
deposited onto membrane surface.

3.2. Electric impedance spectroscopy measurements

Results of the EIS measurements of the membranes are pre-
sented in Fig. 2 in the form of Nyquist plots, i.e. imaginary part of
complex impedance versus real part of complex impedance where
measuring signal frequency is a parameter. As a general comment
it should be noted that all Nyquist plots show in the left part the
high frequency semicircle corresponding to the “bulk” membrane
resistance (R) and its parallel capacity (C1) [28]. Absence of the sec-
ond semicircle seems to be related to the negligible contribution of
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Fig. 3. X-ray diffractions patterns of polyaniline prepared in absence (PANI) and in
presence of NaCl (PANI +Nacl).

the surface defects as well as to high mobility of the charge carriers
from electrolyte. The lower-frequency “tail” in the right part is typi-
cal for the presence of ionic conductivity [29]. The “bulk” resistance
of the membranes is increased in the following sequence: mem-
brane C (400 k2) < membrane B (690 kS2) < membrane A (1040 kS2).
While the uncoated membrane has only ionic conductivity, depo-
sition of conducting polymer introduces electronic conductivity,
which is always present in polymer backbone. This fact explains
the observed higher resistance of uncoated membrane.

Based on theoretical investigations, Foreman et al. [30] con-
cluded that, the creation of a hydrogen bond between amine group
of PANI and the sulfonic acid group of model molecules acts to
increase the ability of phenyl-nitrogen-phenyl backbone to trans-
fer electron density. Hence electronic conductivity of polyaniline
backbone can only be enhanced by the act of hydrogen bond-
ing a sulfonic acid group to it. Further, locally obtained partial
structure of oligomeric PANI doped with camphorsulfonic acid
(CSA) indicates that the sulfonic acid repeatedly bridges two adja-
cent PANI chains, locking them together with hydrogen bonding.
In analogy with the systems described in Ref. [30], we suggest
that the similar interactions can occur between carboxylate anions
(which are present in our analytes) and PANI onto membrane sur-
face. Thus, a form of “molecular recognition” exists in the system
(TDDMACI/PANIL. . .-Carboxylate) and is analogous to that observed
in specific supramolecular receptor systems [31].

3.3. Structural characterization of PANI

Fig. 3 shows X-ray diffraction patterns obtained for PANI sam-
ples prepared in absence and in presence of NaCl, respectively. The
general note is that both polymer samples include both amorphous
and crystalline phases. However, an addition of NaCl to polymeriza-
tion mixture leads to appearance of a sharp peak at ca 26° and two
broad peaks at ca 15° and 20°. Moon et al. have demonstrated that
the two peaks near 26 =20° and 26° arise from momentum trans-
fer perpendicular to the chain direction [32]. These changes can be

Table 3
Direct potentiometric determination of acetylsalicylilate added to 0.1 M HEPES at
pH=7(n=4).

Amount added TDDMACI/PANI + NaCl)-based membrane
(Cx 103 M)

Amount found (C x 103 M)* Recovery (%)
6.98 7.05+0.17 101.0+2.4
9.09 9.27+0.22 101.9+25
11.11 11.47+0.28 103.3+25

* The values of relative standard deviations for single electrode is equaled 1.51 -
1.53%
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Table 4

Results of the analysis of acetylsalicylic acid in pharmaceutical preparations (n <4).

Commercial tablet  Acetylsalicylic acid
nominal content

(mg/tablet)

Acetylsalicylic acid (%
of the nominal value)

Volumetry [21] Potentiometry with ion-selective membranes
Calix[2]pyridino[2]pyrrole-based membrane® [2!l  (TDDMACI/PANI + NaCl)-based membrane
Acylpyrin 500 95.0+4.4 99.6+4.4 98.1+1.1
Acylcoffin 450 102.0+£5.8 102.0+4.2 100.0+0.3
Aspirin-C 400 - 99.5+4.8 100.0+£0.9

2 meso-octamethyldichlorocalix[2]pyridino[2]pyrrole (CPP)-based membranes were prepared with 63.6 wt.% NPOE, 31.8 wt.% PVC and 3 wt.% carrier (49 mol.% TDDMACI

relative to carrier CPP) [21]

interpreted as the transfer from amorphous to partially crystalline
phase, namely as increasing of crystallinity of polymer coating [33].

3.4. Analytical applications

The membrane C (TDDMACI/PANI+NaCl) showed stable sen-
sitivity (-60 + 2 mV/decade) and detection limit (ca 2.5 x 10~ M)
toward salicylate during intensive utilization for over 6 months
period. From this point of view, such membrane is beneficial for
potentiometric detection of salicylates.

Next, the membrane C was used to determine salicylic acid in
the sample of synthetic serum. The composition of synthetic serum
approximates composition of authentic human serum [4,22]. The
normal level of salicylate in serum is >0.15 x 10~3 M; the thera-
peutic level of salicylate in this fluid ranges from approximately
5x 1074 Mto 1.5 x 10-3 M [2]. Therefore, the synthetic serum was
spiked to 0.12 x 103 M with salicylic acid and the found concen-
tration corresponded to (0.11+ 0.01) x 103 M. This result proves
the feasibility of our electrode to be an alternative device to
direct determination of salicylate in biological samples. Recently,
Tomassetti’s group has proposed an enzymatic biosensor for deter-
mination of salicylic acid in urine and drugs [34]. Relatively good
recoveries (about 83-109%) and acceptable precision (R.S.D about
8%) for their biosensor have been noted. Taking the data of the
Tomassetti’s group and the data obtained by us into account, our
potentiometric sensor with PANI as receptor is well competitive.

Finally, the membrane C (TDDMACI/PANI +NaCl) was tested for
the potentiometric determination of acetylsalicylic acid content in
commercial tablets. As shown in Fig. 4 and Table 3, the membrane C
provides an alternative device for determination of acetylsalicylate.

The obtained results are in a good agreement with the nominal
value declared by the producer (Table 4). Precision of the potentio-
metric analysis with membranes coated with PANI is even higher
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Fig. 4. Calibration plots for acetylsalicylate in standard solutions for the membrane
C coated by PANI in the presence of NaCl (TDDMACI/PANI + NaCl).

than precision of the validated volumetric analysis and potentio-
metric analysis using membranes based on specific receptor, i.e.
calix[2]pyrrole[2]pyridine [21]. Recoveries of 98.1-100% and rela-
tive standard deviation ranging between 0.2 and 0.4 % demonstrate
suitability of the membranes C for acetylsalicylic analysis in phar-
maceutical preparations.

4. Conclusions

In this study, a salicylate sensor was fabricated by deposition of
PANI containing partially crystalline phase onto anion-exchange
membrane (TDDMACI/PANI+NacCl). This kind of coating can be
considered as a new kind of receptor system for potentiometric
detection of salicylate. Compared to Sn(IV) and AI(IIl) phthalo-
cyanates, the PANI-coated membranes achieved higher selectivity.
High selectivity of PANI to salicylate was explained on the basis
of triple interaction between the polymer and the analyte: 7 —
stacking, coulombic interactions and hydrogen bonding. Moreover,
the membrane (TDDMACI/PANI+NaCl) showed stable sensitivity
(-60+2 mV/decade) and detection limit (ca 2.5 x 10~ M) toward
salicylate during intensive utilization for over 6 months period.
The obtained results indicated that present sensor can be used
for detecting of salicylate content in concentrations as low as
(0.11+ 0.01) x 10~3 M in a synthetic serum and for monitoring of
acetylsalicylate in drugs.
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Thin layers of nickel and copper tetrasulfonated phthalocyanines (NiPcTS and CuPcTS) were prepared by
Matrix Assisted Pulsed Laser Evaporation method. The depositions were carried out with KrF excimer laser
(energy density of laser radiation E; =0.1-0.5] cm~2) from dimethylsulfoxide matrix. For both materials
the ablation threshold E, ¢, was determined. The following properties of deposited layers were char-
acterized: (a) chemical composition (FTIR spectra); (b) morphology (SEM and AFM portraits); and (c)
impedance of gas sensors based on NiPcTS and CuPcTS layers in the presence of two analytes — hydrogen
and ozone. The prepared sensors exhibit response to 1000 ppm of hydrogen and 100 ppb of ozone even
at laboratory temperature.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Matrix Assisted Pulsed Laser Evaporation (MAPLE), introduced
by Piqué et al. in 1999, is one of the experimental laser deposition
methods used for deposition of thin uniform films of organic [1]
and even biological materials [2].

MAPLE is characterized by indirect contact of the laser radia-
tion with deposited material. The target used for MAPLE consists of
two substances; each has a different function during the deposition
process. The first one is the deposited material itself, the second is
a matrix, which has majority representation (approximately 95%
of target). Matrix has usually a character of low molecular weight
volatile solvent of the material, which is to be deposited. Both
substances are mixed together and frozen to liquid nitrogen tem-
perature to suppress sublimation of the matrix. In case of correct
setting of the deposition conditions, majority of the energy of laser
pulse is absorbed by matrix. The matrix has two functions: (i) it
protects the environment of a “fragile” deposited material from
high-energy laser radiation and (ii) serves as an energy transmitter
from electromagnetic radiation to kinetic energy of the molecules,
which causes ablation of a deposited material to a plasma state
and its subsequent deposition. Selection of a suitable matrix is
therefore essential for successful and non-destructive deposition
of large organic molecules.
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The mechanism of MAPLE deposition is shown in Fig. 1. Frozen
target is placed in a vacuum and is struck by laser pulses, whose
energy is absorbed preferentially by the matrix, which leads to
local overheating of the frozen target, followed by abrupt release of
the matrix - so-called surface ablation of target. Through collective
collisions, matrix molecules pull the molecules of the deposited
material and impart them sufficient kinetic energy required to
overcome the target-substrate distance. Large molecules of the
deposited material have lower vapor pressure than volatile small
molecules of matrix and therefore they are less often pumped away
by vacuum system; so the substrate is gradually covered with a
thin layer of deposited material with minimum content of matrix
molecules.

Chemical gas sensor is a passive sensing element which converts
chemical input quantity (concentration of detected gas) to electri-
cal output signal (change of sensor resistance). The most significant
group of chemical gas sensors operates on the basis of ability of
thin semiconductive layers (=sensitive layers) to chemisorb vari-
ous gaseous analytes on their surfaces with subsequent exchange
ofeelectrons between analyte and sensitive layer [3]. While reducing
gases possess ability to act as electron donors, the oxidizing ones
are electron acceptors, i.e. they extract electrons from the sensitive
layer. At present, some classes of organic substances (conducting
polymers [4], complexes of organic ligands with metallic cation [5],
etc.) are intensively investigated as prospective materials for sensi-
tive layers. In general, the suitable materials can be characterized as
organic molecules containing conjugated system of double bonds,
where T-electrons form delocalized and highly polarizable system
inwhich charge can be easily transported. In the case of organic sen-
sitive layers the detection mechanism is not limited to exchange of
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Fig. 1. Principle of MAPLE method.

electrons, but there are also several simultaneous detection mecha-
nisms following from the interaction between organic layer and the
analyte (e.g. creation of hydrogen bonds, m-m stacking, influenc-
ing of polaron-conductivity, influencing of mobility of ionic species
contained in the material etc. [6]). As a result of all the above men-
tioned mechanisms the sensor resistance is modulated.

Among organocomplexes, both phthalocyanines and substi-
tuted phthalocyanines are known to be excellent materials for
gas sensing [7,8]. However, when one selects proper method for
depositing sensitive layer, there is a significant difference between
them: while phthalocyanines are almost insoluble in all solvents,
some of their substituted derivatives exhibit a good solubility in
low molecular solvents. Due to this fact substituted phthalocya-
nines (unlike non-substituted ones) can be deposited by MAPLE
method.

The presented paper deals with preparation of gas sensor sen-
sitive layers based on tetrasulfonated phthalocyanines (NiPcTS
and CuPcTS). The depositions were carried out from dimethyl-
sulfoxide matrix by MAPLE method, providing tool for gentle,
non-destructive and easily adjustable grown of organic materi-
als. Responses of prepared sensors to hydrogen and ozone are also
presented.

2. Experimental

2.1. Deposition of NiPcTS and CuPcTS thin layers by MAPLE
method

In our experiments MAPLE instrumentation was carried out
as follows: Powder of NiPcTS or CuPcTS (Sigma-Aldrich) was
diluted in dimethylsulfoxide matrix to obtain solution contain-
ing 0.2 wt%. Dimethylsulfoxide matrix was recently proved to be

suitable for depositions with KrF excimer laser [9]. After sonifica-
tion the resulting solution was filtered and then frozen by liquid
nitrogen. The freezing process proceeded in a tubular mold so
as to produce targets for MAPLE in the form of tablets (approx.
40 mm in diameter and 10 mm thick). Then the deposition con-
ditions were set (KrF excimer laser operating at 248 nm; energy
density of laser radiation E; ranging from 0.1 to 0.5] cm~2; repeti-
tion rate of laser pulses frep =10 Hz, pulse duration 15 ns; residual
pressure in the deposition chamber 10~% Pa; working atmosphere
during depositions was 3 Pa of nitrogen; target-substrate distance
35mm).

2.2. Characterization of chemical composition and morphology of
the layers

Chemical composition of the deposited layers was analyzed
from the IR spectra scanned by the Attenuated Total Reflection
Fourier Transform Infrared spectroscopy (ATR FTIR). The spectra
were scanned using a BRUKER IFS 66V device (diamond crystal)
in the interval of wavenumbers from 600 to 1800 cm~!covering
finger-print of MePcTS molecules.

The surface morphology of the samples deposited on pol-
ished silicon wafer was acquired using Atomic Force Microscopy
(AFM). The AFM images were taken on Veeco Digital Instru-
ments CP Il apparatus. For sample characterization, ‘Tapping mode’
rather than ‘Contact mode’ was chosen to minimize damage
of the sample surfaces. A Veeco oxide-sharpened silicon probe
RTESPA-CP attached to a flexible microcantilever was used at
its resonant frequency of 300kHz. The image resolution was
256 x 256 pixels. Layers morphology was further characterized by
Scanning Electron Microscopy (SEM) with JEOL JSM-7500F instru-
ment.

2.3. Measuring of gas sensor response

In order to test gas sensing properties the layers were deposited
onto alumina sensors substrates (2.0 x 2.5mm?2) equipped with
interdigital electrodes (Fig. 2). The sensor impedance was mea-
sured in “pure” synthetic air (as a reference atmosphere) and in
synthetic air containing 1000 ppm of hydrogen or 100 ppb of ozone
respectively. The impedance measurements were performed with
a HP4192LF impedance analyzer with frequency of testing signal
from 15 Hz to 10 MHz and amplitude remained constant at 100 mV.
The obtained data were represented as Nyquist Diagrams - i.e. they
are plotted as imaginary part of complex impedance vs. real part of
complex impedance with frequency of testing signal as a param-
eter. From Nyquist diagrams the so-called phase-angle sensitivity
Spa [°] of sensors was evaluated. The detailed definition of Sp, is in
[10,11] and see also Fig. 3.

Fig. 2. Sensor substrate - front side with interdigital electrodes (left); back side with resistance heating (right).
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Fig. 3. A typical Nyquist diagram of gas sensor with MePcTS sensitive layer in synthetic air (reference).
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Fig. 4. Ablation curves for NiPcTS and CuPcTS.

3. Results and Discussion
3.1. Determination of ablation threshold
The depositions made by KrF laser in the range of energy den-

sity of laser radiation from 0.1 to 0.6Jcm~2 can be assembled
into a dependence of growth rate on laser fluence, known as the
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Fig. 5. FTIR spectrum of NiPcTS: source material (a) and layer deposited at
E.,=0.2Jcm~2 (b).

ablation curve (Fig. 4). On basis of these curves, the ablation thresh-
olds E;_, were determined to be Ej_, ~0.2] cm~2 for NiPcTS and
E_tn ~0.3] cm~2 for CuPcTS and measured gas (1000 ppm of hydro-
gen). In this example phase-angle sensitivity Sp, is evaluated as
a difference of sensor impedance arguments (6 angle) for 1 MHz
frequency of testing signal.

Ablation threshold is a parameter important from the practi-
cal point of view, as it corresponds to energy density sufficient for
effective layer grown on one side, while there is no excessive photo-
and heat-stress of deposited material on the other side.

3.2. FTIR spectra of source substances and deposited layers

Infrared spectra of source substances were compared to those
of deposited materials (Figs. 5a and b and 6a and b) in order to eval-
uate the degree of material decomposition during MAPLE process.
Both materials were deposited at energy densities corresponding
to their ablation threshold. Analyzing spectra of source materials
(Figs. 5a and 6a) one may notice that absorbtion bands are rather
wide. This phenomenon can be attributed to occurrence of traces
of mono-, di- and tri-sulfonated phthalocyanines in commercially
distributed metal tetrasulfonated phthalocyanines (MePcTS). Nev-
ertheless, it is apparent, that in both cases the transfer of material
by MAPLE method was successful, as the positions and in most
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Fig. 8. AFM portrait of NiPcTS (left) and CuPcTS (right).

cases also amplitudes of absorbtion maxima are retained when
comparing Fig. 5a with Fig. 5b or Fig. 6a with Fig. 6b. An overview
of absorption bands of phthalocyanines is summarized in [12].
3.3. Layers morphology

The layers deposited at ablation thresholds were also stud-
ied by SEM (Fig. 7) and AFM (Fig. 8) methods. The portraits

resulting from these methods reveal that the structure of MAPLE
deposited layer is rather segmented with high surface/volume
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Fig. 9. Phase-angle sensitivity of NiPcTS to 1000 ppm of hydrogen.

ratio; these properties are favorable for applications in gas sensing
(the detection process is localized on the surface of sensitive
layer).

3.4. Impedance measurements and phase-angle sensitivity

The NiPcTS and CuPcTS layers were deposited to sensor sub-
strates, the impedance of obtained structures was measured and
phase-angle (Spa) sensitivity to 1000 ppm of hydrogen and 100 ppb
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Fig. 10. Phase-angle sensitivity of NiPcTS to 100 ppb of ozone.
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Fig. 12. Phase-angle sensitivity of CuPcTS to 100 ppb of ozone.

of ozone evaluated. The results are summarized in sequence of
Figs. 9-12.

The sensors exhibit the highest phase-angle sensitivity (Spa
ranging from 5° to 12°) at approx. 500 kHz frequency of measuring
signal in all cases. CuPcTS sensors have also secondary maximum in
the vicinity of 100 Hz. As for temperature dependence of Sp, - the
sensors were tested at operating temperatures 25-90 °C, because at
higher temperatures reaction of MePcTS with atmospheric oxygen
can start. There was also found certain low-temperature sensitivity
- i.e. measurable sensor response at 25°C.

4. Conclusions
Tetrasulfonated metal phthalocyanines were deposited by

MAPLE method from dimethylsulfoxide matrix. It was proved that
for energy density of laser radiation corresponding to ablation

threshold the molecular structure of the deposited material (i.e.
MePcTS) remained preserved. The prepared layers have porous
structure with large relative surface-properties suitable for sensor
applications. The sensors based on deposited layers were success-
fully tested for detection of hydrogen and ozone; low temperature
phase-angle sensitivity was observed (Spa =2.5-6.6° at the temper-
ature of 25 °C), hence these sensors are able to operate at laboratory
temperature. Also dynamic properties of sensors are satisfactory
(response time 7gg ~30s, recovery time 74, ~ 705s). One can also
observe a typical feature of chemical gas sensors - recovery time is
longer then response time. To our best knowledge the evaluation of
phase-angle sensitivity has not been published by another group.
There is a reference concerning “dc-sensitivity” of sulfonated/non-
sulfonated cobalt phthalocyanine to ozone [13].
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Polypyrrole nanotubes: mechanism of formation
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This article presents a contribution to better understanding of the processes which take place during the
synthesis of polypyrrole nanotubes using a structure-guiding agent, methyl orange. Polypyrrole was
prepared by oxidation of pyrrole monomer with iron(in) chloride. In the presence of methyl orange, the
formation of nanotubes was observed instead of the globular morphology. Two reaction schemes with
reversed additions of oxidant and monomer have been tested and they show remarkable influence on
the produced morphology. Nanotubes with circular or rectangular profiles and diameters from tens to
hundreds of nanometres have been obtained. FTIR and Raman spectra were used to assess the
molecular structure of polypyrrole and detect residual methyl orange in the samples. The conductivity of
nanotubes compressed into pellets was as high as 68 S cm™. The mechanism of nanotubular formation
starting at the nucleus produced with the participation of organic dye is proposed. The growth of a
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Introduction

The last decade of conducting polymer research has been
characterized by increasing interest in the control of their
morphology at the nanoscale. Among them polypyrrole (PPy)
and polyaniline (PANI) have been most studied. In particular,
one-dimensional structures, such as nanorods, nanotubes or
nanofibres are promising’® due to their possible uses in
sensors,’ energy storage,” electrocatalysis,® electrorheology,’
electromagnetic interference shielding,® and biomedicine,’ or
in the conversion to nitrogen-containing carbon materials."®
They are better suited for the charge transport than globular
forms and also their larger specific surface area is of benefit in
many applications. More complex three-dimensional hierar-
chical morphologies have also been reported' but they are
usually generated only by non-conducting aniline oligomers.
There are three basic approaches to the preparation of one-
dimensional conducting polymer nanostructures: (1) hard-
template methods using solid inorganic membranes or fibres
for the deposition of conducting polymers,**™* (2) soft-template
methods employing supramolecular assemblies of auxiliary
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of nanotubes, the coating of solid templates with a polypyrrole overlayer, is also discussed.

organic substances, such as surfactant micelles'*™® or aggre-

gates of dyes™ as structure-guiding agents**** and, finally,
(3) polymer nanotubes or nanofibres can also be produced
without any external template, as well documented for
PANI.**?* The preparation of uniform nanotubular or nano-
fibrillar morphologies in large quantities required for practical
use, however, still remains an important research issue.

The principles underlying the formation of one-dimensional
morphologies have to be similar for PANI and PPy. The prefer-
ence of the PANI or PPy depends on the potential applications.
While PANI displays acid-base transition associated with colour
and conductivity changes, which is well applicable in sensors,
PPy is usually preferred in biomedical uses, where the toxic
hazards associated with aromatic amines are feared. PPy
nanotubes have also higher conductivity compared with PANI
analogues. For that reason, PPy has been used for the present
study but its relation to PANI has also always been considered.

PPy, when prepared by the oxidation of pyrrole with inor-
ganic oxidants, such as iron(u) salts, is obtained in globular
morphology. An acidobasic indicator, methyl orange (MO),
represents a simple and easily accessible structure-guiding
agent in the preparation of PPy nanostructures. The synthesis of
PPy in the presence of MO was for the first time introduced by
Yang et al.,** and resulted in nanotubes with inner diameter of
50 nm. The mechanism of PPy nanotubes formation was
explained by creation of self-degraded template, a complex of
iron(m) chloride with MO. The preparation of PPy nanotubes in
the presence of MO has been later used many times.*"*** The
morphology control of nanotubes was improved by using MO
along with a cationic surfactant, hexadecyltrimethylammonium

RSC Adv., 2014, 4, 1551-1558 | 1551
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bromide,* or anionic surfactant, sodium dodecyl sulfate."” It
has to be stressed that the use of surfactants alone does not
promote the formation of nanotubes.**>® Other one-dimen-
sional PPy morphologies, such as nanofibres or nanoribbons,
have been reported only rarely.'®

MO has also been successfully used in the preparation of
PANI nanotubes.**®” It should be noted that such PANI
syntheses were carried out in the presence of strong inorganic
acid, such as hydrochloric acid. Under such acidity conditions,
PANI is usually produced as nanofibres at high dilution of
reactants,®?* and only moderate acidity is preferred for the
preparation of PANI nanotubes." The presence of MO thus
stimulates the nanotubular growth of PANI under the condi-
tions where globular morphology is obtained in its absence.

In present contribution, we study the synthesis and
morphology control of PPy nanotubes using a structure guiding
agent, MO, without any additional auxiliary substances, such as
inorganic acids or surfactants. Both MO sodium salt and cor-
responding acid form were tested. Two reaction schemes of
synthesis differing in the sequence of reactant addition have
been carried out at various MO concentrations. These experi-
ments produce a basis for the formulation of the mechanism of
nanotubular growth.

Experimental
Synthesis of PPy in the presence of methyl orange

Pyrrole (Sigma-Aldrich), iron(m) chloride hexahydrate (Sigma-
Aldrich), and methyl orange, sodium 4-[4-(dimethylamino)-
phenylazo]benzenesulfonate (Fluka, Switzerland) were used as
received. 4-{4-(Dimethylamino)phenylazo]benzenesulfonic acid
(MO-A) was prepared from MO by ion-exchange technique using
hydriodic acid.

PPy was prepared by the oxidation of pyrrole with iron(m)
chloride hexahydrate in two ways differing in the sequence of
reactants addition (Table 1). In the first reaction scheme (RS1),
iron(w) chloride oxidant was added to MO solution, followed by
the addition of monomer, pyrrole. In the second protocol (RS2),
the additions of oxidant and monomer were reversed. In some
cases, the simple mixing of all reactants has also been tested
(RS3).

In a typical RS1 synthesis, 10 mmol iron(m) chloride hexa-
hydrate was dissolved in 200 mL of 5 mM aqueous solution of
MO, and a flocculate appeared immediately. The mixture was
thermostatted at 5 °C, and then 0.7 mL of pyrrole was added
drop-wise during two hours. The final molar concentrations of
reactants thus were: 50 mM pyrrole, 50 mM iron(m) chloride
hexahydrate, and 5 mM MO. Equimolar ratio of pyrrole and

Table 1 Three reaction schemes used in the preparation of PPy

RS1: MO + oxidant — intermediate solution +
pyrrole — polypyrrole

RS2: MO + pyrrole — intermediate solution +
oxidation agent — polypyrrole

RS3: MO + pyrrole + oxidation agent — polypyrrole

1552 | RSC Aadv., 2014, 4, 1551-1558
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oxidant was used in all experiments, and the mole ratio of MO
and pyrrole, [MO]/[Py], was varied.

In a similar RS2 synthesis, 0.7 mL of pyrrole was added to
200 mL of 5 mM solution of MO. The solution was thermo-
statted to 5 °C. Then 10 mmol of iron(ur) chloride hexahydrate
was dissolved in 23 mL of water and added drop-wise in the
course of two hours. The mixtures were gently stirred for 24 h.

In RS3 synthesis (listed in Table 1), 0.7 mL of pyrrole and
10 mmol of iron(m) chloride hexahydrate dissolved in 23 mL
were simultaneously added to 200 mL of 2.5 mM solution of
MO. The reaction mixture was thermostatted to 5 °C and gently
stirred for 24 h.

PPy precipitate was separated by filtration, purified by
Soxhlet extraction using acetone until the extracts were col-
ourless, then washed with ethanol and dried at 40 °C in
vacuum. As the reference sample, PPy was also prepared in the
absence of MO.

Reaction intermediates

In order to investigate the role of structure-guiding agents in the
formation supramolecular PPy structures, the reaction inter-
mediates were isolated and analysed. In the reaction scheme
RS1, the precipitate produced after mixing of MO with iron(ur)
chloride hexahydrate was separated by filtration. Such precipi-
tate may act as a hard template in the subsequent synthesis of
PPy. Its growth and morphology were directly observed in situ
with an optical microscope Nikon Eclipse LV100D equipped
with digital camera SONY DFW-SX910 and evaluated by means
of image analysis using software NIS-Elements AR 3.20. No
precipitate was produced in RS2 scheme after mixing MO with
pyrrole, but it might be generated in the next step after the
addition of an oxidant.

Characterization

The morphologies of PPy were observed by scanning (SEM) and
transmission (TEM) electron microscopies using JEOL 6400 and
JEOL JEM 2000FX microscopes, respectively. Fourier-transform
infrared (FTIR) spectra of the powders dispersed in potassium
bromide pellets have been registered with a Thermo Nicolet
NEXUS 870 FTIR Spectrometer with a DTGS TEC detector in the
650-4000 cm ™' wavenumber region. Raman spectra excited
with an Argon-ion 514 nm laser were collected on a Renishaw
invia Reflex Raman spectroscope. A Peltier-effect cooled CCD
detector (576 x 384 pixels) registered the dispersed light. Room
temperature conductivity of composites was measured on
pellets compressed at 540 MPa by a four-point van der Pauw
method using a Keithley 220 Programmable Current Source, a
Keithley 2010 Multimeter as a voltmeter, and a Keithley 705
Scanner equipped with a Keithley 7052 Matrix Card.

Results and discussion
Morphology

Polypyrroles prepared at various concentrations of MO were
obtained as nanotubes (Table 2, Fig. 1 and 2) and only excep-
tionally, at the lowest concentration of MO, a coexistence of

This journal is © The Royal Society of Chemistry 2014
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Table 2 Properties of PPy nanotubes prepared by the schemes RS1 or
RS2 at various mole ratios [MO]/[pyrrole]®

[MO]/ Diameter Conductivity
Scheme [pyrrole] Profile (nm) (Sem™)
RS1 0.01 Rectangular 400-570 51.7

0.05 Rectangular 190-310 48.7

0.1 Rectangular 210-400 39.1
RS2 0.01 Rectangular 400-500 11.4

0.05 Circular 60-110 67.8

0.1 Circular 40-70 48.8
RS3 0.05 Circular 140-190 52.5

“ 50 mM pyrrole, 50 mM iron(ur) chloride hexahydrate.

globular and nanotubular morphology was observed (Fig. 1b).
Nanostructures prepared by the protocol RS1 had a larger
diameter and always a rectangular profile; the RS2 protocol
yielded much thinner nanotubes, often with circular profile. A
typical length of nanotubes extends to several micrometres.
Nanotubular morphology is confirmed by transmission electron
microscopy, where the cavity inside the nanotubes is clearly
visible (Fig. 3). Also simple mixing of both reactants in the
presence of MO yielded nanotubular morphology. In the
absence of MO, a globular morphology was obtained (Fig. 1a).

MO exists in two structural forms (Fig. 4). Under alkaline
condition as a benzenoid anion, a sodium salt, under acidic
condition as a protonated quinonoid structure. The former
form is yellow, the latter form is red. When commercial sodium
salt of MO was replaced in experiments with acid form of MO,
no nanotubes have been obtained at all concentrations and in
both protocols RS1 and RS2 (Fig. 2d).

Fig.1 RS1protocol: the morphology of PPy prepared at the mole ratio
[MOl/[pyrrole] = (a) 0, (b) 0.01, (c) 0.05, and (d) 0.1.

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 RS2 protocol: the morphology of PPy prepared at the mole
ratio [MO]/[pyrrole] = (a) 0.01, (b) 0.05, and (c) 0.1. (d) The morphology
of the sample prepared with MO acid instead of MO sodium salt at
[MO-acidl/[pyrrole] = 0.1 is shown for comparison.

Fig. 3 Transmission electron microscopy of PPy nanotubes (RS2
scheme, [MO]/[pyrrole] = 0.05); two magnifications. cf. Fig. 2b for
scanning electron image.

CH3\ (€]
N N=N S0,
CHy
@

o
OH

CHy @ /= o
CHy
Fig. 4 Two pH-dependent forms of MO. When dissolved in aqueous

medium, the former is yellow, the latter is red. The transition between
both forms occurs at pH range 3.1-4.4.

H

Intermediates

In the RS1 scheme, iron(m) chloride hexahydrate is dissolved in
MO solution and the formation of a precipitate was observed, in

RSC Aadv., 2014, 4, 1551-1558 | 1553


http://dx.doi.org/10.1039/c3ra45841e

Published on 14 November 2013. Downloaded by Centrum informacnich sluzeb, VSCHT Praha on 16/12/2013 15:13:29.

RSC Advances

D =0,001 mr

" 0=0,0004 mm
D =0,0005 mm s D= 0,001 mm
_D=00004mm

D=0,001mm

0.01 mm [ 0.01 mm

Fig. 5 Optical microscopy of objects produced after mixing the
solutions of (a) MO with iron(i) chloride hexahydrate and (b) the
solution of MO with hydrochloric acid solution, D = diameter; L =
length.

the accordance with the literature.** The microcrystals were
found, about 20 pm long and around 0.5 um in diameter
(Fig. 5a). The addition of iron(m) chloride to the solution will
cause an increase in its acidity caused by the hydrolysis. A
simple test, a mixing of MO and hydrochloric acid solutions,
reveals that microneedles are also produced (Fig. 5b). This
means that iron(m) ions need not directly participate in the
formation of nanoneedles. This is indeed supported by obser-
vation that, when pyrrole is added to microneedles prepared in
the presence of iron(m) chloride, no polymerization takes place.
As the positive and negative charges are present in acid form of
MO (Fig. 4), they are likely to produce ionic bonds leading to
neutral dimers. As a result the acid form is much less soluble in
aqueous medium compared with sodium salt. In this context,
we may mention o-aminobenzenesulfonic acid which, despite
the presence of sulfonic group, is practically insoluble in water
due to the formation of similar ionic bonds.

This experiment demonstrates that MO is able to self-
assemble to one-dimensional microrods. It is a question if they
play any template role in the growth of PPy nanotubes. It has to
be stressed that these objects appear only in the RS1 protocol
when they are present before the polymerization of pyrrole
starts. In the scheme RS2, they have not been observed but they
may be produced during such polymerization. This difference
could possibly account for the smaller diameters of nanotubes
in the latter experiment (Table 2).

Molecular structure

Molecular structure of PPy nanotubes was analysed by two
different vibration spectroscopic methods, by the FTIR and
Raman spectroscopies (Fig. 6 and 7). In the infrared spectra of
samples prepared by protocol RS1, only the spectrum of pure
PPy is visible till the mole ratio [MO]/[pyrrole] = 0.1; at higher
MO concentration, the features of this dye become apparent. In
the cases of protocols RS2 and RS3, the peaks of MO have also
been detected in the infrared spectra (Fig. 6a). In the Raman
spectra, we detect the spectral features of MO for all concen-
trations of MO measured and for all protocols (Fig. 6b). In the
infrared spectra MO is detected to be in its acid form, in the
Raman spectra spectral features of acid form prevail.

The different results of both spectroscopies are connected
with the different nature of these methods. The infrared spec-
troscopy is a bulk method, and its sensitivity increases with
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Fig. 6 FTIR (a) and Raman (b) spectra of PPy nanotubes prepared at
mole ratio [MO]/[pyrrole] = 0.1 by the protocols RS1, RS2, and RS3. The
spectra of globular PPy hydrochloride prepared in the absence of MO
(PPy Cl) and of MO are shown for comparison.

amount of MO present in the sample. On the other hand, the
Raman spectroscopy is based on scattering and, for that reason,
it is surface sensitive, and in heterogeneous samples, such as
PPy nanotubes, even a small amount of MO may be detected.
The observed Raman intensity is also enhanced by a resonance
effect of the excitation line used. In the case of protocol RS3 the
concentration dependence of the infrared and Raman spectra
on the mole ratio [MO]/[pyrrole] is demonstrated in Fig. 7. It
should be stressed, that the main bands of PPy nanotubes
correspond well to the band of PPy prepared in absence of MO
in both the infrared***° and Raman*"** spectra (Fig. 6). Samples
of composites were very difficult to disperse in potassium
bromide pellets because of their compact stone-like structures.
Absorption of the sample was very small and the measured
spectra contained relatively high absorption bands in the region
of stretching and bending vibrations of water molecules at
about 3430 cm ™" and 1632 cm ™" respectively. Absorption of the
samples prepared with mole ratios [MO]/[pyrrole] = 0.01, 0.02,
and 0.05 was multiplied by a factor of 3 in Fig. 7a for better
observation.

This journal is © The Royal Society of Chemistry 2014
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Fig. 7 FTIR (a) and Raman (b) spectra of PPy nanotubes prepared at
various mole ratios [MO]/[pyrrole] by the scheme RS3.

The peaks of MO observed in the infrared and Raman
spectra of PPy nanotubes correspond most probably to the solid
precipitated structures which are produced when MO interacts
with iron(i) salts. Such MO thus does not need to be associated
with the template that starts or guides the growth of PPy
nanotubes. The potential MO template might have been sepa-
rated in the course of purification of the samples and thus
cannot be detected in the spectra.

Conductivity

The conductivity of PPy nanotubes is little dependent on the
dimensions of nanotubes and varies between 11 and 68 S em™"
(Table 1) and it is comparable with the values published earlier
on nanotubes, 20 S cm " prepared in the presence of acid blue
AS,* and 29-36 S cm ™, for MO.>*** Such values are regarded as
high; they are four orders of magnitude higher compared with
PANI nanotubes.** Conductivity was measured on pellets
prepared by compression of PPy nanotubes. The mechanical
properties of pellets were good, and preliminary tests indicate
they are at least comparable to PANI analogues.* This is
surprising, because globular PPy prepared in the absence of MO

This journal is © The Royal Society of Chemistry 2014
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cannot be compressed to pellets at all. Its conductivity was thus
estimated only indirectly by measurement on both types of
powders, and it is one order of magnitude lower compared with
nanotubes.

There is additional feature of interest. The conductivity of
PANI nanotubes is reduced from 107> S ecm ™" to 107° S em ™"
after conversion of the salt to base with ammonium hydroxide
solution.** With PPy nanotubes, the conductivity reduction
under the same conditions is much smaller, from 10* S ecm™* to
107> S em™", ie. PPy nanotubes maintain a good level of
conductivity even under alkaline conditions. This may be of
interest for biomedical applications operating at physiological
pH 7.4 as well as for alkaline energy sources.

General concept of morphology formation in conducting
polymers

The model of nanostructures produced by conducting polymers
is based on the concept of nucleates.* This model was proposed
for PANI but it seems to be applicable also to PPy and related
polymers. In the oxidative polymerization of aniline, aniline
dimers to tetramers are gradually produced at first and they are
called here as nucleates. Due to limited solubility of nucleates,
they separate from aqueous medium, act as initiation centres
and subsequently start the growth of polymer chains.** The
random aggregation of nucleates followed by polymer-chain
growth gives rise to the most common globular morphology.
Nucleates adsorbed at interfaces immersed in the reaction
mixture stimulate the growth of a thin polymer film.*®

One-dimensional morphologies, nanofibres (nanowires) and
nanotubes, have often been reported both for PANI and
PPy.>*74% For example, when the reaction mixture is diluted,
the oligomeric nucleates self-assemble into a stack and subse-
quent growth of polymer chains produces a body of a nanofibre.
Upon dilution of reaction mixture, the globular morphology
thus converts to nanofibres under otherwise similar reaction
conditions.*” The formation of a nanotube requires an initial
template object, assumed to be of cylindrical shape, or some
rod-like crystallite. The nucleates assemble into stacks around
this template, and subsequent one-dimensional spiral-like
(helical) growth produces a nanotube.*® It has to be stressed that
the template is required only at the start of nanotubular
growth.*” The similar concept has been used for carbon nano-
tubes, where the role of a starting template is taken by a metal
catalyst nanoparticle. The above model is supported by the
observation that the thickness of polymer films produced on
immersed substrates, radii of globules and nanofibres and the
thickness of nanotubular walls are comparable, typically
between 50 and 250 nm, possibly proportional to molecular
weight of polymer chains. For the sake of completeness, it has
to be mentioned that other models of nanotubular formation
have been offered, self-curling of sheets®*** being most perti-
nent alternative.

Polypyrrole nanotubes

The formation of PPy nanostructures should be discussed along
with analogous PANI objects. PANI nanotubes are produced

RSC Aadv., 2014, 4, 1551-1558 | 1555
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spontaneously during the oxidation of aniline under moderate
acidity conditions.** Phenazine-based aniline oligomers gener-
ated as reaction intermediates have been proposed to produce
internal templates that guide nanotubular growth of PANI.*
Such flat molecules, closely related to a mauveine dye,” are
expected to produce stacks stabilized by w—m interactions. No
similar nucleates, however, are produced in the oxidation of
pyrrole and nanotubular growth of PPy obviously requires some
external starting template.

The formation of PPy nanotubes is subject to the presence of
some dyes, such as MO,>**?*" acid blue AS,* rhodamine B,*
Prussian blue,* or methylene blue.** Many dyes are known to
have an ability to self-assemble in the solution, as demonstrated
by stacked J-aggregates or H-aggregates.>® The organization of
dye molecules manifests itself in a shift of absorption maxima
in optical spectra and by its narrowing. It is proposed here, that
such self-assembled dyes may act as starting templates
(Fig. 8a,b) in the growth of PPy nanotubes. The aggregation of
MO in aqueous media has been confirmed by electric imped-
ance spectroscopy®® and is supported by present experiments.
Hydrophilic sulfonic group and large hydrophobic organic
moiety containing azo group provide MO with features of
surfactants that are known to produce supramolecular struc-
tures. PPy nanotubes have indeed been produced in the pres-
ence of surfactant, such as tetradecyltrimethylammonium
bromide."” The role of cylindrical micelles in the formation of
nanotubes has also been proposed.””™ In this case, the
template would be a soft type, i.e. not a solid (Fig. 8a). The
higher is the concentration of MO, the larger number of
nanotubes is likely to be produced. The increase in the
concentration of MO thus has to lead to either thinner nano-
tubes at the same mass of PPy produced. This trend is indeed
demonstrated by the experiment (Table 2).

MO, however, may form insoluble products with iron***” or
silver salts® that were used as oxidants of pyrrole. As demon-
strated above (Fig. 5) and reported in the literature,” MO in the
solutions of hydrochloric acid has limited solubility. Micro-
needles are produced, and as they are growing they may act as
hard nuclei (Fig. 8b). In such a case, nanotubes should have a
rectangular cavity (Fig. 8b), or also a rectangular profile, if the
starting template has a rectangular shape. Rectangular cavities
in nanotubes have also been observed for PANI albeit with
chemically different template.”*>*' The assessment of the cavity
profile has to be done with some care. The rectangular profile,

c CE—

Fig. 8 (a) Soft or (b) hard templates (black) start the growth of PPy
(green) nanotubes with circular or rectangular profile, respectively. (c)
The core-shell nanotubular structure may be produced by coating of
suitable hard templates with conducting polymers.
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which is well visible with thicker nanotubes may not be
discernible in thinner ones, which thus may appear as circular.

It is the important prerequisite that the hard templates are
anisotropic. In the case of rectangular shape, the adsorption of
oligomeric nucleates takes place on the side of templates, rather
than on their top or bottom. For this reason, the concept of
anisotropic stacked dye or J-aggregate fits better to the present
concept than isotropic micellar forms.

The starting template of nanotubular growth are produced
by the aggregation of dye molecules, which is controlled prob-
ably by diffusion-limited aggregation model.®»** For that
reason, they are uniform in size and also the inner diameter of
nanotubes is comparable for all nanotubes in the concrete
sample. The thickness of nanotubular walls was proposed to be
proportional to the molecular weight of constituent polymer
chains."

In the contrast to the growth of nanotubes, another way of
their origin is feasible (Fig. 8c), and has to be considered as
alternative. When insoluble one-dimensional objects, such as
inorganic nanofibres, e.g., manganese(iv) oxide,***® vanadium(v)
oxide,> %% titanium(iv) oxide® or zinc(u) oxide,”® or carbon
nanotubes,”” are present in the reaction mixture at the early
stages of oxidation, such objects become coated with conduct-
ing polymer overlayer.'*¢¢¢%7%72 Thin polymer films grow on any
immersed substrate.*® This is the typical coating of hard
template. Such model has been proposed also for the MO which
produces insoluble microrods with iron(im) chloride oxidant.>
After the template is dissolved, polymer nanotubes are
produced. This mechanism is quite different from nanotubular
growth using the template for the start of growth only. Hard
templates may either be introduced or may be produced in situ
during the oxidation. The former situation is illustrated by the
addition of vanadium oxide nanofibres, the latter by the
formation of PPy microtubules deposited on crystals produced
by the compounds present in the reaction mixtures.” Rectan-
gular profiles are typical for such syntheses.’**® The template is
removed after the synthesis, e.g., by extensive washing with
organic solvents, or by treatment with alkalis in the case of
metal oxides.

In the procedure RS1, the solid precipitated structures are
produced when MO interacts with iron(m) salts. These objects
have sizes in micrometre range. In principle, they could be
coated with PPy. The growth of PPy nanotubes with a diameter
smaller than 200 nm, however, seems to be preferred® over the
formation of much larger core-shell structures. In addition,
nanorods would be produced by this mechanism, while we
observe the formation of nanotubes that are definitely not
straight (Fig. 2).

Conclusions

The oxidation of pyrrole with iron(m) chloride produces PPy in
globular form. In the presence of MO, however, PPy nanotubes
are generated. Their dimensions are dependent on the prepa-
ration protocol, e.g., on the sequence of reactant addition.
Nanotubes become thinner as the concentration of MO
increases. Three protocols have been tested. The protocol RS2,

This journal is © The Royal Society of Chemistry 2014
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the gradual addition of an oxidant to a solution of pyrrole and
MO, is best suited for the preparation of thin nanotubes with
homogeneous distribution in size.

The mechanism based on the starting template produced by
MO and followed by the growth of PPy nanotube is proposed.
The cavity profile in thin nanotubes having a diameter 40-190
nm appears as circular; in thicker nanotubes the profile is
rectangular. This suggests that the nucleus is solid-like rather
than liquid. As the growth of the nanotube proceeds beyond the
starting template, the nanotubes may become curved and have
a high aspect ratio.

If suitable hard templates produced by the reaction inter-
mediates are present in the reaction mixture, they may become
coated with PPy. The nanotubes produced after the dissolution
of the template would be thicker, straight, with a rectangular
profile, and lower aspect ratio. In such cases, there is no
nanotubular growth assumed above, and the mechanism of
nanotube formation is different, based on the coating of
substrates with a thin PPy film. It seems that, depending on the
reaction conditions, both mechanisms may be applicable, but
one of them dominates.

PPy nanotubes have conductivity as high as 68 S ecm™,
which is reduced after deprotonation in ammonia solutions to
107> S cm ™. This means that they could be efficiently used in
applications operating under physiological conditions, where
the conductivity of other PPy forms or other conducting poly-
mers, such as PANI, becomes too low.
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Polypyrrole nanotubes exhibit conductivity of tens S cm™ which is one of the highest among the current
conducting polymers. They are thus superior to the common globular form with the conductivity of
units of S cm™* or lower. The conductivity of both forms is reduced after treatment with alkalis but still
remains high, units of S cm™ and 1072 S cm™, respectively. The deprotonation, which is responsible for
conductivity reduction, is discussed on the basis of salt—base transition in polypyrrole. It is not fully
reversible, and the reprotonation with acids recovers the conductivity only in part. The role of methyl
orange, which was used to support the formation of nanotubes, is proposed to be similar to that of
surfactants. FTIR and Raman spectroscopies prove that methyl orange is strongly bound to polypyrrole in
its acid form, and an ‘insertion” mechanism is proposed to explain the resistance towards the

deprotonation of nanotubes. The spectra also illustrate that the molecular structure of nanotubular
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Introduction

Conducting polymers, such as polypyrrole or polyaniline, find
uses especially in energy storage devices and recently also in
biomedical applications that exploit their intrinsic conductivity,
responsivity, and electrochemical switching. They are popular
because of their easy and economic preparation by the oxida-
tion of corresponding monomers. Some of their applications,
however, are limited by the pH at which conducting polymers
are used. This applies especially to those operating under
physiological or alkaline conditions, where the conducting
polymer salts convert to non-conducting polymer bases. There
are valued properties of such conducting polymers: (1) high
conductivity, (2) stability towards the deprotonation and
consequent loss of conductivity under alkaline conditions, (3)
electrochemical activity, (4) responsivity to external stimuli, (5)
catalytic and electrocatalytic properties, and (6) long-term
environmental stability. The control and understanding of
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polymers, such as polyaniline, lose their exploitable conductivity.

their underlying molecular structure and morphology is an
important goal.

The present study is focused on polypyrrole. The typical
conductivity of polypyrrole prepared by the oxidation of pyrrole
with iron(m) salts is 107> S em~'.* When the polypyrrole was
prepared in the presence of surfactants, the conductivity was
higher by about two orders of magnitude, and reached
3.1Scem ! for sodium dodecylbenzenesulfonate,' 9.9 S cm™* for
dodecylbenzenesulfonic acid,® 12.3 S cm™" for sodium bis-
(2-ethylhexyl)sulfosuccinate,” 26.1 S cm™ ' for sodium dode-
cylbenzenesulfonate® and 42 S cm ™" in the presence of sodium
n-alkylnaphthalenesulfonate.* The surfactants thus have
a beneficial influence on the conductivity of polypyrrole.

The conductivity was reduced by several orders of magnitude
when polypyrrole was converted to corresponding bases in
ammonia solutions, and even more in sodium hydroxide solu-
tions.»*** The certain level of conductivity is still maintained
even under strongly alkaline conditions. For example, the
conductivity of globular polypyrrole, 0.012 S cm ™', was reduced
to 3.7 x 107> S em™ ' after treatment with 1 M ammonium
hydroxide." Similarly, the conductivity of globular polypyrrole
sulfate was reduced from 0.24 Scm™ " t0 3.8 x 10 ®Scm ™" after
being immersed in 1 M ammonium hydroxide, and to 6.4 x
107" S em™* in 1 M sodium hydroxide.! The conductivity
increased again after treatment with acid solutions but its
recovery has not been complete.>**"* The deprotonation/

This journal is © The Royal Society of Chemistry 2016
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reprotonation cycle in polypyrrole was exploited in ammonia
sensors,*™ silver recovery'® and sodium-ion batteries.”” Such
salt-base conversion imposes restrictions to some applications,
e.g., to textiles coated with conducting polymers that need to be
washed.'” Both forms, a salt and a base, differ not only in
conductivity but also in density and thermal conductivity,*
electron spin concentration® or the third-order optical non-
linearity,* and other electrical and optical properties.

When polypyrrole was prepared in the presence of a dye, such
as methyl orange (MO), polypyrrole nanotubes were ob-
tained'»*?* instead of a classical globular morphology. The
conductivity of nanotubular polypyrrole was of the order of tens
S em™',%% ie. considerably higher compared with the conduc-
tivity of the globular form. The preparation and application of
polypyrrole nanotubes has therefore recently become a fast
developing research direction,**! also due to the interesting
nanostructured morphology. The conductivity of polypyrrole
nanotubes decreased from 60 S cm™" only to 0.012 S cm™ " after
suspension in 1 M ammonium hydroxide,* i.e. nanotubes were
still conducting under alkaline conditions.’* Similar trend was
observed in the composites of polypyrrole nanotubes with
silver.*>** The high conductivity of polypyrrole nanotubes and its
resistance towards the deprotonation and consequent loss of
conductivity under alkaline conditions inspired the present study
aimed at the discussion of salt-base transition in various forms
of polypyrrole.

Experimental
Preparation of globular and nanotubular polypyrrole

Polypyrrole nanotubes were prepared by the oxidation of 0.05 M
pyrrole with 0.05 M iron(u) chloride in the presence of 0.005 M of
methyl orange. 3.35 g of pyrrole and 1.64 g methyl orange,
sodium 4-[(4-dimethylamino)phenylazo]benzenesulfonate, were
dissolved in water and the volume was adjusted to 0.5 L. 13.5 g of
iron(m) chloride hexahydrate was similarly dissolved in water to
0.5 L of solution. Both solutions were mixed at room temperature
to start the oxidation of pyrrole. Next day, polypyrrole precipitate
was collected on filter, rinsed with 0.2 M hydrochloric acid,
copious amounts of ethanol, and left to dry in air. For the
purpose of present study, globular polypyrrole was prepared in
the same manner, only in the absence of MO.

Deprotonation and reprotonation of polypyrrole

Polypyrrole hydrochloride obtained after preparation was
deprotonated by immersion in excess of 1 M ammonium
hydroxide. Weighed amount of polypyrrole in sintered glass
filter was placed in ammonia solution and left at rest for 24 h.
The filter was then removed, rinsed with ammonia solution,
and ethanol. The mass of solids was determined after drying.
The ammonia solutions were evaporated and the mass of
collected solids, referred to below as a filtrate, was determined.

A part of the deprotonated polypyrrole was immersed again
in excess of 1 M hydrochloric acid for 24 h to test the reproto-
nation ability. The solids were then collected, rinsed with acid

This journal is © The Royal Society of Chemistry 2016
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solution, and ethanol. After drying, the change in mass was
evaluated.

Characterization

Room temperature conductivity was determined by a four-point
method in van der Pauw arrangement using a Keithley 220
Programmable Current Source, a Keithley 2010 Multimeter as
avoltmeter and a Keithley 705 Scanner equipped with a Keithley
7052 Matrix Card.

Energy-dispersive X-ray spectra (EDS) were recorded by
Quantax 200 spectrometer with a XFlash 6|10 detector (Bruker
Corp.) using 15 kV of accelerating voltage of primary electron
beam in Mira LMH (Tescan) scanning electron microscope.

Fourier-transform infrared (FTIR) spectra of the powders
dispersed in potassium bromide pellets were registered using
a Thermo Nicolet NEXUS 870 FTIR Spectrometer with a DTGS
TEC detector in the 400-4000 cm ™~ wavenumber region.

Raman spectra were recorded on a Renishaw InVia Reflex
Raman microspectrometer. The spectra were excited with a near
infrared diode 785 nm laser. A research-grade Leica DM LM
microscope with an objective magnification x 50 was used to
focus the laser beam on the sample placed on an X-Y motorized
sample stage. The scattered light was analyzed with a spectro-
graph using a holographic grating 1200 lines per mm. A Peltier-
cooled CCD detector (576 x 384 pixels) registered the dispersed
light.

Results and discussion
Molecular structure

The molecular structures of protonated polypyrrole (polypyrrole
salt) proposed in the literature somewhat vary but there is
agreement on the structure of polypyrrole base obtained after
deprotonation, which is composed of both the oxidized and
reduced pyrrole constitutional units (Fig. 1).”*** The localiza-
tion of positive charges on polymer chain, as well as the pres-
ence of unpaired spins, polarons, detected by electron
paramagnetic resonance, is still open to discussion. For the
purpose of present study, the rearrangement of electrons within
polypyrrole chain leading to the formation of charge carriers
can be proposed (Fig. 2).

Conductivity

Polypyrrole exists as a conducting salt obtained after prepara-
tion and less conducting or insulating base (Fig. 1) produced by
subsequent deprotonation after the treatment with alkalis.****
Both the level of conductivity and the resistance towards the
deprotonation were improved when the polymerization of
pyrrole was carried out in the presence of anionic surfactants,
and the conductivity of polypyrrole increased by one or two
orders of magnitude."** The presence of anionic surfactants
thus generally (1) increased the conductivity of polypyrrole and
(2) improved the level of conductivity under alkaline conditions.
Surfactant anions were proved to participate as counter-ions in
polypyrrole (Fig. 1)."° The ionic bond responsible for the salt
formation seems to be sterically protected by the hydrophobic

RSC Adv., 2016, 6, 88382-88391 | 88383
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Fig. 1 Conducting polypyrrole salt converts to non-conducting polypyrrole base under alkaline conditions. HA is an arbitrary acid, A~ is

a corresponding counter-ion, here chloride.

Fig.2 The rearrangement of electrons in polypyrrole salt may generate bipolarons and finally polarons by delocalization over the polymer chain.

Polarons act as charge carriers.

surfactant part from the direct access of alkalis, hydroxyl ions,
thus reducing the extent of polypyrrole deprotonation to a cor-
responding base (Fig. 1).

The similar observation has recently been made when poly-
pyrrole was prepared in the presence of MO dye (Fig. 3). The
conductivity of polypyrrole hydrochloride was (1) considerably
higher compared with the preparation in the absence of MO,
and (2) the resistance to the loss of conductivity after treatment
with alkalis was considerably improved (Table 1) as mentioned
in the Introduction. In addition, the morphology distinctly
changed from globular to nanotubular (Fig. 4). Nanotubes have
also higher specific surface area,*> 55 m® g~ ', than the globular
form, 4.3 m*> g~ .

88384 | RSC Adv., 2016, 6, 88382-88391

We conclude that the dye has about the similar effect on the
preparation of polypyrrole as a surfactant, but its performance
with respect to conductivity is even better. In aqueous media,
the classical surfactant, sodium dodecylbenzenesulfonate has
a tendency towards the formation of micelles with a hydro-
phobic core composed of dodecyl substituents. In fact, MO is
similarly composed of a large hydrophobic moiety and hydro-
philic sulfonate group (Fig. 3). Both types of molecules thus can
sterically protect the bonding of sulfonic group to nitrogen
atoms in polypyrrole chain. The marked difference, however,
consists in the molecule rigidity, which is flexible in the former
case and stiff in the case of MO. While dodecylbenzenesulfonate
would produce amorphous micellar aggregates, MO may
be better suited to form more organized objects of

This journal is © The Royal Society of Chemistry 2016
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a CH3_(CH2)10_CH2 SO3 Na
Fig. 3 (a) Sodium dodecylbenzenesulfonate and (b) methyl orange,

sodium 4 [(4-dimethylamino)phenylazolbenzenesulfonate.

liquid-crystalline type. The improved organization of poly-
pyrrole chains, enforced already to the pyrrole monomers by
surfactants, then leads to the improved conductivity of this
polymer.

Nanostructures where polypyrrole chains are organized are
expected to have improved conductivity, and brush-like chain-
ordering in electropolymerized polypyrrole films may also
serve as an example. The reported conductivity was 15-36
Sem 1,°26-28Sem ™7 34-52 Sem™ L, ¥ and =100 Scm ' ie.
three orders of magnitude higher compared with globular
polypyrrole. The conductivity in the first case® was reduced to
0.3 S cm ™! after treatment with 0.5 M sodium hydroxide at
100 °C, i.e. the resistance towards the deprotonation in alkalis
was also good.

Mass balance and elemental analysis

The deprotonation scheme (Fig. 1) has frequently been
proposed for polypyrrole®'%'»42433:3436¢ jp the discussion of its
properties. In the present case, the number of reduced poly-
pyrrole units (-NH- in base) is higher than the number oxidized
polypyrrole units (=N- in base) as assumed in early reports.*>*?
The protonation of oxidized units is preferred to reduced units
as confirmed in experimental studies.>'” It should be noted that
some papers consider also the protonation of amine groups.*”
The hypothesis that the current counter-ions are not only
simply removed during deprotonation but replaced with
hydroxide anions have also been proposed.*

Generally, however, the deprotonation is associated with the
reduction of mass.® In the case of polypyrrole hydrochloride, the
mass fraction of hydrochloric acid in polypyrrole salt calculated
according to the formula in Fig. 1 is 15.8 wt%. The lower mass
decrease by 9.4 and 9.1 wt% were found in present experiment
for globular and nanotubular polypyrroles, respectively
(Table 1). If all acid were neutralized with ammonium
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Fig. 4 Illustration of globular polypyrrole (left) and polypyrrole
nanotubes (right).

hydroxide, 1 g of polypyrrole hydrochloride should yield 232 mg
of ammonium chloride. Ammonium chloride is indeed recov-
ered as white crystals after evaporation of ammonium
hydroxide solution, as identified by FTIR spectra below. Its
quantity, however, is again lower, 173 and 130 mg per 1 g of
globular and nanotubular polypyrrole salts. This means that
either (1) a part of acid still remains attached to polypyrrole
backbone and the deprotonation was not complete or (2) the
amount of hydrochloric acid was smaller than that proposed.
The former hypotheses seem to be supported by mass balance
and elemental analysis by EDS.

The CI/N atomic ratio expected by the proposed stoichiom-
etry (Fig. 1) is 2/6 = 0.33. EDS yields ratio 0.21 for globular form.
This suggests that globular polypyrrole is protonated less than
expected. After deprotonation with 1 M ammonia solution, the
CI/N ratios is reduced from 0.21 to 0.12 but not to zero, as ex-
pected for complete deprotonation. Only in stronger alkali, in
1 M sodium hydroxide, CI/N ratio drops to 0.02.

For polypyrrole nanotubes the CI/N ratio was 0.30, i.e. close
to theoretical expectation, and the value was reduced to 0.03
after treatment with ammonia solution, again indicating
agreement with the proposed deprotonation (Fig. 1). This
atomic ratio may also be affected by the presence of methyl
orange. Polypyrrole nanotubes contain in addition sulfur from
the sulfonic groups in MO. The atomic S/N ratio 0.10 was
reduced only to 0.06 after being exposed to ammonia solutions,
and changed only marginally to 0.05 in 1 M sodium hydroxide.
The former hypothesis of incomplete deprotonation is also
supported by conductivity measurements that confirm still
a good level of conductivity, 107> S cm ™', and by the observation
that the conductivity is further reduced after treatment with
a stronger alkali, sodium hydroxide.*

Table1l Conductivity of polypyrrole before and after deprotonation in 1 M ammonium hydroxide (D), and after reprotonation in 1 M hydrochloric
acid (R). The changes in mass of polypyrrole after deprotonation, the fraction of recovered ammonium salt, and the change in mass after

reprotonation relative to the mass entering the reaction

Conductivity (S cm ™)

Deprotonation Ammonium Reprotonation
Original D R loss, wt% salt, wt% gain, wt%
Globular 1.55 0.012 0.026 9.35 17.3 8.06
Nanotubes 49.8 1.42 3.64 9.13 13.0 9.69

This journal is © The Royal Society of Chemistry 2016
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The increase in mass after reprotonation of deprotonated
samples with 1 M hydrochloric acid about compensates the loss
after deprotonation (Table 1). The conductivity partly recovers
for globular polypyrrole (Table 1). A similar deprotonation/
reprotonation behavior was reported but the conductivity
gradually decreased after each cycle.>® The literature on this
process have been thoroughly reviewed.” The recovery of
conductivity in polypyrrole nanotubes has also never been
complete. This is probably due to the damage of chain organi-
zation associated with mass loss and consequent volume
reduction during deprotonation.

Infrared spectra during deprotonation

Infrared spectrum of the globular polypyrrole salt (spectrum G
in Fig. 5a) exhibits the main bands which were previously
described.**** The shape of the spectrum of polypyrrole after
deprotonation with 1 M ammonium hydroxide changed?®*
(spectrum D). Absorption in the region above 1600 cm™*
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Fig. 5 Infrared spectra of (a) globular (G) and (b) nanotubular poly-

pyrrole (NT) before and after deprotonation with 1 M ammonium
hydroxide (D), and reprotonation with 1 M hydrochloric acid (R).
Spectra of the solids collected from filtrate after deprotonation (F) and
of neat methyl orange (MO) are included for comparison.
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decreased and a weak band at 1700 cm ' appeared. It corre-
sponds to the presence of carbonyl group previously attributed
to the nucleophilic attack of water during the preparation.' The
maximum of the band observed in the spectrum of the
polypyrrole salt at about 1542 cm™* (C-C stretching vibrations
in the pyrrole ring) shifted to 1553 cm™ ", which corresponds to
the deprotonation of the pyrrole rings (spectrum D). The
maximum of the band of C-N stretching vibrations in the
pyrrole rings moved from 1455 to 1478 cm™ . The broad band
with a maximum at about 1305 cm ™" (C-H or C-N in-plane
deformation modes) remains at the same position. The
maximum of the band associated with the breathing vibrations
of the pyrrole rings observed at 1167 cm ™' in the spectrum of
polypyrrole salt is situated at 1180 cm™"' in the spectrum of
deprotonated polypyrrole. The peak at 1092 cm ™' connected
with N-H" deformation vibrations only slightly sifted to
1096 cm™ ' after deprotonation. The sharp band at 1045 cm ™'
(C-H and N-H in-plane deformation vibrations) remains at the
same position. The band at 905 cm ™" (the C-H out-of-plane
deformation vibrations of the ring) shifted to 912 cm™* wave-
lengths after deprotonation.

The shape of the spectrum of the sample obtained after
reprotonation with 1 M hydrochloric acid (spectrum R)
dramatically changed. It exhibits very small absorption caused
by compact stone-like structure which was difficult to disperse
in potassium bromide pellets. As a consequence the aliphatic
impurities (detected at 2925 and 2856 cm™ ') and a relatively
strong absorption bands in the region of stretching and
bending vibrations of water molecules at about 3422 cm™* and
1633 cm ™' coming from potassium bromide pellet were detec-
ted in the spectrum. Nevertheless, the main bands of proton-
ated polypyrrole can be observed in the spectrum. The spectrum
of the filtrate obtained after deprotonation (spectrum F) corre-
sponds well to the spectrum of ammonium chloride, viz. N-H
vibrations in ammonium cation, as it was expected in the Fig. 1.

Infrared spectra of the nanotubular polypyrrole (NT in
Fig. 5b) and its deprotonated (D) and reprotonated (R) forms
exhibit small absorption, which is a result of their compact
stone-like structure and they were difficult to disperse in
potassium bromide pellets. This may be connected with strong
hydrogen bonding in the samples. In addition to the bands of
aliphatic impurities (at 2925 and 2856 cm™') and of humidity
(at 3440 and 1633 cm %), the band of carbonyl group at about
1722 cm ™' can be detected. The main bands of polypyrrole are
present in all spectra. The band of C-N stretching vibrations in
the pyrrole rings observed at 1455 cm™ " in the spectra of glob-
ular polypyrrole splits into two maxima at 1470 and 1443 cm ™,
similarly as it was observed in the presence of surfactants.! The
maximum of the band connected with the breathing vibrations
of the pyrrole rings observed at 1163 cm ™' in the spectrum of
polypyrrole nanotubes keeps the same position after deproto-
nation. Some small peaks in the spectra of deprotonated and
reprotonated samples marked with asterisk correspond to the
presence of methyl orange (spectrum MO).

Please note that MO is, except for some traces, absent in the
spectrum of the filtrate obtained after deprotonation
(spectrum F). This means that MO is not simply bound to

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c6ra19461c

Open Access Article. Published on 01 September 2016. Downloaded on 03/01/2017 10:22:55.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

@
PPy

CHENC 00
o] N= N—NH SO,
HsC

Fig. 6 (a) Methyl orange can act as a simple counter-ion in polypyrrole
(PPy) or (b) it can be “inserted"” into polypyrrole hydrochloride in its acid
form.

PPy

polypyrrole in its yellow salt form (Fig. 3b) as a counter-ion
(Fig. 6a), but might be “inserted” into polypyrrole salt in its
red acid form (Fig. 6b). Such construction would explain the
absence of MO in the filtrate after treatment with ammonia,
and a consequent resistance of nanotubes towards the
complete deprotonation associated with the loss of polypyrrole
conductivity.

Raman spectra during deprotonation

Raman spectroscopy is a convenient tool for the study of
structural bonding in conjugated polymers, such as polypyrrole.
A formula of polypyrrole salt includes the oxidized and reduced
units in its molecular structure (Fig. 1). In reality, we have to
consider the presence of localized structural defects associated
with polymer backbone which are connected with the existence
of polarons (radical cations) and bipolarons (dications
diradicals) (Fig. 2). They can be detected in the Raman spectra
of protonated polypyrrole.

In the spectrum of globular polypyrrole salt (spectrum G in
Fig. 7a) we observe the bands of C=C in-ring of C-C inter-ring
vibrations and of the stretching vibrations in cation of the
polypyrrole backbone with a maximum at 1598 cm™'.3*%° The
maximum of this band is shifted to 1607 cm ™" in the spectrum
of polypyrrole after deprotonation with 1 M ammonium
hydroxide (spectrum D), which corresponds to the C=C back-
bone stretching vibrations in short conjugation length, a dica-
tion.*” The band of C-C and C=N stretching skeletal vibrations
is situated at 1492 em™". This band is shifted to 1495 cm ™" after
deprotonation. The double peak observed in the spectrum of
polypyrrole salt at about 1376 and 1333 em™" corresponds to
ring-stretching vibrations of pyrrole. The peak situated at the
higher wavenumbers is assigned to the C-C ring stretching
vibrations of oxidized polypyrrole. The second maximum was
assigned to the neutral C-C ring stretching vibrations of
reduced units.*® This peak increased after deprotonation and it
has been connected with less conducting polypyrrole.* A
shoulder at 1405 cm™ ' appeared in the spectrum of deproto-
nated polypyrrole which corresponds to the C-N stretching
vibrations in the neutral units.*> The band of C-H antisym-
metric in-plane bending vibrations with a maximum at about
1243 cm ' remained practically at the same position after
deprotonation. In the double peak situated at 1088 and
1053 cm™ ' in the spectrum of polypyrrole salt, the higher peak
is attributed to the C-H in-plane deformation vibrations in

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 Raman spectra of (a) globular (G) and (b) nanotubular (NT)
polypyrrole before and after deprotonation with 1 M ammonium
hydroxide (D), and reprotonation with 1 M hydrochloric acid (R).

radical cation units in protonated polypyrrole. The conductivity
of polypyrrole is linked to the increase in intensity of this peak
corresponding to oxidized polypyrrole units.** The peak situated
at lower wavenumber increased after deprotonation, and it is
assigned to the C-H in-plane deformations in the neutral units
of polypyrrole base* (Fig. 1). The peak at 971 cm™"' in the
spectrum of polypyrrole salt is attributed to the C-C ring
deformation vibrations with radical cation.** It moved to 985
em ' in the spectrum of deprotonated polypyrrole, and it
belongs to the ring deformation in neutral units.** The band
situated at 934 cm ' in the spectrum of polypyrrole salt moved
to 922 cm ™" after deprotonation and increased in intensity. It is
assigned to the C-C ring deformation vibrations within dication
unit.** After reprotonation of deprotonated samples in the
solutions of acids the Raman spectrum returns to the original
state (spectrum R).

In the Raman spectrum of nanotubular polypyrrole salt we
observe the same bands practically at the same positions as in
the spectrum of globular polypyrrole (spectrum NT in Fig. 7b).
This means that both forms have the identical molecular
structure and differ in the organization of polymer chains. After

RSC Adv., 2016, 6, 88382-88391 | 88387


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c6ra19461c

Open Access Article. Published on 01 September 2016. Downloaded on 03/01/2017 10:22:55.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

deprotonation of nanotubular polypyrrole, a new band located
at 1538 cm™ ' appears. It may be connected with an increase of
the C=N stretching skeletal vibrations in deprotonated units
(Fig. 1). The spectrum exhibits a higher increase in the intensity
of the band of the neutral C-C ring stretching vibrations of
reduced units situated at 1325 cm ™" and also of the band of the
C-C ring-deformation vibrations with dication situated at 922
ecm~ ' than in case of globular polypyrrole. This may be con-
nected with interaction between polypyrrole and MO. After
reprotonation of the nanotubular polypyrrole with 1 M hydro-
chloric acid, we recognize the bands with intensities corre-
sponding to the protonated polypyrrole salt (spectrum R). The
bands of neat MO are not observed in the Raman spectra
measured with near-infrared diode 785 nm excitation laser.

The dependence of conductivity on pH

The above discussion of deprotonation of polypyrrole with 1 M
ammonium hydroxide (1.7 wt% NH3;) corresponded to the value
of pH 11.6. The effect of the polypyrrole treatment with solu-
tions of ammonium and sodium hydroxides of various
concentrations in the pH range 10-14 on the conductivity has
also been investigated (Fig. 8).

The conductivity of nanotubes treated with ammonia solu-
tion stays above 0.1 S ecm ™, even at 25% ammonia concentra-
tion and only a moderate decrease is observed as the ammonia
concentration increased. The same trend was found for glob-
ular polypyrrole, only the conductivity was lower by about two
orders of magnitude compared with nanotubes.

In the solutions of sodium hydroxide the conductivity of
nanotubes was reduced as methyl orange was liberated and
hydrolytic changes in the molecular structure of polypyrrole
took place, as confirmed by spectroscopic method below. At pH
> 13, the conductivity of both types of polypyrrole is compa-
rable. Some conductivity was maintained even after the expo-
sure of polypyrrole nanotubes to 5 M and 10 M sodium
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r 0.1%
- O 1% 5%
E o % 0%
E 0o
T O Nanotubes
1
g 10 E 0.03M
(%) F °
= F m 00
= 3
k3] E Globular
S E ]
k] F LB | o
c 3
o 10°F [ | 0.1M
O E ®
E e ™
10-5 | " 1 n 1 " 1 n 1
10 1 12 13 14

pH

Fig. 8 Dependence of conductivity of polypyrrole nanotubes (open
symbols) and globular polypyrrole (full symbols) on pH of deproto-
nation medium constituted by aqueous solution of ammonium
hydroxide (wt%, squares) or sodium hydroxide (mol L2, circles).
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hydroxide, viz. 5.1 x 10 ®and 1.2 x 10 °Scm ™%, i.e. at the level
which is far from being negligible. Polypyrrole is thus suited
even for the application operating at neutral or alkaline condi-
tions where other conducting polymers, such as polyaniline,
fail. It should be mentioned that the reprotonation of alkali-
treated polypyrroles with acids does not recover the original
conductivity, and the increase in conductivity is marginal, if
any.

The dependence of infrared spectra on pH

When globular polypyrrole treated with alkali solutions in the
pH range 10-14 is considered, the differences in the infrared
spectra are relatively small (Fig. 9a). They correspond to the
consecutive deprotonation of polypyrrole as pH increases. The
maximum of the band of C-N stretching vibration in the pyrrole
rings situated at 1478 cm ' increased during deprotonation,
the other maximum of this complex band at 1455 cm™* is now
well detected and a new shoulder at 852 cm ™' appeared in the
spectra.
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Fig. 9 Infrared spectra of (a) globular and (b) nanotubular polypyrrole

before and after exposure to the media of various pH.
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Under strongly alkaline medium represented by 1-10 M
sodium hydroxide with pH close to 14, the spectrum of
polypyrrole dramatically changed, as the chemical changes in
polypyrrole chain took place. A broad band with maxima at 3422
and 2977/2925 cm ! and a new peak at 2472 cm ™ * are observed
in the spectrum. A broad band with maximum at 1582 cm™*
with a shoulder at 1633 cm™ ' and a strong peak at 1455 cm™
dominate in the spectrum. A sharp maximum located at
852 cm ' is well observed. As it was shown in electrochemical
experiments provided in alkaline medium, the potential needed
for overoxidation of polypyrrole is significantly reduced**
and the formation of hydroxyl and carbonyl groups by nucleo-
philic attack takes place,* followed by alkaline hydrolysis to
carboxylic salts and amines.*>****> All these products are also
reflected in the present spectrum of polypyrrole exposed to
strongly alkaline medium. The bands of original polypyrrole
practically disappeared in the spectrum. Similar changes have
previously been observed for electrochemical overoxidation of
polypyrrole.*>*

Infrared spectra of the nanotubular polypyrrole (spectrum
NT in Fig. 9b) are well resolved as the samples are better
dispersible in potassium pellets compared with globular form.
The peaks of MO marked with asterisk increased during
consecutive deprotonation with increasing pH. The main bands
of polypyrrole are detected in all spectra till pH 13 as it was
observed in the spectra of globular polypyrrole. The situation,
however, is different when pH reaches the value close to 14.
Contrary to the globular polypyrrole, in the case of nanotubular
polypyrrole we observe well all the bands of polypyrrole (spec-
trum for pH 14 in Fig. 9b) on the background corresponding to
the fully oxidized globular polypyrrole (spectrum for pH 14 in
Fig. 9a). Some sharp peaks of MO in its salt form are well visible
in the spectrum of polypyrrole (spectrum MO). This means that
the chemical stability of polypyrrole nanotubes under strongly
alkaline conditions is better compared with globular form. This
may be due to the fact that MO remains, at least in part,
incorporated in polypyrrole as proposed in Fig. 6.

1

The dependence of Raman spectra on pH

Raman spectra of globular polypyrrole excited with a 785 nm
laser excitation line correspond to the above described spec-
trum of globular polypyrrole obtained after deprotonation with
1 M ammonium hydroxide (Fig. 7a) at pH 10-13 (Fig. 10a).
Changes in the spectra follow the consecutive deprotonation of
polypyrrole with increasing pH. The increase in the number of
the C=N bonds in the neutral units is reflected in the new
peaks appearing at 1548 cm ' and 1410 cm ', In strongly
alkaline medium with pH approaching 14, the spectrum
dramatically changed as in the case of FTIR spectra. We
observed a broad fluorescence band corresponding to the
excitation of the overoxidized units of polypyrrole.

Raman spectra of alkali-treated polypyrrole nanotubes
(spectrum NT, Fig. 10b) in the medium with pH 10-13 corre-
spond to the spectrum of nanotubular polypyrrole obtained
after deprotonation with 1 M ammonium hydroxide (Fig. 7).
When pH reached the value 14, the bands at about 1495, 1405,
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View Article Online

RSC Advances
T T T T T T
(a) Globularg polypynrrole Raman
@ 59 3 § exc. 785 nm

92
1
3.

14
14%\

\

622

e

(154
y
§

T

1

Intensity
3

T

=) =y

n

LLQ
5 %

4

11

12

$

13 ]

NV i riond
}/_// v
M T T - T
2000 1500 1000 500
-1
Wavenumber, cm
M T v T M T
(b) Polypyrrole nanotubes
©
2 4 B8B83 wow §
PH = $ ol 82 3e
NT  / \«"‘?-’ \-V-\\/‘\M’ b
3 o 21 52
10 / \"*/*-..«\/_\\..44 e
N
11 A P
.-%‘ AT N ~—
@ 12 "'J\r e
2 MaANU
13 \ /
» \/ k U S S
14
\"\""\.f'
T T T T
2000 1500 1000 500

-1
Wavenumber, cm

Fig. 10 Raman spectra of original (a) globular (G) and (b) nanotubular
polypyrrole (NT) and after exposure to the medium of various pH.

1325, 1048, 983, 922 and 874 cm™ ' increased. Contrary to the
spectrum of globular polypyrrole, where no bands of poly-
pyrrole have been detected, the spectrum of nanotubular
polypyrrole preserved its features even after treatment with
strongly alkaline medium. A fluorescence background corre-
sponding to the presence of MO is present in the spectrum of

polypyrrole.

Conclusions

The conductivity of globular polypyrrole salt was reduced from
the units of S em ' to 107> S ecm ™! after treatment with 1 M
ammonia solution at pH 11.6. The conductivity of polypyrrole
nanotubes, 50 S cm ™', was higher compared with globular form
and after exposure to ammonia solution the conductivity
dropped to the units of S em™". This means that polypyrrole, in
particular in its nanotubular form, retains most of its conduc-
tivity under moderate alkaline conditions, up to pH 13. This
may be of importance for applications operating under physi-
ological or in alkaline region. FTIR and Raman spectra prove
that the molecular structure of globular polypyrrole is irrevers-
ibly damaged at pH 14. The conductivity of both polypyrroles is
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further reduced under strongly alkaline conditions after treat-
ment with 5 or 10 M sodium hydroxide solutions. The repro-
tonation of polypyrrole, i.e. the treatment by solutions of strong
acids after exposure to alkalis, does not recover the original level
of conductivity and the conductivity increase is only partial.

The model molecular structure expecting the protonation of
each third polypyrrole constitutional unit, ie. CI/N = 0.33
atomic ratio for polypyrrole hydrochloride, reasonably well
reflects the experimental reality. The polypyrrole was deproto-
nated only in part to polypyrrole base in ammonia solution.
Methyl orange, which was used as a template in the preparation
of nanotubes, stayed incorporated in polypyrrole and may take
a role of counter-ions resistant to the deprotonation, similarly
like surfactants reported in the literature. The “insertion” of
acid form of methyl orange into polypyrrole hydrochloride is
proposed to account for better conductivity and stability
towards the deprotonation.
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Abstract: Polypyrrole (PPy) in globular form and as nanotubes were prepared by the oxidation of
pyrrole with iron(III) chloride in the absence and presence of methyl orange, respectively. They were
subsequently converted to nitrogen-containing carbons at 650 °C in an inert atmosphere. The course
of carbonization was followed by thermogravimetric analysis and the accompanying changes in
molecular structure by Fourier Transform Infrared and Raman spectroscopies. Both the original
and carbonized materials have been tested in sensing of polar and non-polar organic vapors.
The resistivity of sensing element using globular PPy was too high and only nanotubular PPy
could be used. The sensitivity of the PPy nanotubes to ethanol vapors was nearly on the same
level as that of their carbonized analogs (i.e., ~18% and 24%, respectively). Surprisingly, there was
a high sensitivity of PPy nanotubes to the n-heptane vapors (~110%), while that of their carbonized
analog remained at ~20%. The recovery process was significantly faster for carbonized PPy nanotubes
(in order of seconds) compared with 10 s of seconds for original nanotubes, respectively, due to higher
specific surface area after carbonization.

Keywords: polypyrrole nanotube; carbon nanotube; carbonization; functionalized nanotube;
heptane detection

1. Introduction

Since carbon nanotubes (CNTs) appeared to be very attractive for volatile organic compounds
detection, many research groups focused on the development of the various sensors [1-7]. It was
observed that especially defects and/or impurities, such as heteroatoms, present in nanotubes are
responsible for their detection ability, since they modify generally low chemical interaction of CNTs
with gas or vapor analytes [2,8]. The neat CNTs are able to detect only molecules with electron-donating
(e.g., NH3) or electron-accepting (e.g., NO,) properties, but, in general, for the detection of such weakly
absorbed molecules on the surface their change of the resistance (i.e., sensitivity) is small [9]. On the
contrary, the functionalized nanotubes exhibit higher molecular reactivity, therefore the development of
new carbonaceous materials with controlled morphology is a promising research direction in sensing
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applications [10-14]. Polypyrrole (PPy) is also known to be a promising material for gas sensors
detecting vapors of organic solvents [15]. Another interesting aspect is represented by the possibility
to study properties of PPy-based sensors by impedance spectroscopy [16].

Conducting polymers, such as PPy [17-19], have been shown to produce nitrogen-containing
carbons when exposed to temperature above 600 °C in an inert atmosphere. It is important to
stress that the morphology is retained during this process but the specific surface area is likely
to increase. An extensive review concerning the carbonization of these two polymers has recently been
published [20].

Polypyrrole is usually prepared by the oxidation of pyrrole with iron(Ill) salts [21,22] or
ammonium peroxydisulfate [23]. Polypyrrole typically has a globular morphology [21]. When prepared
in the presence of so-called structure-guiding agents, such as methyl orange, PPy is obtained
as nanotubes [19,24-29]. It is of interest if the difference in nano-scale morphology, globular or
nanotubular, would be reflected in sensing applications.

In present study, globular and nanotubular PPy has been prepared and subsequently converted
to nitrogen-containing CNTs by exposure to elevated temperature in an inert atmosphere. The vapor
response of both the original and carbonized PPy was investigated for two organic solvents,
polar ethanol and non-polar n-heptane, by using evaluation of resistance changes.

2. Materials and Methods

2.1. Preparation

Globular PPy was prepared by chemical polymerization of pyrrole monomer with iron(III)
chloride hexahydrate at equimolar ratio in water. Molar concentrations of both reactants were 422 mM,
total volume of reaction mixture was 379 mL. The stirred reaction mixture was kept at 5 °C for 24 h.
The precipitated PPy was separated by filtration, rinsed with water and acetone, and dried at 40 °C
in vacuo.

Polypyrrole nanotubes were synthesized in similar manner in the presence of structure-guiding
additive, methyl orange, and sodium 4-[4-(dimethylamino)phenylazo]-benzenesulfonate. 200 mL of
2.5 mM solution of methyl orange in distilled water and 700 pL of pyrrole were mixed. Then solution
of 10 mmol iron(III) chloride hexahydrate dissolved in 23 mL distilled water was added drop-wise
during two hours. Both solutions were cooled to 5 °C before mixing and kept at this temperature
afterwards. Molar concentrations of reactants thus were 45 mM pyrrole, 45 mM iron(Ill) chloride
hexahydrate, and 2.2 mM methyl orange. After 24 h, precipitated PPy nanotubes were isolated by
filtration, and purified by Soxhlet extraction using acetone until the extract was colorless. Polypyrrole
nanotubes were dried as above. Both samples were converted to PPy bases [30] by overnight immersion
in excess of 1 M ammonium hydroxide, rinsed with acetone, and dried.

2.2. Carbonization of Polypyrrole

Thermogravimetric analysis was used at first as an analytical tool of PPy carbonization.
This was performed in 50 cm®-min~! nitrogen flow at a heating rate of 10 °C-min~! with a TGA 7
Thermogravimetric Analyzer (Perkin Elmer, Waltham, MA, USA). A comparative experiment in air
has also been done.

In a preparative carbonization, 5 g of PPy nanotubes or globular PPy bases were heated in an inert
nitrogen atmosphere to 650 °C in an electric oven. The selection of this particular temperature was
made according previous experiments on polyaniline and PPy. In case of polyaniline it follows from
the evolution of the infrared and Raman spectra that after carbonization at 650 °C, the G and D bands
characteristic of a carbon material are well developed and the residue of the sample is close to 60 wt %.
It has been proven also for nanotubular PPy derived carbon nanotubes [20]. When the carbonization
temperature was lower, the carbonization was not complete. At higher temperatures, the yield of
carbonized product is substantially reduced.
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The heating was switched on, and the temperature increased at 10 °C-min~! rate. After the target
temperature was reached, the heating was switched off, and the residue was left to cool down in the
flowing nitrogen stream.

2.3. Characterization

1 1

Infrared spectra in the range of 4004000 cm ™" were recorded at 64 scans per spectrum at 2 cm™
resolution using a fully computerized NEXUS 870 FTIR Spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) with DTGS TEC detector (Thermo Fisher Scientific). Samples were dispersed in
potassium bromide and compressed into pellets. Raman spectra excited with a diode 785 nm laser
were collected on a Renishaw inVia Reflex Raman spectroscope. A research-grade Leica DM LM
microscope (Leica Microsystems, Wetzlar, Germany) with an objective magnification 50 x was used to
focus the laser beam. The scattered light was analyzed by the spectrograph with a holographic grating
1200 lines mm~!. A Peltier-effect cooled CCD detector (576 x 384 pixels) registered the dispersed
light. To avoid degradation of the samples by the laser beam, a reduced beam power was always
used. Transmission electron microscope (TEM) JEOL JEM 2000 FX (JEOL, Tokyo, Japan) and scanning
electron microscope (SEM) JEOL 6400 (JEOL, Tokyo, Japan) were used to assess the morphology.
Specific surface area was determined by nitrogen adsorption using a Gemini VII 2390 Analyzer
(Micrometrics Instruments Inc., Norcross, GA, USA).

Room temperature conductivity of PPy nanotubes was determined on pellets compressed at
700 MPa by a four-point method in the van der Pauw arrangement using a Keithley 220 Programmable
Current Source, a Keithley 2010 Multimeter (Keithley Instruments, Solon, OH, USA) as a voltmeter
and a Keithley 705 Scanner (Keithley Instruments) equipped with a Keithley 7052 Matrix Card
(Keithley Instruments). The conductivity of globular PPy and carbonized PPy was estimated on
powders placed between two conducting pistons by two-probe method with applied pressure of
ca. 23 kPa and using a Keithley 6517 electrometer (Keithley Instruments).

2.4. Vapor Response

Polypyrrole nanotubes, both original and carbonized form, were dispersed in 50 mL of deionized
water containing 0.1 M of sodium dodecyl sulfate (SDS) surfactant (Sigma Aldrich, St. Louis, MO,
USA) and 0.14 M of 1-pentanol (Sigma Aldrich), respectively. The concentration of nanotubes in the
suspension was 0.3 wt %. The suspension was homogenized in an ultrasonic apparatus (UZ Sonopuls
HD 2070, Bandelin, Germany) for 5 min at ca. 50 °C. Polypyrrole nanotube networks were prepared
by vacuum filtration of suspension thought nonwoven polyurethane membrane, composed of
polyurethane straight fibers with average diameter 0.14 & 0.09 pm. The fibers’ surface was smooth
and the main pore size was around 0.2 pm. Thus, prepared network on polyurethane support was
rinsed several times with deionized water and methanol. After drying, this composite structure was
tested as a layer sensitive to volatile organic compounds when exposed to the vapors of n-heptane
and ethanol (having nearly the same vapor pressure at room temperature but with different polarity).
For sensitivity testing, laboratory air was used as the reference gas. Aqueous suspensions of globular
PPy in 0.4 wt % concentration were similarly prepared and processed.

The stripes 5 x 20 mm? made of active components deposited on polyurethane supports were
placed on a planar holder with copper electrodes fixed on both sides of the stripe by a screw
mechanism. Time-dependent electrical resistance was measured along the specimen length by the
two-point technique using a multimeter Keithley 6517B (Keithley Instruments) during adsorption
(analyte-on phase) and desorption (analyte-off phase). The holder with the specimen was transferred
into an air-tight conical flask containing saturated vapors of the respective solvent at atmospheric
pressure and 25 °C. Under these conditions, the saturated vapor of ethanol has a concentration of
7.7 vol % and the corresponding value for n-heptane is 6.0 vol %. After 6 min of measurement the
holder was removed from the flask and, for the next 6 min, the sample resistance was measured in
laboratory air in the desorption mode until steady state. The sensitivity of sensors, a relative change in
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resistivity is defined as S [%] = (Rg — Ra)/Ra x 100, where R, is the resistance in air under laboratory
conditions and Ry is the resistance of the specimen exposed to organic vapor.

3. Results and Discussion

The classical preparation of PPy yields a product with globular morphology [21] (Figure 1a left).
Its carbonization proved that the morphology is retained when this process is carried out in an inert
atmosphere (Figure 1a right). The introduction of methyl orange to the reaction mixture results in
a dramatic change in polymer morphology, and PPy nanotubes are obtained instead (Figure 1b left).
The cavity inside the nanotubes is demonstrated by using transmission electron microscopy (Figure 2).

Figure 1. Scanning electron micrographs of (a) original globular polypyrrole and (b) polypyrrole
nanotubes. They are depicted before- (left column) and after- carbonization at 650 °C (right column).

Figure 2. Illustration of nanotubular morphology by transmission electron microscopy.
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The nanotubular structure is damaged but not destroyed after carbonization (Figure 1b right).

The shrinkage is the consequence of the loss of mass during the exposure to elevated temperature
(Figure 3).
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Figure 3. Thermogravimetric analysis of (a) globular polypyrrole and (b) polypyrrole nanotubes in air
and in nitrogen.

The conductivity of PPy obtained by oxidative polymerization of pyrrole with iron(IIl) chloride
is usually around units S-cm ™! [31,32]. In the presented case, the conductivity of globular PPy was
of the order of 1072 S.cm™~! (Table 1). By changing the morphology from globules to nanotubes,
the conductivity increased to 60 S-cm™~!. After the deprotonation with ammonium hydroxide the
conductivity decreases by several orders of magnitude due to conversion of conducting PPy to
less conducting PPy base. Polypyrrole bases have originally been intended for the application in
electrorheology [33-35] but, for that purpose, the conductivity of the nanotubular form was too high.

For that reason, the samples have been tested in the present study for sensing properties, where the
level of conductivity is suitable.

Table 1. Conductivity and specific surface area of globular and nanotubular PPy salts, bases, and their
carbonized analogs.

Conductivity (S-cm™1) Specific Surface Area (m?.g~1)
Sample
Salt Base Carbonized Base Salt Base Carbonized Base
PPy nanotubes 602 6.7 x 10722 6.7 x 107° 75 63 211
Globular PPy 0.011 3.4 x107° 14 x 1077 26 25 150

2 Measured on pellets compressed at 530 MPa pressure. Pellets could not be prepared from other samples.
Their conductivity was estimated in a powdered state. Such conductivities are usually one to two orders of
magnitude lower compared with those of the pellets.
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3.1. Analytical Carbonization

To get a deeper insight into the process of carbonization, thermogravimetric analysis was
performed both in air and nitrogen atmosphere. The analysis in air illustrates the complete destruction
of PPy between 550 °C and 600 °C (Figure 3a). There is no significant difference in the thermal stability
between globular and nanotubular forms of PPy. A residue of ~5 wt % is most likely represented by
iron oxides produced from the oxidant, iron(Ill) chloride.

In inert nitrogen atmosphere, however, the residue is in both cases above 50 wt % at 650 °C.
Also here, there is no substantial difference in the stability of globular and nanotubular PPy
(Figure 3b). This is logical, because the thermal stability is established by molecular, rather than
supramolecular, structure.

3.2. FTIR Spectroscopy

3.2.1. Polypyrrole Bases

Infrared spectra of granular and nanotubular PPy bases (Figure 4) are close to each other and
correspond well to the spectra of PPy bases described in the literature [23]. We observe a broad
absorption band at wavenumbers above 2000 cm~!, and the band at about 1700 cm~! which
corresponds to the presence of a carbonyl group formed by the nucleophilic attack of pyrrole by
water during the preparation [21,23]. The band at 1572 cm ™! is assigned to C-C stretching vibrations in
the pyrrole ring, the band at 1475 cm ! to C-N stretching vibration in the ring. A broad band attributed
to C-H or C-N in-plane deformation modes with a maximum at 1300 cm~! is well detected in the
spectra. In the region of the C-H and N-H in-plane deformation vibrations from 1250 to 1000 cm~ 1,
we observe a maximum at 1170 cm ™! in the spectra of PPy base. The bands corresponding to the
C-H and N-H in-plane deformation vibrations are situated at 1030 cm~! and to C-C out-of-plane
ring-deformation vibrations at 965 cm . The C-H out-of-plane deformation vibrations of the pyrrole
ring (at about 907 cm ') and of the C-H out-of-plane ring deformations (at about 776 cm~!) are present
in the spectra of the PPy base.

g T g T g T
el FTIR in KBr
\\/
\/ GBC
1572 1280
3 NT BC i ?
C
©
=
o
0]
el
* J%} 5
— NTB
1 1 L 1
4000 3000 2000

-1
Wavenumbers, cm

Figure 4. FTIR spectra of original globular (G) and nanotubular (NT) polypyrrole bases before (B) and
after (BC) carbonization.

3.2.2. Carbonized Materials

In the FTIR spectra of carbonized PPy bases, we observe a local maximum at 1572 cm™!,

and a broad band with a maximum at about 1280 cm . The first band emerged from the C—C stretching
vibrations in the pyrrole ring, the second from the C-N in-plane deformation modes. The shape of the
spectra is close to that of the spectra of a carbon-like material with the Raman-active D and G bands,
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which are usually inactive in FTIR spectra. In disordered samples, however, they become IR-active
because of symmetry-breaking of the carbon network, but they are rather weak and the spectra are flat
and almost featureless.

3.3. Raman Spectroscopy

3.3.1. Polypyrrole Bases

Raman spectroscopy is well suited to characterize the progress of carbonization (Figure 5).
Raman spectra of powdered samples have been recorded with excitation wavelength 785 nm.
The spectra of globular and nanotubular PPy bases differ in elevated intensity and narrower shape
of the band located at 930 cm~! (C-H out-of-plane deformation vibrations of dication-bearing
unit [36]), the presence of band at 1555 em~!, and a shoulder around 1415 cm~! in the case of
nanotubular PPy. The PPy base bands are located at 1615 cm~! (C=C stretching in the pyrrole
ring), 1495 cm~! (C=N stretching vibrations in the pyrrole ring), 1390 cm ! (C-H and N-H bending,
1330 cm ™! (C—C stretching of neutral units), 1245 cm ! (antisymmetric C-H bending), 1045 cm !
(in-plane ring-deformation vibrations) with a shoulder at 1090 cm~! (C-H, N-H and out-of-plane
ring-deformation vibrations), 980 cm~! (C-C deformation vibrations in neutral rings), 687 cm~!
and 617 cm ™! (ring-deformation vibrations).

4

Intensity

2000 1500 1000 500
E
Wavenumber, cm

Figure 5. Raman spectra of original globular (G) polypyrrole bases and polypyrrole nanotubes (NT)
before (B) and after carbonization (BC).

3.3.2. Carbonized Materials

In the Raman spectra of carbonized PPy the band at 1590 cm~! (emerged from the C=C stretching
vibrations of the pyrrole ring) and the broad band centered at 1330 cm~! (emerged from the C-C
stretching vibrations of the pyrrole ring) can be observed. These bands can be considered as G-band
(“graphitic” band, C=C stretching vibrations of any pair of sp? sites) and D-band (“disorder” band,
breathing of aromatic rings activated by any defect including a heteroatom), bands defined for graphitic
material [37] and proved to be usable for nitrogen-doped graphitic material. The spectrum corresponds
to a disordered nitrogen-containing graphitic material.

3.4. Vapor Response

In the case of globular PPy samples, the resistivity of the prepared materials was too high, thus the
vapor response properties of corresponding sensors were not measurable. The response properties of
both PPy nanotubes as well as their carbonized forms were obtained (Figures 6 and 7). When detecting
ethanol vapors (Figure 6), the sensitivity (i.e., a relative increase in resistance) of both nanotubular
samples differs only slightly (i.e., 18% for non-carbonized PPy and 24% for a carbonized analog).
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When detecting n-heptane (Figure 7), the significantly better sensitivity of 110% was determined for
the original PPy nanotubular base, while the carbonized ones exhibit only a 20% response. The high
sensitivity to n-heptane is remarkable because typical values reported in the literature for detection
of alkanes are of the order of units of a percent [38]. We can speculate that the high sensitivity of
as-synthesized of PPy to n-heptane is connected with the reduction of humidity level in the sample and
consequent increase in its resistivity. Another interpretation of this phenomenon can be made according
to basic theory of sensing mechanisms on conducting polymers [39-42]: Doping and undoping play
key roles in the sensing mechanism of conducting polymer based sensors. Their doping level can be
altered by transferring electrons from or to the sensitive layer. All 7- or o-electron donating gases can
be detected. Our analyte (n-heptane) probably acts as an o-electron donor.
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Figure 6. The response profile during two adsorption/desorption cycles in the presence of ethanol
(7.7 vol %) for (A) polypyrrole nanotubes and (M) carbonized polypyrrole nanotubes.
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Figure 7. The response profile during two adsorption/desorption cycles in the presence of n-heptane

(6.0 vol %) for (A) polypyrrole nanotubes and (M) carbonized polypyrrole nanotubes.
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There is still one important trend observable (Figures 6 and 7), a significantly faster response
of carbonized nanotubes on the change of the vapor environment especially in recovery process for
both investigated solvents. This is probably due to structural changes during carbonization which are
connected with increasing material porosity.

To determine the detection limit for ethanol and n-heptane, we can take into account
a conventional definition that the minimum detectable signal (i.e., detection limit) of a sensor
should be calculated as a value of input quantity which causes change of output quantity three
times higher than it is the effective noise of output quantity. When evaluating the meta-data for
Figures 6 and 7, we observed that the level of noise of sensor output is lower for carbonized polypyrrole
nanotubes than for as-prepared polypyrrole nanotubes (this is a positive aspect of the former sensors).
With respect to meta-data and the above-mentioned definition the detection limits were calculated as
follows: 3000 ppm of ethanol on carbonized PPy nanotubes; 5000 ppm of ethanol on PPy nanotubes;
and 10,000 ppm of n-heptane on carbonized PPy nanotubes; 5000 ppm of n-heptane on PPy nanotubes.

A comparison of our sensitivity results with those found in the literature is included in Table 2. It is
limited to detection of two relevant classes of compounds—alkanes and alcohols—on PPy nanotubes
or their carbonized analogs. We have converted various expressions of sensitivity reported in original
references to a quantity defined as the relative change in the resistivity, S = (AR/Rg) x 100 [%].

Table 2. Overview of sensitivity of sensors based on PPy nanotubes, nitrogen-containing carbons, and
MWCNT. The detected analytes are alkanes and alcohol vapors.

Sensor Design Detection Conditions
Sensitive Material Analyte Concentration S (%) ;I;eg)l/lzoﬁHI:;B References
Sensors of this work
PPy nanotubes ethanol 18
deprotonated n-heptane saturated vapors 110 25/0 This work
PPy nanotubes carbonized ethanol wBC 2
y n-heptane 20
Polypyrrole based sensors @
PPy/sulfate propane/butane 1040 ppm 55 27/35 [39]
- hexane 0.8
PPy/Cl methanol 5 100/0 [38]
iso-butanol 15.5
_ ethanol 10.4
PPy/ClO, iso-propanol 15.8
n-pentanol 11.2
iso-butanol 0.5
ethanol 3.2
PPy/PF¢~ .
yirre iso-propanol saturated vapors 0.6 25/0 [15]
n-pentanol at25°C 11
iso-butanol 3.0
- ethanol 7.5
PPy/CF3505 iso-propanol 44
n-pentanol 1.3
iso-butanol 6.1
ethanol 5.8
PPy/camphorsulfonate iso-propanol 5.7

n-pentanol 5.1
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Table 2. Cont.

Sensor Design Detection Conditions
o . . o Temp./Hum.
Sensitive Material Analyte Concentration S (%) ©C)/(% RH) References
PPy/p-toluenesulfonate methanol 18
ethanol 10
- - - [40]
. methanol 11
PPy /3-nitrobenzenesulfonate ethanol 6
methanol 2.9
Nanostructured ethanol 0.58
PPy/ClO4~ n-propanol o 0.22
iso-propanol 11% wt. of VOC 0.18 120/0 [41]
in n-hexane -
Nanostructured mf;han(fl 01 ;55
PPy /p-toluenesulfonate ethano )
n-propanol -
iso-propanol -
a methanol - 7 -/0
PPy/PCP ethanol 7
methanol 3.5
PPy/PEO ethanol 5.5
42]
methanol 65 [
PPy/PMMA ethanol 20
methanol 14
PPy/PVAL ethanol 14
methanol 27.5
PPy/PVAc ethanol 37.5
CNT based sensors
iso-pentane 20.3
MWCNT methanol saturated vapors ~ 13.6
at25°C Y 25/60 (3]
iso-pentane 12.6
MWCNT/PMMA methanol 14.7
methanol 429
MWCNT/PMMA hexane saturated vapors - /0 [4]
Surface modified methanol at25°C 4500
MWCNT/PMMA hexane -
iso-pentane 20.6
MWCNT methanol saturated vapors 129
at25°C T 10 25/60 [5]
L iso-pentane 12.0
Oxidized MWCNT methanol 46.6

2 Definition of abbreviations: PCP—polycaprolactone, PEO—poly(ethylene oxide), PMMA—poly(methyl
methacrylate), PVAL—poly(vinyl alcohol), PVAc—poly(vinyl acetate), MWCNT—multi-wall carbon nanotubes,
CVD—chemical vapor deposition, VOC—volatile organic compounds.

For alkanes detected on PPy (Table 2), there is reported detection of 1040 ppm of propane/butane
with sensitivity 55% [39], and an unknown concentration of hexane with sensitivity 0.8% [38]. In the
present case, it was 60,000 ppm of n-heptane with sensitivity 110%. As for alkanes detected on carbon
nanotubes, only response to the saturated vapor is reported (i.e., 905,000 ppm at 25 °C) of iso-pentane
which yielded sensitivity of 20.3%, 12.6%, 20.6%, and 12% at various conditions [3]. The present result
is 60,000 ppm of n-heptane with sensitivity of 20%.

As for alcohol vapors detected on PPy, there are mainly responses reported to vapors saturated at
25 °C (their concentration is in the order of 10,000-100,000 ppm) in dependence on the number of carbon
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atoms in the alcohol molecule. The sensitivity varies from 0.22% to 37.5% [15,38,40—-42]. The present
result is 18% for 77,000 ppm of ethanol. As for alcohol vapors detected on carbon nanotubes—for
saturated methanol vapor there was reported sensitivity from 12.9% to 46.6% [3,5]—one paper presents
significantly higher sensitivity, i.e., 429% and 4500% for saturated methanol vapor [4], while the result
of this study is 24% for 77,000 ppm of ethanol.

To conclude, the preliminary results related to detection of n-heptane are significantly better than
the average of those reported elsewhere. When comparing the response to alcohol vapors, there is
a wide range of sensitivities; and they should be assessed case-by-case. The values obtained in this
study are approximately in the middle of interval of reported sensitivities [3,5]. The detection of both
alkanes and alcohol vapors will be the subject of our further systematic research.

4. Conclusions

During the oxidation of pyrrole with iron(III) chloride, globular morphology of PPy is transformed
to nanotubes by addition of methyl orange. PPy bases obtained after deprotonation convert to
nitrogen-containing carbon by heating to 650 °C in inert atmosphere. The original morphology is
preserved after carbonization. Conductivity of PPy was reduced after the conversion to bases as well as
after subsequent carbonization. The conductivity of globular form becomes too low for the application
in sensors. The nanotubular PPy base, however, was demonstrated to respond to ethanol or n-heptane
vapors by the change in resistivity. The sensitivity of the original nanotubular base to n-heptane
reached 110%, which is a unique result, and even the carbonized analog maintained a 20% sensitivity.
The recovery was faster in the carbonized PPy. Organic vapor may reduce the humidity in the samples
and thus cause a consequent increase in the resistivity.
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ARTICLE INFO ABSTRACT

Keywords: The synthesis of polypyrrole nanotubes using methyl orange as a structure guiding agent is a popular method for
Polypyrrole obtaining electrically conductive material of nanostructured morphology. This work presents certain route of
Electrical conductivity chemical synthesis, where the experimental conditions were optimized in order to obtain a material with high
Nanotube

conductivity (up to 91.6 S cm ') and specific surface area (up to 67.6 m? g~ ') via modification of two para-
meters: a) the methyl orange concentration (from 0.5 mM to 25 mM) and b) the polymerization temperature
(from —5 °C to 35 °C). The synthesized material was then characterized by scanning electron microscopy, energy
X-ray dispersive spectroscopy, nitrogen physisorption, Fourier-transform infrared and Raman spectroscopies and
measurement of electrical conductivity. It was found, that the concentration of methyl orange in polymerization
solution strongly influences both the diameter (ranging from 60 to 900 nm) and the shape (circular or rectan-
gular cross-section) of synthesized polypyrrole nanotubes. Moreover, while at low concentrations of methyl
orange in the native liquor the resulting nanotubes are accompanied by globular form of polypyrrole, at higher
concentrations the composite of polypyrrole nanotubes with acidic form of methyl orange is produced. The
detailed mechanism of methyl orange role during the polymerization process was explained in terms of beha-
viour of planar aromatic sulfonic acids. As for the polymerization temperature, it has stronger influence on the
morphology than on the chemical composition of resulting polypyrrole nanotubes. Finally, we report a universal
relation — a power law describing dependency of electrical conductivity on nanotube diameter for this class of
materials.

Methyl orange
Specific surface area
Elemental composition

way, but analogous, electrochemical synthesis by anodic oxidation of
pyrrole monomer was also reported [18]. In a typical chemical synth-

1. Introduction

Polypyrrole nanotubes (PPy-NTs), prepared using methyl orange
(MO) as a structure guiding agent, have recently attracted considerable
attention by properties superior to their granular counterpart (PPy-G)
[1]. This particular synthesis excels due to its simplicity, effectivity and
possibility to tune the outer diameter of nanotubes in nano- or micro-
metric scale. Since the first experiments made by Yang et al. [2] in
2005, these PPy-NTs were successfully tested in a variety of applica-
tions: as a material for sensors, [3,4] supercapacitors and batteries
[5-9], aerogels [10], synthetic absorbents [11], antioxidants [12,13],
reducing agents [14], catalysts [15], photocatalysts [16], or conducting
fabrics [17].

The synthesis of PPy-NTs using MO usually proceeds by chemical

* Corresponding author.

esis, an oxidant is mixed with MO water solution resulting in formation
of fibrous flocculant. Subsequently, the pyrrole monomer is added
dropwise. Iron(III) chloride (FeCls) is a first choice oxidant for this kind
of polymerization, but ammonium persulphate (NH4),S»0g) [19], iron
(III) nitrate (Fe(NO3)3) [3,20], silver nitrate (AgNO3) [20], or iron(III)
sulphate (Fe5(SO4)3) [21] can be also used.

According to generally accepted theory, the fibrous flocculant is
created by the complex of MO-iron(Ill) chloride and serves as a self-
degraded reactive template during the polymer synthesis [2,22].
Nevertheless, the detailed survey of the polymerization process [23]
has shown that the reverse synthesis procedure, where MO is mixed
with pyrrole followed by slow addition of oxidant also leads to PPy-
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NTs, although the flocculant intermediate is not created during the
reaction. Therefore, the seeding mechanism of PPy-NTs formation,
which emphasizes the role of MO aggregates (dimers or oligomers)
formed in an aqueous solution [24], has been also proposed [23]. The
hypothesis of the seeding mechanism is supported by the fact that using
the pyrrole dimer, i.e. 2,2-bipyrrole (which serves as a homogeneous
polymerization site instead of MO dimers) leads also to the similar PPy
nanostructures, although no flocculant is created during the poly-
merization [25,26].

It is worth to note that MO as a structure-guiding agent also sti-
mulates formation of nanotubes of other conductive polymers — poly-
aniline and polythiophene [22,27].

The supramolecular nature of PPy-NTs provides new or more pro-
nounced material features among whose the most valuable are the in-
creased electrical conductivity and large specific surface area. The in-
creased electrical conductivity and large specific surface are desirable
in many applications like in supercapacitors [6], sensors [4] or in
cryogels substituting for instance polyaniline which has been mainly
employed so far [28]. From this perspective, it is essential to reveal the
influence of various synthesis conditions on both properties. In the
previous studies it was found that the template-to-monomer ratio [23]
and the type of oxidant [21] affects the final diameter and the con-
ductivity of nanotubes. In the present study we focus on the structure-
property relationship and optimization of synthesis and processing
conditions in order to increase the electrical conductivity and the spe-
cific surface area of PPy-NTs. For this purpose, we selected a wide range
of two experimental parameters: MO concentrations ranging from 0.5
to 25 mM and polymerization temperatures ranging from —5 to 35 °C.

2. Material and characterization
2.1. Synthesis

Pyrrole (Sigma-Aldrich), iron(IIl) chloride hexahydrate (Sigma-
Aldrich), methyl orange ie. (4-[4-(Dimethylamino)phenylazo]benze-
nesulfonic acid sodium salt; Fluka, Switzerland), ethanol (Penta, Czech
Republic), acetone (Penta, Czech Republic) were used as received. PPy-
NTs were prepared by the oxidation of the pyrrole monomer with iron
(ITI) chloride in the presence of MO as a structure-guiding agent, ac-
cording to the previously published procedure [23].

At the beginning, the solution of MO in deionized water was pre-
pared. The initial concentration of MO varied with each reaction so as
to creates ascending concentration series of 0.5; 1; 1.5; 2.5; 3.5; 5; 10;
25 mM. Totally five temperature series were created; the individual
reaction solutions were tempered to —5; 5; 15; 25; 35 °C, respectively.
In the next step, after tempering, the pyrrole monomer was added into
the MO solution and mixed using a stirrer. After 15 min, a concentrated
solution of the oxidizing agent, i.e. iron(Il) chloride hexahydrate, was
added dropwise into the solution. The monomer to oxidant molar ratio
was 1: 1 (see the note to the molar ratio selection in Supporting information)
and it was kept constant for all the syntheses. A black precipitate started
to be formed immediately after the addition of oxidant, but the whole
reaction mixture was kept tempered and under constant stirring for
24 h to ensure that all reactants have properly reacted (see an example of
the reaction in Supporting information). Black precipitate of PPy-NTs was
filtered after 24 h and purified by Soxhlet extraction using acetone. The
purified black powder was dried in vacuum at 40 °C for several days.

2.2. Characterization

The morphology and chemical composition of samples were studied
by scanning electron microscopy (SEM) using the Mira 3 LMH (Tescan)
microscope at 3 kV of accelerating voltage and energy-dispersive X-ray
spectroscopy (EDX) using Quantax 200 with XFlash 6|10 detector
(Bruker) with the resolution of 127 eV and 15 kV of accelerating vol-
tage, respectively.
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The surface area of the PPy-NTs powders was evaluated by nitrogen
physisorption using Quantachrome NOVA 2200e surface area analyser.
The powders (50-200 mg per sample, depending on its morphology)
were vacuum degassed at 140 °C at least 12 h and subsequently, ad-
sorption-desorption isotherms (77 K) were measured. The specific sur-
face area of the samples was calculated using Brunauer-Emmett-Teller
(BET) theory.

Fourier-transform infrared (FTIR) spectra of powdered samples
dispersed in potassium bromide and compressed into pellets were
measured using Thermo Nicolet NEXUS 870 FTIR Spectrometer with
DTGS TEC detector in 400-4000 cm ™' wavenumber region. Raman
spectra were recorded with Renishaw InVia Reflex Raman micro-
spectrometer using near infrared diode 785 nm laser excitation line. A
research-grade Leica DM LM microscope was used to focus the laser
beam. The scattered light was analysed with a spectrograph using ho-
lographic grating 1200 lines mm~'. The Peltier-cooled CCD detector
(576 x 384 pixels) registered the dispersed light.

Polypyrrole powders were compressed (at ca. 530 MPa) to the pel-
lets of 13 mm in diameter and 0.5-1 mm thick. Their electrical con-
ductivity was then measured by the four-point van der Pauw (VDP)
method. The experimental set-up consisted of Keithley 220 program-
mable current source, Keithley 2010 multimeter as a voltmeter, and
Keithley 705 scanner equipped with Keithley 7052 matrix card (see
Supporting information — the note to measuring current selection).

The tensiometer Lauda TD1 was used for measurement of surface
tension of MO solution at different concentration by Du Noily ring
method.

3. Results and discussion

Two synthesis conditions, i.e. a) concentration of MO and b) poly-
merization temperature, were varied in order to modify the PPy-NTs
structure, diameter, specific surface area, chemical composition and
electrical conductivity. Preliminary results from this area we reported
in the recent paper [23]. To carry out more comprehensive research, we
varied the concentration of MO in the native liquor from 0.5 to 25 mM
and the temperature of synthesis from —5 to + 35 °C. Hence a large set
of data was obtained and subsequently, some generalized consequences
among synthesis conditions <> the PPy structure and chemical composi-
tion <> electrical conductivity of the polymer could be formulated. More-
over, a universal relation between electrical conductivity and nanotube
diameter of PPy-NTs has been proposed.

3.1. The effect of methyl orange concentration on properties of PPy-NTs

Firstly, we studied the effect of MO concentration (0.5-25 mM) on
the above named properties of PPy. The partial results are summarized
in Fig. 1 and in Fig. 2.

3.1.1. Structure and diameter of synthesized PPy nanotubes

Observation of the synthesized PPy-NT structure and evaluating the
diameter of nanotubes by SEM have revealed some interesting facts.

Both the rectangular and the circular cross-sections of synthesized
nanotubes are present (Fig. 1). Their diameter strongly depends on MO
concentration. As can be seen from Fig. 2(i), in the interval of
0.5-3.5mM the diameter of PPy-NTs decreases monotonously with
rising concentration of MO in the reaction solution. For 5mM and
10 mM concentration the diameter remains almost constant. The
highest concentration, ie. 25mM of MO, was not included into
Fig. 2(i), as the material produced under such conditions possesses
rather compact, stone-like structure with barely visible contours of
nanostructures.

The average diameter of the biggest tubes is in the range from 360
to 560 nm for 0.5 mM of MO, while the smallest tubes have the dia-
meter between 65 and 85 nm for concentrations starting from 3.5 mM
of MO. On the other side, the spatial density of created nanotubes
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throughout the volume of synthesized PPy increases with increasing
concentration of MO. These phenomena support the explanation of PPy-
NTs formation via the seeding mechanism reported by Kopecka et al.
[23]. The smaller is the concentration of MO, the smaller is the number
of MO seeds in the volume - this circumstance allows the nanotubes to
grow to larger diameters. At 0.5 mM the relative lack of MO, when
compared with concentration of the iron (III) chloride oxidant, even
leads to the partial occurrence of PPy-G in the product, as apparent
from Fig. 1A.

These results comply with [2,19,22,29], where all reactions were
made only in the presence of flocculant. Based on our results, it can be
additionally stated that the presence of the fibrous MO floccullant in a
reaction solution is not the essential condition to obtain PPy-NTs. Also
it seems that the biggest diameter of PPy-NTs is observed in the area of
the smallest MO concentration (0.5 mM), where the formation of MO-
iron(III) chloride template of the equivalent size would be suppressed
due to stoichiometric reasons. Moreover, different synthesis conditions
allow creation of two possible shapes of nanotubes — either of the cir-
cular or the rectangular cross-section. The complete overview of re-
lationships between the diameter and the concentration of MO and also
between the diameter and the temperature (discussed in the part 3.2.1),
can be found on a 3D graph in Supporting information, see Fig. 18S.

3.1.2. The elemental analysis

The results of the EDX elemental analysis of synthesized PPy-NTs
are summarized in Fig. 2(ii). There is presented the content of sulphur
and chlorine in synthesized samples. The motivation for focusing on
these two elements is following: the only source of sulphur in the re-
action mixture is MO and the only source of chlorine is iron(III)
chloride. As both MO and chloride ions can act as counter-anions to PPy
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Fig. 1. The morphology of synthesized PPy-NTs in
relation with the initial concentration of MO: The
structure of PPy synthesized with A) 0.5 mM, (rec-
tangular cross-section); B) 1.5 mM, (circular cross-
section); C) 3.5mM, (circular cross-section); D)
10mM of MO, (circular cross-section); at poly-
merization temperature equal to 5°C observed by
SEM.

backbone-polycation, the content of chlorine and sulphur in a resulting
material could be the measure of a protonation degree of synthesized
PPy.

From Fig. 2(ii) it is apparent that with increasing concentration of
MO in the reaction mixture the content of sulphur monotonously in-
creases from ca 0.3 at.% to ca 2.8 at.%. On the contrary, the content of
chloride ions have higher variance, but when we calculate for each
concentration of MO the average from values corresponding to distinct
temperatures, we obtain monotonous decrease from ca 3.2 at.% to ca
0.5 at.%. Thus we can presume that with increasing concentration of
MO in the reaction mixture the chlorine counter-anions are replaced
with the MO counter-anions. What is significant, the hypothetical sum
of dopants, ie. sulphur and chlorine, slightly decreases till approx.
3.5mM of MO and sharply increases above this MO concentration
(valid for syntheses at —5; 5; 15; 25 °C; at 35 °C this trend is fuzzy), see
Fig. 4S in Supporting information.

However, this hypothetical outstanding protonation level observed
for concentrations above 3.5mM of MO is not followed by corre-
sponding increase of electrical conductivity. According to our opinion,
the reason for this fact is connected with a specific behaviour of MO at
higher concentrations.

According to Kendrick et al. [24] MO creates stacked dimers at
concentrations from 0.1 mM to 2 mM and oligomers at above 2 mM (at
25 °C). Moreover, our measurement of the surface tension of the MO
solution at different concentrations (at 7 °C) has shown a rapid decrease
in the range of 0.05-2 mM and only a slow decrease between 2 and
10 mM (see Supporting information, Fig. 5S). This can be connected
with continuous creation of MO structures stacked by st-;t interaction
(dimers, oligomers) whose influence on surface tension is proportional
to their size.
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Fig. 2. Selected properties of synthesized PPy-NTs in the relation with variable con-
centration of MO in native liquor: nanotube diameter (i), chlorine and sulphur content
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polymerization temperature equal to 5 °C. Note: For better orientation in graph the error
bars of the sulphur content are displayed only in Supporting information, Fig. 3S.

Therefore, we can speculate, that the presence of, at least, MO di-
mers is determinative for propagation of PPy polymerization into the
supramolecular nanostructure. Nevertheless, the incorporation of MO
into the PPy chain as counter anions at high concentrations of MO is
probably connected with the incorporation of additional MO molecules
which are stacked together by reacting with a MO counter anion. This
inevitably leads to creation of a composite of PPy-NTs and MO.
Moreover, according to Takagishi et al. [30] the interaction of MO with
a polycation, i.e. protonated PPy-NTs in aqueous solution, is char-
acterized by a simultaneous effect of electrostatic attractive forces be-
tween the oppositely charged ionic groups and repulsive forces between
water molecules and hydrophobic parts of MO. Hence the role of MO as
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a dopant of PPy-NT in syntheses with a higher concentration of MO, can
be simply supressed by the stronger role of MO as a composite com-
ponent.

This opinion of ours is supported by several other facts. Firstly, at
higher concentrations (more than 5 mM) of MO, one can observe red-
dish crystals scattered in a bulk of PPy-NT; this means that MO is
present in its acidic form in higher amount. Further, the presence of MO
in the acidic form was confirmed by FTIR (see the part 3.1.3) starting
from the concentration 3.5 mM and thirdly, the electrical conductivity
of a material reaches its maxima also near 3.5 mM of MO, and steadily
decreases thereafter (see the part 3.1.5).

It should be also noted, that according to these results, the
Soxhleation process using acetone, regardless of the time duration, is
not efficient enough to break all bonds among stacked MO molecules
(occurred at high concentration) and to release them out of the PPy-NTs
bulk.

3.1.3. Results of FTIR and Raman spectroscopy

3.1.3.1. Infrared spectra. Infrared spectra of the samples may be
divided into two groups. In the first group (the concentration of MO
0.5; 1; 1.5; 2.5 mM) we can observe the well distinguished bands of PPy
described previously in the Refs. [31,32] (Fig. 3). The bands observed
at 3438 and 1628 cm ™! in the spectrum of PPy-NTs synthesized at
0.5mM of MO belong to water molecules coming from potassium
bromide pellets. The positions of maxima of the main bands
(1539 em ™! of G—C stretching vibrations in the pyrrole ring, at
1476 cm™' C—N stretching vibrations in the pyrrole rings, at
1305 cm ™! C—N stretching vibrations, at 1165 cm ™! of the breathing
vibrations of the pyrrole rings, at 1093 cm ™! connected with N—H™*
deformation vibrations, and at 903 cm ™! of the C—H out of plane
deformation vibrations of the ring) correspond to slightly deprotonated
PPy [33]. This deprotonation can be a result of the decreasing level of
chloride ions (acting as dopants; see Fig. 2(ii)) with the increasing MO
concentration in syntheses when we accept the limited role of MO ions
as dopants of PPy-NTs (see the part 3.1.2). In the spectrum of PPy-NTs
synthesized at 1 mM of MO we detect the peak at 1761 cm ™' which
corresponds to the stretching vibrations of a carbonyl group. The
samples of PPy-NTs synthesized at 1.5 and 2.5 mM were difficult to
disperse in potassium bromide pellets, which is caused by their
consistence. For the second group of samples (3.5; 5; 10; 25 mM of
MO) the peaks of MO in its acidic form are dominating in FTIR spectra
(Fig. 3).

3.1.3.2. Raman spectra. Raman spectra of the samples may be divided
into the same two groups as in the case of infrared spectra. In the
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Fig. 3. FTIR spectra of PPy-NTs prepared in the presence of various molar concentrations
of MO (the temperature of synthesis 5 °C).
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Fig. 4. Raman spectra of PPy-NTs prepared in the presence of various molar concentra-
tions of MO (temperature of synthesis 5 °C).

spectra of the first group (concentration of MO 0.5; 1; 1.5; 2.5 mM) we
can distinguish only the bands of PPy described previously in the Ref.
[34] (Fig. 4). We observe the band of the stretching vibrations in the
cation of PPy backbone with the maximum at 1598 cm ™!, the band of
C—C and C=N stretching skeletal vibrations 1492 cm !, the double
peak at about 1376 and 1333 cm ™, the band of C—H antisymmetric in-
plane bending vibrations with a maximum at about 1243 cm™?, the
double peak situated at 1088 and 1053 cm™ ', and the peak at
922 cm ! assigned to the C—C ring deformation vibrations within a
dication unit. The position of these bands corresponds to the slightly
deprotonated samples [33]. In the Raman spectra of the second group
of samples (concentration of MO 3.5; 5; 10; 25 mM) we detect the area
in which the peaks of MO in its acidic form are prevailing (not shown in
Fig. 4), and the area where the bands of PPy are dominating. The
spectra measured in these areas still contain some peaks of MO (marked
with asterisks in Fig. 4). The shape of the bands corresponds to the
protonated form of PPy [33]. Products are thus inhomogeneous at
micrometer size. The same we have recently observed in [35], where
we also detected the areas rich in PPy, at which the spectrum of PPy in
the slightly deprotonated form prevails, and areas rich in MO, where
mostly MO is detected and the peaks of protonated PPy were observed.
The different protonation state of PPy nanotubes observed in the Raman
spectra for two different groups of samples may be explained by the
resonance character of the Raman scattering. The spectra obtained with
the laser excitation at 785 nm, which falls into the electronic absorption
band of polaron, correspond especially to the surface of the PPy
nanotubes. In the first group of samples the Raman spectra
corresponds to the slightly deprotonated surface of the samples. In
the second group the spectra correspond to PPy nanotubes which are in
contact with dyes close to their surface.

3.1.4. The specific surface area

The shape of all physisorption isotherms (see Supporting information,
Fig. 6S), regardless of the MO concentration, follows Type II isotherms
as defined by IUPAC and this is in accordance with the previously
published result measured on PPy-NTs synthesized at 2.5 mM of MO (at
5°C). [34] At lower concentrations of MO (0.5-3.5 mM) the specific
surface area of PPy-NTs increases by more than one order of magnitude
and it is accompanied by the decrease of their diameter (see Fig. 2(iii)).
On the contrary, at higher concentrations of MO, i.e. 5, 10 and 25 mM,
the specific surface area of the synthesized composite decreases, while
the diameter of PPy-NTs stagnates. The maximum specific surface area
was achieved at 3.5 mM of MO (at 5 °C) reaching the value approx.
67.6 m> g~ !, which is much lower than that of common absorbents (an
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activated carbon ~ up to thousands of m? g~ ') but better than pre-
viously published results on PPy-NTs (57.5 m? g ') [34] or polyaniline
nanotubes (34.6 m> g_l) [36].

Another meaningful detail — the shape of the dependence of the
specific surface area vs. the concentration of MO is almost identical with
the one displaying the conductivity vs. the concentration of MO (com-
pare Fig. 2(iii) and (iv)).

Once again, the decreasing level of specific surface area above
3.5mM of MO is probably the result of the increasing level of MO
composite component (see the full explanation in the following part
3.1.5).

3.1.5. The electrical conductivity

We have found the non-monotonic dependence of the electrical
conductivity of PPy on the concentration of MO (Fig. 2(iv)). Moreover,
the ratio of nanotubular to globular component in the sample is in-
creasing up to the state with prevailing nanotubular form. In the recent
study [21], both internal order and conductivity of PPy-NTs oxidized
with iron(III) chloride was found to be higher than that in the case of
granular polymer. Therefore, with the increasing content of nanotubes
the overall conductivity increases, despite the lower protonation level
(represented by the amount of chloride dopants). Clearly, for achieve-
ment of the highest conductivity it is desirable to reduce the content of
PPy-G as much as possible.

Moreover, we can discuss the extent, to which the increasing elec-
trical conductivity has correlation with decreasing diameter of nano-
tubes (Fig. 2(i)). The answer to this question is probably more complex,
because (beside the nanotubular form) the nature of dopants and
composite components incorporated in the PPy-NTs chain play also the
essential role (see the discussion below). In the following text we pre-
sent the evidence which confirms such a correlation (see the part
3.2.3).

The small spherical chloride counter anion prevails in PPy-NTs
synthesized at low concentrations of MO. When the concentration of
MO in syntheses increases, the amount of chloride ions is decreasing
and the amount of MO planar aromatic molecules (no matter if in-
corporated as counter anions or as the composite component) is in-
creasing (Fig. 2(ii)). This has major impact on mechanical properties of
the material in the macroscopic scale: At low concentrations of MO, the
synthesized PPy is a soft, feather-like material, prone to compression
into pellets; in the middle range of concentrations the corresponding
PPy-NTs resemble sand particles and at higher concentrations it has the
compact, stone-like structure. This effect was confirmed by experiments
with X-ray scattering on PPy doped by different spherical or planar
dopants [37]. Small spherical dopants promote an isotropic, i.e. dis-
ordered, molecular organization in PPy, while large planar aromatic
molecules (like MO) prefer higher level of orientation and thus for-
mation of denser material. At the same time, more oriented material,
i.e. material with higher content of planar molecules, exhibits higher
electrical conductivity because of higher material compactness, re-
sulting in lower distances of PPy chains in comparison with PPy con-
taining small spherical dopants. This behaviour is valid until the ex-
cessive concentration of MO reaches certain critical value, after which
the supressing effect of the composite component on electrical con-
ductivity prevails. In our case, the breaking point is around 3.5 mM of
MO.

It is worth to note, that the similar character of dependency of
electrical conductivity on concentration of dopants was found in case of
sulfonic acids with a planar aromatic ring [38] with the structure re-
miniscent of MO [33].

3.2. Variation of the polymerization temperature and its effect on properties
of PPy-NTs

3.2.1. The dependency of the PPy-NTs diameter on the temperature
The temperature of synthesis has a significant impact on the PPy-
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Fig. 5. The diameter of synthesized PPy-NTs in relation with the temperature of synthesis
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NTs diameter. As follows from Fig. 5, the higher is the temperature of
synthesis, the bigger is the diameter of PPy-NTs and the higher is
content of PPy-G component in the material. PPy-NTs synthesized be-
tween —5 and 5 °C (the concentration of MO 2.5 mM) has almost
constant value of the diameter at around 100 nm. The elevated tem-
peratures increase this diameter up to more than 350 nm at 35 °C.

In our opinion there are two possible reasons for such behaviour.
Firstly, MO dimers and oligomers tend to dissolve at higher tempera-
tures as s-; interactions are relatively weak. Thus the final con-
centration of polymerization sites is lower with the same mechanism of
growth as in case of low concentrations of MO (see results and the
discussion in the part 3.1.1). Secondly, higher temperatures promote
faster polymerization kinetics and — thanks to this fact — polymerization
proceeds more frequently in the space located out of existing seeds (on
laboratory glass, existing tubes etc.) thus resulting in globular form of
PPy. Both phenomena probably act simultaneously and it is difficult to
determine the dominant one.

Variable experimental conditions investigated in our experiments
(the temperature of synthesis together with concentration of MO) create
certain area of “allowed” combinations suitable for syntheses of PPy-
NTs. This area is displayed on the 3D graph in Supporting information
(Fig. 18S).

3.2.2. EDX

No particular temperature dependence was found for the content of
chlorine and sulphur in the synthesized polymer. Hence the variations
of chlorine and sulphur are below the measurement error of EDX
spectrometer (see error bars in Supporting information Fig. 2S and 3S).
From this fact we conclude that the temperature has stronger influence
on the supramolecular structure of PPy (Fig. 5) than on its chemical
composition. Such a result is very important when evaluating depen-
dence of the electrical conductivity on the synthesis temperature (see
the next part 3.2.3).

The complete overview of measurements of chlorine and sulphur
content in dependence on concentration of MO and temperature of
synthesis can be found in Supporting information Fig. 2S and Fig. 3S,
respectively.

3.2.3. The dependency of the electrical conductivity on the temperature and
the concentration of MO

The facts presented in part 3.1.5 revealed that the presence of PPy-
G, content of MO (as single counter-anions or the composite compo-
nent) and nanotube diameter of PPy-NT have strong influence on
electrical conductivity of the final product although it is difficult to
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Fig. 6. The dependence of the PPy-NTs electrical conductivity on the MO concentration
for various temperatures of the synthesis.

separate individual contributions. The situation seems to be clearer in
case of the temperature dependence. From Fig. 6 it can be concluded
that the higher is the temperature of the synthesis, the lower is the
electrical conductivity of produced polymer. This statement is of course
limited to investigated range of temperatures (from —5 °C to 35 °C), as
the behaviour under lower sub-zero temperatures could be more com-
plex due to necessity of using anti-freezing agents.

Moreover, when we consider the negligible dependence of ele-
mental composition (see the part 3.2.2) on temperature and also the
strong dependence of the neat nanotubular state and the nanotube
diameter on the temperature (Fig. 5), we can conclude that the tem-
perature of the synthesis strongly influences electrical conductivity by
changing both the occurrence of the neat nanotubular state and the
diameter of nanotubes.

Combining the information from Figs. 5 and 6 we can obtain the
dependence of the conductivity on the nanotube diameter (Fig. 7). The
increased conductivity with the reduced nanotube diameter has been
reported many times [1,39,40]. One of the reasoning of this phenom-
enon is in the enhanced molecular and supramolecular order [39] al-
though enhanced order itself may not necessarily lead to higher con-
ductivity [41]. The plot of conductivity against nanotube diameter
(Fig. 7 left) is particularly important, since we could add another
system, e.g. PPy-NTs synthesized without MO (in a porous poly-
carbonate membrane) [39], for comparison. As a result, we found the
same functional dependence regardless of synthesis conditions. More-
over, its power law form is reported for the first time and it seems that
this class of materials exhibits the universal exponent equal to 0.7. On
the other hand, we can see that the “strength” of this dependence
(expressed as the variable A) varies with both the method of synthesis
and the polymerization temperature. Regarding the former aspect,
when using hard template synthesis, one obtains a better result [39].

Moreover, it is remarkable that we could not prepare thinner na-
notubes than ca. 65nm under fixed conditions (i.e. polymerization
time, monomer to oxidant ratio, type of oxidant etc.) that we have
chosen, by reducing temperature bellow —5°C (which is near the
freezing point of polymerization solution). Regarding the later aspect
we observed the Arrhenius dependence of A on the temperature with
the activation energy E, about 0.31 eV. From this point of view, the
limitation of nanotube thickness can be overcome by lowering the
synthesis temperature. It should be noted, however, that the impact of
sub-zero temperatures to the properties of a synthesized material still
needs to be properly investigated. From the preliminary results it seems
that using anti-freezing agents (e.g. methanol [39]) does not lead to
highly conducting PPy-NTs when MO is employed.
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Fig. 7. The dependence of the conductivity on the nanotube outer diameter (left) for PPy-NTs synthesized with MO (this work) and PPy-NTs synthesized in nanoporous polycarbonate
templates [39] at various temperatures of the synthesis. The Arrhenius plot of pre-factor A with the activation energy E, for PPy-NTs with MO.

4. Conclusions

We have found a non-monotonic dependence of electrical con-
ductivity of PPy-NTs on concentration of MO. The maximum con-
ductivity was achieved with a concentration of MO that provides
creation of the neat nanotubular state of PPy, while the other con-
centrations of the structure guiding agent lead either to its mixture with
the less conducting PPy-G or to the composite with insulating stacked
molecules of MO. Moreover, this conductivity maximum is perspective
also from the point of the maximal specific surface area of the material.

The evaluation of the elemental composition, FTIR and Raman
spectra have brought the new insight on the effect of MO as the counter-
ion and the composite component in the PPy backbone. With the in-
creasing concentration of MO in the reaction solution also the amount
of MO in its acidic form present in PPy backbone increases. At the same
time more nanotubes of the lower diameter are generated till the spe-
cific breaking point is achieved. After this point the bulk of the material
is filled with MO molecules in the acidic form and creates the compo-
site.

No particular dependence was found in case of elemental compo-
sition vs. temperature. It seems that stronger effect on the electrical
conductivity has the occurrence of neat nanotubular state. On the other
side, it was observed a strong dependency between the electrical con-
ductivity and the temperature. From this point, the most perspective
PPy-NTs seem to be synthesized at low temperatures (5 °C) or even
subzero temperatures (—5 °C). There are also signs, that even lower
temperatures will lead to higher electrical conductivities, although
some technical obstacles must be overcome in future.

Finally, the power law describing the dependency of the PPy-NTs
electrical conductivity on the diameter was found. It seems to be valid
generally for all PPy-NTs nanotubes regardless of a synthesis method.

Acknowledgements

The authors thank the Czech Science Foundation (16-02787S, 17-
04109S, 17-13427S) for financial support. This research was also
sponsored by the NATO Public Diplomacy Division in the framework of
“Science for Peace” (984597).
Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.synthmet.2017.06.004.

References

[1] Y.Z. Long, M.M. Li, C.Z. Gu, M.X. Wan, J.L. Duvail, Z.W. Liu, Z.Y. Fan, Recent

95

[2]

[3]
[4]
[5]

[6]

[7]

[8]

[91]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]

[20]

[21]

[22]

advances in synthesis, physical properties and applications of conducting polymer
nanotubes and nanofibers, Prog. Polym. Sci. 36 (2011) 1415-1442.

X.M. Yang, Z.X. Zhu, T.Y. Dai, Y. Lu, Facile fabrication of functional polypyrrole
nanotubes via a reactive self-degraded template, Macromol. Rapid. Commun. 26
(2005) 1736-1740.

X.M. Yang, L. Li, F. Yan, Polypyrrole/silver composite nanotubes for gas sensors,
Sens. Actuat. B-Chem. 145 (2010) 495-500.

1. Rawal, A. Kaur, Synthesis of mesoporous polypyrrole nanowires/nanoparticles for
ammonia gas sensing application, Sens. Actuat. A-Phys. 203 (2013) 92-102.

H.Y. Mi, X.G. Zhang, X.G. Ye, S.D. Yang, Preparation and enhanced capacitance of
core-shell polypyrrole/polyaniline composite electrode for supercapacitors, J.
Power Sources 176 (2008) 403-409.

J.H. Zhao, J.P. Wu, B. Li, W.M. Du, Q.L. Huang, M.B. Zheng, H.G. Xue, H. Pang,
Facile synthesis of polypyrrole nanowires for high-performance supercapacitor
electrode materials, Prog. Nat. Sci.-Mater. Int. 26 (2016) 237-242.

J. Xu, D.X. Wang, L.L. Fan, Y. Yuan, W. Wei, R.N. Liu, S.J. Gu, W.L. Xu, Fabric
electrodes coated with polypyrrole nanorods for flexible supercapacitor application
prepared via a reactive self-degraded template, Org. Electron. 26 (2015) 292-299.
J. Li, T.L. Que, J.B. Huang, Synthesis and characterization of a novel tube-in-tube
nanostructured PPy/MnO2/CNTs composite for supercapacitor, Mater. Res. Bull. 48
(2013) 747-751.

J.E. Hyun, P.C. Lee, 1. Tatsumi, Preparation and electrochemical properties of
sulfur-polypyrrole composite cathodes for electric vehicle applications,
Electrochim. Acta 176 (2015) 887-892.

S. Ying, W.Q. Zheng, B.R. Li, X. She, H.B. Huang, L. Li, Z.L. Huang, Y.N. Huang,
Z.T. Liu, X.H. Yu, Facile fabrication of elastic conducting polypyrrole nanotube
aerogels, Synth. Met. 218 (2016) 50-55.

Q. Xin, J. Fu, Z. Chen, S. Liu, Y. Yan, J. Zhang, Q. Xu, Polypyrrole nanofibers as a
high-efficient adsorbent for the removal of methyl orange from aqueous solution, J.
Environ. Chem. Eng. 3 (2015) 1637-1647.

J. Upadhyay, B. Gogoi, A. Kumar, A.K. Buragohain, Diameter dependent anti-
oxidant property of polypyrrole nanotubes for biomedical applications, Mater. Lett.
102 (2013) 33-35.

J. Upadhyay, A. Kumar, Engineering polypyrrole nanotubes by 100 MeV Si9+ ion
beam irradiation: enhancement of antioxidant activity, Mater. Sci. Eng. C-
Mater.Biol. Appl. 33 (2013) 4900-4904.

J. Skodova, D. Kopecky, M. Vriiata, M. Varga, J. Proke$, M. Cieslar, P. Bober,

J. Stejskal, Polypyrrole-silver composites prepared by the reduction of silver ions
with polypyrrole nanotubes, Polym. Chem. 4 (2013) 3610-3616.

1. Sapurina, J. Stejskal, 1. Sedénkové, M. Trchové, J. Kovafov4, J. Hromadkov4,

J. Kopeckd, M. Cieslar, A. Abu El-Nasr, M.M. Ayad, Catalytic activity of polypyrrole
nanotubes decorated with noble-metal nanoparticles and their conversion to car-
bonized analogues, Synth. Met. 214 (2016) 14-22.

F. Deng, Y.X. Li, X.B. Luo, L.X. Yang, X.M. Tu, Preparation of conductive poly-
pyrrole/TiO2 nanocomposite via surface molecular imprinting technique and its
photocatalytic activity under simulated solar light irradiation, Colloids Surf. A 395
(2012) 183-189.

P. Bober, J. Stejskal, 1. Sedénkova, M. Trchova, L. Martinkové, J. Marek, The de-
position of globular polypyrrole and polypyrrole nanotubes on cotton textile, Appl.
Surf. Sci. 356 (2015) 737-741.

X.M. Yang, T.Y. Dai, Z.X. Zhu, Y. Lu, Electrochemical synthesis of functional
polypyrrole nanotubes via a self-assembly process, Polymer 48 (2007) 4021-4027.
M. Li, W.G. Li, J. Liu, J.S. Yao, Preparation and characterization of PPy with methyl
orange as soft template, J. Mater. Sci.-Mater. Electron. 24 (2013) 906-910.

E. Alekseeva, P. Bober, M. Trchovi, I. Sedénkova, J. Prokes, J. Stejskal, The com-
posites of silver with globular or nanotubular polypyrrole: the control of silver
content, Synth. Met. 209 (2015) 105-111.

M. Varga, J. Kopecka, Z. Moravkov4, 1. Kfivka, M. Trchova, J. Stejskal, J. Prokes,
Effect of oxidant on electronic transport in polypyrrole nanotubes synthesized in the
presence of methyl orange, J. Polym. Sci., Polym. Phys. 53 (2015) 1147-1159.
T.Y. Dai, Y. Lu, Water-soluble methyl orange fibrils as versatile templates for the


http://dx.doi.org/10.1016/j.synthmet.2017.06.004
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0005
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0005
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0005
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0010
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0010
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0010
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0015
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0015
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0020
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0020
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0025
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0025
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0025
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0030
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0030
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0030
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0035
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0035
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0035
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0040
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0040
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0040
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0045
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0045
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0045
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0050
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0050
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0050
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0055
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0055
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0055
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0060
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0060
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0060
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0065
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0065
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0065
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0070
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0070
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0070
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0075
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0075
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0075
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0075
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0080
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0080
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0080
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0080
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0085
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0085
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0085
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0090
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0090
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0095
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0095
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0100
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0100
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0100
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0105
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0105
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0105
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0110

D. Kopecky et al.

[23]

[24]
[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

fabrication of conducting polymer microtubules, Macromol. Rapid Commun. 28
(2007) 629-633.

J. Kopeckd, D. Kopecky, M. Vriiata, P. Fitl, J. Stejskal, M. Trchové, P. Bober,

Z. Moravkovd, J. Prokes, I. Sapurina, Polypyrrole nanotubes: mechanism of for-
mation, RSC Adv. 4 (2014) 1551-1558.

K.L. Kendrick, W.R. Gilkerson, The state of aggregation of methyl-orange in water,
J. Solution Chem. 16 (1987) 257-267.

H.D. Tran, Y. Wang, J.M. D'Arcy, R.B. Kaner, Toward an understanding of the
formation of conducting polymer nanofibers, ACS Nano 2 (2008) 1841-1848.

L. Al-Mashat, H.D. Tran, W. Wlodarski, R.B. Kaner, K. Kalantar-Zadeh, Polypyrrole
nanofiber surface acoustic wave gas sensors, Sens. Actuat. B-Chem. 134 (2008)
826-831.

L. Ren, K. Li, X.F. Chen, Soft template method to synthesize polyaniline microtubes
doped with methyl orange, Polym. Bull. 63 (2009) 15-21.

J. Stejskal, P. Bober, M. Trchova, A. Kovalcik, J. Hodan, J. Hromadkov4, J. Prokes,
Polyaniline cryogels supported with poly(vinyl alcohol): soft and conducting,
Macromolecules 50 (2017) 972-978.

M. Joulazadeh, A.H. Navarchian, Polypyrrole nanotubes versus nanofibers: a pro-
posed mechanism for predicting the final morphology, Synth. Met. 199 (2015)
37-44.

T. Takagishi, Y. Nakata, N. Kuroki, Binding of methyl-orange and its homologs by
polycations containing apolar pendant groups, J. Polym. Sci., Polym. Chem. 12
(1974) 807-816.

N.V. Blinova, J. Stejskal, M. Trchovd, J. Prokes, M. Omastov4, A polyaniline and
polypyrrole: a comparative study of the preparation, Eur. Polym. J. 43 (2007)
2331-2341.

M. Omastovd, M. Trchovd, J. Kovérova, J. Stejskal, Synthesis and structural study of
polypyrroles prepared in the presence of surfactants, Synth. Met. 138 (2003)
447-455.

96

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Synthetic Metals 230 (2017) 89-96

J. Stejskal, M. Trchova, P. Bober, Z. Moravkov4, D. Kopecky, M. Vriiata, J. Prokes,
M. Varga, E. Watzlova, Polypyrrole salts and bases: superior conductivity of na-
notubes and their stability towards the loss of conductivity by deprotonation, RSC
Adv. 6 (2016) 88382-88391.

G. Ciric’-Marjanovié, S. Mentus, I. Pasti, N. Gavrilov, J. Krsti¢, J. Travas-Sejdic,
L.T. Strover, J. Kopeckd, Z. Moravkova, M. Trchova, J. Stejskal, Characterization,
and electrochemistry of nanotubular polypyrrole and polypyrrole-derived carbon
nanotubes, J. Phys. Chem. C 118 (2014) 14770-14784.

1. Sapurina, Y. Li, E. Waltzové, P. Bober, M. Trchova, Z. Moravkov4, J. Stejskal,
Polypyrrole nanotubes: the tuning of morphology and conductivity, Polymer 113
(2017) 247-258.

G. Ciri¢-Marjanovi¢, V. Dondur, M. Milojevi ¢, M. Mojovi ¢, S. Mentus, A. Radulovi
¢, Z. Vukovi ¢, J. Stejskal, Synthesis and characterization of conducting self-as-
sembled polyaniline nanotubes/zeolite nanocomposite, Langmuir 25 (2009)
3122-3131.

G.R. Mitchell, F.J. Davis, C.H. Legge, The effect of dopant molecules on the mole-
cular order of electrically-conducting films of polypyrrole, Synth. Met. 26 (1988)
247-257.

Y. Kudoh, Properties of polypyrrole prepared by chemical polymerization using
aqueous solutions containing Fe,(SO4); and anionic surfactants, Synth. Met. 83
(1996) 171-171.

C.R. Martin, Template synthesis of electronically conductive polymer nanos-
tructures, Acc. Chem. Res. 28 (1995) 61-68.

S.K. Saha, Y.K. Su, C.L. Lin, D.W. Jaw, Current-voltage characteristics of conducting
polypyrrole nanotubes using atomic force microscopy, Nanotechnology 15 (2004)
66-69.

J.L. Duvail, P. Retho, V. Fernandez, G. Louarn, P. Molinie, O. Chauvet, Effects of the
confined synthesis on conjugated polymer transport properties, J. Phys. Chem. B
108 (2004) 18552-18556.


http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0110
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0110
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0115
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0115
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0115
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0120
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0120
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0125
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0125
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0130
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0130
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0130
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0135
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0135
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0140
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0140
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0140
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0145
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0145
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0145
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0150
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0150
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0150
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0155
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0155
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0155
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0160
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0160
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0160
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0165
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0165
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0165
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0165
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0170
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0170
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0170
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0170
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0175
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0175
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0175
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0180
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0180
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0180
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0180
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0185
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0185
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0185
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0190
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0190
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0190
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0195
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0195
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0200
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0200
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0200
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0205
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0205
http://refhub.elsevier.com/S0379-6779(17)30162-5/sbref0205

Electrochimica Acta 224 (2017) 439-445

journal homepage: www.elsevier.com/locate/electacta £

Contents lists available at ScienceDirect

Electrochimica Acta

=

it ey
Electrochimica

Acta

i

Amino-substituted Troger’s base: electrochemical polymerization and

characterization of the polymer film

..
| CrossMark

Tatiana V. Shishkanova®*, Martin Havlik®", Vladimir Kral*", Dusan Kopecky¢,
Pavel Matéjka“, Marcela Dendisova?, Vladimir M. Mirsky®

2 Department of Analytical Chemistry, University of Chemistry and Technology Prague, 16628 Prague 6, Technickd 5, Czechia

b First Faculty of Medicine, Charles University in Prague, Kateiiinskd 32, 121 08 Prague 2, Czechia

< Department of Physics and Measurements, University of Chemistry and Technology Prague, 16628 Prague 6, Technickd 5, Czechia

9 Department of Physical Chemistry, University of Chemistry and Technology Prague, 16628 Prague 6, Technickd 5, Czechia

€ Department of Nanobiotechnology, Institute of Biotechnology, Brandenburgische Technische Universitit Cottbus-Senftenberg, 01968 Senftenberg, Germany

ARTICLE INFO ABSTRACT

Article history:

Received 5 October 2016

Received in revised form 6 December 2016
Accepted 9 December 2016

Available online 11 December 2016

Keywords:

electrochemical polymerization
polymer film

polymeric Troger’s base
nitrogen heterocycle
spectroscopic characterization

The amino-substituted coumarin derivative of Tréger’s base (CTB) was electrochemically polymerized on
the surface of gold electrodes. The obtained polymer films were characterized by SEM, Raman
spectroscopy, cyclic voltammetry and in-situ conductometry. Spectroscopic analysis indicates that the
polymerization of CTB takes place via oxidation of the aniline fragment of CTB molecule, similar to the
polymerization of aniline. The similarity of the polymer backbone to that of the polyaniline is also
confirmed by the influence of potential on the film’s conductivity, however the conductivity of the new
material is in principle lower than that of polyaniline. SEM shows that the polymer forms a thin layer with
a thickness of ~100 nm. Possible applications of the new material as an artificial receptor for aromatic
analytes containing carboxy-group are proposed.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The deposition of thin polymeric layers using electrochemical
polymerization is a field of increasing interest in electrochemical
research and industry. Such films are applied in wide range of fields
as chemical sensors [1] and biosensors [2], corrosion protection [3]
and antistatic coatings [4], electrochromic devices [5,6] or catalysts
[7]. The formation of these films using electrochemical polymeri-
zation provides a simple way to control the thickness of the
polymer film. Varying the polymerization parameters enables the
structural properties of the films to be modified [8]. Electrochemi-
cal polymerization performed in a few steps can be used for the
formation of polymeric multilayers with different functions [9].
Electrochemical polymerization on arrays provides the possibility
of electrical addressation [10,11] and subsequent high-throughput
analysis [12].

Polyaniline, easily manufactured by the polymerization of
aniline, is one of the most studied and applied polymers [1,13]. It
has a high conductivity which can be controlled by pH, oxidation/
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reduction, dopants. Electrical control of its spectral properties led
to its applications in electrochromic devices. Changes in its
physical properties due to the binding of various analytes enables
its intensive applications in various types of chemical sensors
including electrochemical transistors [14,15], potentiometric
chemosensors [16-18] or sensors with integrated affinity control
[19]. But the applications of polyaniline can be extended
essentially by its chemical modification [20]. It can be done by
carbonization [21] or by the introduction of defined functional
groups [22-24]. One direction of such modification includes the
introduction of chemical groups with a high affinity to defined
compounds. A number of such polymers with a receptor,
specifically calixarene [25], boronic acid [26], tetrahydroquinoline
C5a [27], porphyrins [28,29], phthalocyanine [30], and
a-p-mannose [31] were described. An introduction of specific
recognition sites into the PANI skeleton is a way to achieve
improved selectivity to some defined analytes. Wilcox et al. have
demonstrated that the polyaniline glycopolymers selectively bind
Concanavalin A and should have potential applications as sensors
for proteins or microbes [31].

Recently an application of Troger’s base (TB) derivatives as
binding blocks for supramolecular chemistry and molecular
recognition was discussed [32]. Unique properties of TB such as
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rigidity, V-shape, possessing hydrophobic cavity, as well as its
relatively high redox- and chemical stability, are generating
interest in this compound among the scientific community. We
have reported the synthesis of amino-substituted TB also
containing a coumarin group (CTB) (Fig. 1) and described its
possible application in potentiometric sensing [33]. A goal of this
work is to characterize the thin films formed by electrochemical
polymerization of this compound on gold electrodes. This was
done by a combination of spectroscopic (Surface-enhanced Raman
scattering — SERS spectroscopy) and electrochemical techniques
(cyclic voltammetry and in-situ conductometry).

2. Experimental
2.1. Reagents

The synthesis of CTB was described in [33]. All chemicals were
of analytical grade and were used without further purification:
tetrabutylammonium tetrafluoroborate (TBATFB) (Sigma-Aldrich,
Germany), aniline (99%, Sigma-Aldrich, Germany), ammonium
peroxydisulfate (APS) (Lachema, Czech Republic), coumarin
(Sigma-Aldrich, Germany), acetonitrile (ACN) (99.5%, Sigma-
Aldrich, Germany). Inorganic salts, acids and hydroxides were
from Lachema (Czech Republic). All aqueous solutions were
prepared using deionized water additionally purified with an
ELGA system.

2.2. Preparation of electrodes

2.2.1. Electrochemical measurements

Thin-layer gold electrodes were fabricated on the surface of a
glass wafer by sputtering 150-nm thick gold structures using a
Ti/W adhesion layer. The electrode geometry was described in [ 14].
The reference and counter electrodes were an Ag/AgCl saturated
electrode and Pt wire, respectively. Before polymer deposition, the
surface of the working electrodes was washed with acetone,
ethanol, water, treated with piranha solution (1:3 v:v mixture of
H,0, (30%) and H,SO4 (98%)), rinsed thoroughly with water and
dried under an air flow.

2.2.2. Spectroscopic measurements

The SERS-active gold electrodes were prepared by electrolysis
from the [Au(CN),]|~ electrolyte using a two-electrode arrange-
ment with a Pt plate cathode and Au spiral anode; precise
electrochemical conditions are described in [34]. The cyanide ions
were then removed by boiling in persulfate solution. Electrochem-
ical polymerization of CTB was performed on the freshly prepared
Au SERS-active electrode surface.
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2.3. Synthesis of polymeric films from amino-substituted Tréger’s base

Polymeric films were prepared using chemical and electro-
chemical polymerization of CTB. Electrochemical polymerization
was performed in the standard three-electrode configuration. The
gold electrodes were used as the working electrodes. An Ag/AgCl
saturated electrode and Pt wire acted as the reference and counter
electrodes, respectively. The polymerization was performed in the
prepared solution by mixing 0.6 mg CTB, 65.8 mg TBATFB and
20 L 0.1 M HCI solution in water and 2mL acetonitrile. The
electrode potential was swept repeatedly between 0.0 and 1.2V vs.
Ag/AgCl at a scan rate of 50mVs~' These SERS-active gold
electrodes coated with polymeric CTB film were used for the SERS
measurements. The chemical polymerization of CTB was per-
formed in a mixture of 2 mL CH3CN and 20 L 0.1 M HCl in water by
the addition of APS to an APS/CTB molar ratio of 1.25. The reaction
mixture was incubated for 24 h at 25°C. The formed dark brown
precipitate was collected for FTIR-ATR spectroscopic characteri-
zation.

2.4. Characterization of electrochemically and chemically generated
polymeric films

2.4.1. Spectroscopic measurements

The spectra of monomeric CTB were collected using FTIR-ATR
and FT-Raman spectroscopy. Infrared spectra were measured with
a Thermo Nicolet 670 Nexus FTIR spectrometer equipped with an
MCT detector using ATR on a ZnSe crystal by the accumulation of
256 scans with 4cm™! resolution. The spectrum of the monomeric
CTB was measured from the pressed pellets, while the spectra of
the polymeric CTB were obtained from the precipitate after
complete solvent evaporation. The Raman spectra of the monomer
were collected using an Equinox 55/s FT-NIR spectrometer (Bruker,
Germany) with an FRA 106/s FT Raman module (Bruker, Germany).
The source of the irradiation was a Nd:YAG laser (Coherent, USA)
with 1064-nm excitation. The FT-Raman spectrometer was
equipped with a Ge detector cooled with liquid nitrogen. 1024
scans at 4-cm~! resolution and 300mW laser power were
collected for one spectrum; the final spectrum was an average
of 30 accumulations.

Surface-enhanced Raman scattering (SERS) spectroscopy was
performed at excitation wavelengths of 1064, 785 and 633 nm with
a Renishaw InVia Reflex Raman microspectrometer equipped with
a HeNe laser (633 nm, 0.7 mW), diode laser (785 nm, 10 mW) and a
microscope with a 100 x objective and X-Y-Z motorized sample
stage. 10 measurements with 10s integration time were used for
one spectrum, 10 spectra were averaged.

Scanning electron microscopy (SEM) was performed with a
Mira 3 LMH electron microscope (Tescan company). The Schottky
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Fig. 1. Chemical structure of amino-substituted coumarin derivative of Troger's base (CTB) (A) and suggested structure of its polymer (B).
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emitter of the electron microscope used 1kV of accelerating
voltage with an emission of 170 wA. Magnification of the sample
was 20 000 x. The secondary electrons were detected by the
detector of Everhart-Thornley type.

2.4.2. Electrochemical measurements

Electrochemical measurements were performed by an Autolab
PGSTAT20 computer-controlled potentiostat (EcoChemie, The
Netherlands). Cyclic voltammetry was performed in three-
electrode configuration. Gold electrodes, an Ag/AgCl saturated
electrode and a Pt wire acted as the working, the reference and the
counter electrodes, respectively. In-situ conductivity measure-
ments were performed using the simultaneous two- and four-
point measurement (s24)-technique [35]. The values of 1/G4
characterize the value of the polymer resistance between two
adjustment measurement electrodes, while the value of 1/G2
includes the polymer resistance through about three times larger
length of the polymer layer and two contact resistances. The details
are presented in [36]. The measurement time was 3.4 s per data
point. Within this time, the resistance value was calculated from
the current difference of two opposite voltage pulses. The value of
the contact resistance was obtained from simultaneous two- and
four-point measurement according to the approach described
earlier in [36-38].

3. Results and discussion
3.1. Cyclic voltammetry

The derivative of Troger’s base used in our work (CTB) includes a
coumarin group and an amino group. To understand the possible
involvement of these groups in electrochemical polymerization, a
comparison was made of cyclic voltammetric curves in the
supporting electrolyte without any additional substances
(Fig. 2A), with coumarin (Fig. 2B), with aniline (Fig. 2C) and with
CTB (Fig. 2D). The data obtained in the supporting electrolyte and
in the supporting electrolyte with coumarin are almost identical.
The observed influence of coumarin on the anodic peak relating
water oxidation does not indicate any intrinsic electrochemical
activity of coumarin [39]. The voltammetric curves obtained in the
presense of aniline (Fig. 2C) demonstrate oxidation waves at
~+1.02V corresponding to the formation of cation radicals [40].
The cyclic voltammetric curves of CTB (Fig. 2D) were observed to
be very similar to that of substituted aniline, but with some shift of
the peaks corresponding to the doping/dedoping of the material
[41]. The peak currents decreased within the first few cycles. The
similarity of the CV curves for aniline (Fig. 2C) and for CTB (Fig. 2D)
enables us to suggest that under such conditions CTB can also be
polymerized through its amino group, via the same mechanism as
aniline. This supposition was verified using the spectroscopic
measurements (please, see “3.3. Vibrational spectroscopic stud-
ies”). The shift of electrochemical activity in the anodic direction
may be caused by the influence of Troger base protonation under
the electropolymerization conditions.

3.2. Scanning electron microscopy

The formation of polymer films of CTB on the electrode surface
due to potential cycling (Fig. 2D) was confirmed by SEM
measurements. Fig. 3 shows comparison of interface between
gold electrode and substrate uncoated (Fig. 3A) and coated
(Fig. 3B) by thin polymeric film with thickness of approximately
~100 nm.

A) 30

Blank

20 1

Current / pA
5
T

-10 T R R T E U RS
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Potential vs. (Ag/AgCl) / V

oo}
e
IS

S

Coumarin

N w
=] (=]
T T
1 1

Current / pA
3

10— | | | | | |
00 02 04 06 08 10 1.2

Potential vs. (Ag/AgCl) / V

Aniline

C) 0]

0.6

041

Current / mA

0.26 V

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Potential vs. (Ag/AgCl) / V

)
~—
-
>
T
1

CTB

-
N
T

o
0
T

04}

Current/ mA

0.0+

Ib Jo.47 '

0.0 02 04 0.6 0.8 1.0 1.2

Potential vs. (Ag/AgCl) / V

Fig. 2. Comparison of cyclic voltammograms obtained in the supporting electrolyte
before (A) and after the addition of 0.001 M coumarin (B), 0.001 M aniline (C) and
0.001 M amino-substituted coumarin derivative of Troger’s base (CTB) (D).
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Fig. 3. Gold electrode — substrate interface uncoated (a) and coated (b) with polymeric film electrochemically generated from amino-substituted coumarin derivative of

Troger's base. Image obtained during scanning electron microscopy measurements.

3.3. Vibrational spectroscopic studies

In this part of our study, we focused on how to adsorb the
polymeric film onto the gold surface. Firstly, the CTB monomer was
characterized by FTIR and Raman spectroscopic techniques (Fig. 4)
which confirmed the presence of functional groups. The stretching
and bending vibration modes characteristic of the aliphatic and
aromatic parts are observed in both the Raman and IR spectra,
while the band of the NH group was observed at 3358 cm™! in the
IR spectrum. The carbonyl stretching vibrational mode was found
with different intensities in the IR and Raman spectra of CTB
monomer at 1712 and 1718 cm™, respectively.

Secondly, Raman studies of the polymeric film were carried out
using three different excitation laser lines at 633, 785 and 1064 nm.
As can be seen from Fig. 5, which shows the SERS spectra of poly
(CTB) on the Au surface, the excitation wavelength used strongly
affected the observed spectral patterns. It should be noted that the

bands assigned to coumarin and TB were observed in all cases
independently of the applied excitation wavelengths. However, the
selection of excitation wavelength significantly influenced the
band intensity ratios. The stretching aliphatic modes were the
most enhanced at 633-nm excitation, while the stretching C—C
vibrations of the aromatic ring were the most enhanced at near-
infrared excitation. The band of the carbonyl group (observed for
the monomer at ca. 1718 cm™!) was not observable with any of the
excitations used. It was hypothesized that the carbonyl group is
oriented in a parallel to the surface and therefore is inactive for
surface-enhanced techniques. The out-of-plane modes of the
aromatic ring, for example represented by the band at ca. 472 cm™!
were enhanced at 785 and 633 nm. The changes in the band
intensity ratios could be caused by both the disorder of molecules
on the surface and by the contribution of molecular resonance in
the SERS signal. From the SERS spectra shown, it is obvious that the
optimal excitation wavelength in terms of maximum signal
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Fig. 4. FT-IR (above) and FT-Raman (below) spectrum of amino-substituted coumarin derivative of Tréger’s base monomer.
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Fig. 5. SERS spectra of poly(CTB) adsorbed onto Au electrode at excitation wavelength of 1064, 785 and 633 nm.

enhancement (mainly contributed by plasmon resonance) is
633 nm, which was used for the polyaniline study by Trchova
et al. [42].

Looking for the characteristic bands of polyaniline, we observed
maxima at ca. 1600cm~! (C=C vibration in a quinonoid ring),
1640cm™! (in the spectrum obtained using 1064 nm excitation,
this appeared to be the band typical for deprotonation). The bands
at about 1450 cm™! assigned to C=N vibrations in the quinonoid
ring are similar to ones which corresponds head-to-tail coupling in
PANI chain. Other bands at ca. 1320 cm ™! missing in normal Raman
spectrum were assigned to the C~~N"' stretching vibration
according to [42]. Excitation at the edge of the visible and near-
infrared region 785nm is not optimal because the region of
stretching vibrations at about 3000 cm™! is outside the effective
plasmonic enhancement. The 1064-nm excitation was used for
comparison, and because the monomer was studied using this
excitation (another excitation (in the visible region) could not be
used for studying the monomer because of the intense lumines-
cence signal of the coumarin derivative).

From the structure of CTB is obvious that both the coumarin
unit and Tréger’s base can “lay” on the electrode surface (Fig. S1,
Supplementary Materials). If the CTB was adsorbed via Troger’s
base the spectra had to be different. We would observe bands of
NH,; group and more intensive in-plane modes from two aromatic
systems. The coumarin part would loss the conjugated system and
the used different excitation wavelengths (effects of molecular
electronic and plasmonic electron resonances) would not such
effect on the different enhancement. Accordingly to the SERS
experiments and selection rules for the surface-enhanced techni-
ques (the most enhanced modes are perpendicular to the surface),
the molecules are adsorbed to the surface via the coumarin unit.
The in-plane vibrational modes of the coumarin unit (at ca. 1067,
1050, 1031 cm™!) are the less enhanced while the out of plane
modes (at ca. 824, 813, 768cm™!) are the most enhanced. The
contribution of Tréger’s base is less significant. The scheme of this
possible adsorption is on Fig. S2 (Supplementary Materials). The
proposed orientation is further supported by an apparent effect of

the selected excitation wavelength which influences the electronic
resonance of the conjugated T electron systems located in the
coumarin unit and contributes to the wavelength-dependent
difference of bands enhancement related to contribution of
molecular and plasmonic electron resonances.

Comparing the literature data [42,43] and our experimental
results, we can conclude that polymerization occurs through the
aniline group. The SERS measurements showed that the carbonyl
group of the coumarin unit does not participate in the polymeri-
zation process, but is able to interact with the gold surface due to
the conformation of the polymeric backbone.

3.4. In-situ conductometry

In-situ conductivity measurements were complicated by the
relatively high resistance of the polymer film, which was in many
cases above the maximal limit of our set-up (~20 MOhm) for
reliable quantitative analysis. Specifically, under some conditions
quantitative measurements were possible while under other
conditions it was only possible to obtain qualitative data and to
observe some trends in the behavoir of the conductance of
polymerized CTB. Fig. 6A shows the influence of pH on electrical
conductance. There is a trend of increasing conductivity with pH
decrease, which is similar to the behavior of polyaniline. In
addition, the poly(CTB) showed the potentiometric pH depen-
dence with the sensitivity —51 mV/decade from pH 2 up to pH 9
(Fig. S3, Supplementary Materials). The ratio between G4 and G2 is
~10, this indicates a contribution of contact resistance into the
value measured by two-point technique. Conductivity depends on
ideal conjugation of PANI systems, which is in our case disrupted
by presence of sterically demanding substituent. Recently it has
been reported that alkyl substitution decreases the conductivity of
substituted PANIs [44]. It is therefore reasonable to expect that the
conductivities of the substituted PANIs will be deacreased with
increasing size of substituent. This observation is again consistent
with reported data that next substituent on the aniline core
decreases the conductivity of corresponding substituted PANI. In
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pH=7 in the presence of 0.2 M NaCl applying simultaneously two (G2)- (right open columns) and four (G4)- (left shaded columns) point measurements technique.

the case of the poly(CTB), polymer contains disubstituted aniline
core (alkyl and dialkylamino groups). The dependence of the
conductivity of the film of polymerized CTB on the applied
potential is shown in Fig. 6B. The conductivity increases sharply at
a potential below —0.1V and at anodic potentials above +0.6V.
Such behavior is very close to the properties of polyaniline films
[19]. Therefore, the data on the in-situ conductivity measurements
of polymerized CTB confirm the suggestion that the polymeriza-
tion leads to the formation of a polymeric structure similar to PANI.
It was further demonstrated that the value of the polymer
conductance increases essentially due to the interaction of the
polymer film with benzoic acid and derivatives of mandelic acid,
which are important as markers for neuroblastoma [45]. However,
a more detailed analysis of its chemosensitive properties towards
benzoic acid and derivatives of mandelic acid will be published
elsewhere.

4. Conclusions

Here we have presented an investigation of a polymer film
obtained by the electrochemical and chemical polymerization of
the coumarin derivative of amino-substituted Tréger's base. The
spectroscopic results indicate on primary adsorption of coumarin
unit onto the electrode surface and participation of aniline unit in
the formation of a polymer film. The film has thickness of ~100 nm.
The formation of a polymer film is similar to the polymerization of
aniline. The obtained pH-dependence of conductivity of poly(CTB)
might suggest the presence of basic groups in the polymeric film
able to protonate. The electrochemical and conductivity properties
of the formed polymer film were similar to the PANI film, but the
resistance was much higher. The observed influence of benzoate
and derivatives of mandelic acid on the film resistance indicates a
possible analytical application of this new material. The develop-
ment of electrochemical detection of derivatives of mandelic acid
which are low molecular metabolites of tumor marker is very
desirable [45] and is in progress in our laboratory [33].
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A simple route was employed for the fabrication of a polyaniline (PANI)—chitosan (CS)-magnetite (FezO4)
nanocomposite (PANI-CS—FezO,) via the in situ polymerization of aniline in the presence of CS using
anhydrous iron(i) chloride as an oxidizing agent. The magnetic character of the nanocomposite results
from the presence of iron oxide nanoparticles, which were formed as side products during the synthesis of
the PANI-CS nanocomposite. The synthesized PANI-CS—-FesO, nanocomposite was fully characterized
using Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), energy dispersive X-ray (EDX),
scanning electron microscopy (SEM), transmission electron microscopy (TEM) and vibrating sample
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anchoring of silver (Ag) nanoparticles onto its surface. The catalytic properties of the Ag-decorated

DOI 10.1039/c7ra02575k nanocomposite (Ag@PANI-CS—-FezO,4) toward the reduction of 4-nitrophenol was investigated using
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1. Introduction

In recent years, noble metal nanoparticles have attracted
remarkable attention in different fields of human activities such
as thermal therapy, optoelectronics, biological imaging, sensors,
biomedicine, energy conversion and catalysis'® due to their
extraordinary chemical, physical and biological properties. The
properties and hence the efficacy of these metal nanoparticles
depend mainly on their size.*® Furthermore, there is a growing
interest in developing nanoparticles for the catalysis of different
types of reactions due to their high specific surface as well as the
catalytic performance, which was found to gradually increase
with decreasing nanoparticle size.* Silver nanoparticles are
especially important due to their relative abundance, low cost,
high electrical and thermal conductivity, high resistance to
oxidation and antimicrobial effects, resulting in their application
in the textile industry, food additives, plastics and packaging and
for medical instruments and burn dressings.’” On the other
hand, silver nanoparticles have a disadvantage in their aggrega-
tion leading to large size aggregates; hence low catalytic efficiency
is obtained. To prevent their aggregation,' researchers aim their
efforts to reduce silver nanoparticles on the surface of different
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sodium borohydride as a reducing agent.

conducting polymers or their nanocomposites such as polyani-
line (PANI)-graphene nanocomposite.*>

Chitosan (CS) is one of the most popular natural biopoly-
mers and is considered to be the second most widespread
polymer in nature after cellulose. CS is a linear B-1,4-linked
polysaccharide and it is the product of chitin deacetylation.
CS is a cationic polymer that possesses chelating ability due to
the presence of active amino and hydroxyl functional groups.
The ultimate properties e.g. non-toxicity, good water perme-
ability, high mechanical strength, adhesion, biocompatibility,
biological activities such as induced disease resistance in plants
and antimicrobial effect'* were the motivation for the applica-
tion of CS in different fields such as medicine, pharmaceutical
industry, food production, plant growing and chemical engi-
neering.">**""” Despite all these good and attractive properties,
CS has relatively poor stability and thus its nanocomposites
with other polymers of high stability (such as conducting
polymers) were fabricated to make way towards new possible
applications.””>*

Recently, conducting polymers such as PANI, polypyrrole,
polyacetylene, polyethylene dioxythiophene have been studied
by many researchers in different fields as a result of their -
conjugated structures and promising properties.?>>* PANI has
a special position among these polymers due to its unique
properties such as ease of preparation, high conductivity,
chemical and environmental stability under ambient condi-
tions, low operational voltage in addition to its unique redox
properties®>*® which result in directing the research in the last

RSC Adv., 2017, 7, 18553-18560 | 18553
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years, to use PANI for different applications especially as cata-
lyst supports.””**

Researchers face a great problem during the separation of the
products from the reaction medium; the traditional routes were
filtration or centrifugation (especially for nanometer-scaled
materials), which are time and energy consuming.**** Magnetic
separation is one of the most promising techniques in separation
that has excellent advantages over other methods including high
speed, accuracy, ease of control as well as simplicity.>® Recently,
a magnetic chitosan-polypyrrole-magnetite nanocomposite was
prepared and employed as an impressive adsorbent of an anionic
dye from aqueous solution.””

In this work, a facile one step method for the preparation of
magnetic nanocomposite (PANI-CS-Fe;0,) using PANI, CS and
magnetite (Fe;O,) is presented. Subsequently, this nano-
composite acts as a reducing agent for silver nitrate to get silver
nanoparticles anchored onto its surface.** The synthesized
magnetic nanocomposite (Ag@PANI-CS-Fe;0,) was fully char-
acterized via different analysis techniques including FTIR, XRD,
SEM, TEM and EDX. The catalytic effect of the synthesized
nanocomposite was examined for the reduction of one of the
most hazardous and toxic nitroaromatic compounds (4-nitro-
phenol (4-NP)), which are widely used in different industries.*

2. Experimental

2.1. Chemicals

Aniline (Adwic, Egypt) was distilled twice over zinc dust.*® Acetic
acid (Adwic, Egypt), chitosan (Acros, USA, molecular weight:
100 000-300 000), anhydrous FeCl; 98% (SISCO, India), NaOH
pellets (Loba Chemie, India) were used as received. Sodium
boron hydride (NaBH,) (Johnson Matthey, UK), silver nitrate
(BDH, UK), 4-nitrophenol (4-NP) (Sigma Aldrich) were used
without further purification. Double distilled water was used for
all preparations.

2.2. Synthesis of PANI

PANI was fabricated according to the previous protocol reported
by Ayad et al.** Briefly, 0.05 M of aniline monomer was dissolved
in 50 mL of 0.1 M HCl with stirring till complete dispersion and
homogeneity. 50 mL of anhydrous FeCl; solution (0.154 M) was
added dropwise to the aniline solution with stirring for 3 hours.
The resulting PANI was washed 3 times by distilled water then it
was finally washed with methanol. The polymer was left to dry at
50 °C overnight.

2.3. Synthesis of PANI-CS-Fe;0, nanocomposite

The synthesis of PANI-CS-Fe;0, nanocomposite was performed
according to the procedures reported by Ayad et al.*®* 1 g of CS
was dissolved into 100 mL of 2% v/v acetic acid then 0.5 mL of
aniline monomer was added. The resulting solution was left
under stirring for 1 hour to homogenize it. In an ice bath, 2.51 ¢
of anhydrous FeCl; was added to the mixture and left under
mechanical stirring overnight. 25 mL of 0.5 M NaOH solution
was added dropwise to the mixture. The resulting product was
collected and washed several times with distilled water and
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ethanol. Eventually, the product was dried in an oven at 50 °C
overnight.

2.4. Synthesis of Ag nanoparticles@PANI-CS-Fe;0,
nanocomposite

PANI-CS-Fe;0, nanocomposite was added to 50 mL of 0.1 M
NH,OH for full deprotonation, then it was washed with distilled
water. 0.2 g of the previously deprotonated PANI-CS-Fe;O,
nanocomposite was added to 50 mL of 3 mM of AgNO; under
mechanical stirring for 3 hours. The product was washed with
distilled water and ethanol several times. Finally, it was dried at
room temperature for 2 days.

2.5. Catalytic activity of Ag@PANI-CS-Fe;0,

In a well stoppered quartz cuvette, 2.5 mL of 7 mM of alkaline
solution of 4-NP was added to 1 mg of Ag@PANI-CS-Fe;0,
nanocomposite and the UV-VIS absorption spectra were recor-
ded. Afterwards, 0.5 mL of 10 mg mL ™! of NaBH, was added to
the previous solution and the reaction progress was followed by
measuring the UV-VIS absorption spectra over time.

2.6. Characterization

XRD patterns of the prepared samples were measured by X-ray
diffractometer (GNR APD-2000 PRO) with CuKo radiation (40
kv, 30 mA) in the step scan mode. Elemental composition of the
prepared samples was determined by EDX spectrometer (Bruker
Quantax 200 with XFlash 6|10 detector) at 15 kV of accelerating
voltage. A Bruker Tensor 27 FTIR (with the frequency range of
4000-400 cm ') was used to record functional groups and also
to record the finger print regions in different steps of the
nanocomposite preparation. SEM images were captured on
Tescan Mira 3 LMH at accelerating voltage of 30 kV. TEM (JEM-
2100F) at 200 kV was used for morphology measurements. UV-
VIS absorption spectra were recorded using UVD-2960 (Lab-
omed Inc.) spectrometer. Magnetic properties were measured
by vibrating sample magnetometer (VSM) on physical property
measurement system (Quantum Design).

3. Results and discussion

Two steps-based simple method was used for synthesizing
Ag@PANI-CS-Fe;0, nanocomposite. In situ chemical polymer-
ization of aniline was performed using FeCl; as an oxidant in
presence of CS. During polymerization, iron(m) chloride was
reduced into iron(u) chloride. In addition, sodium hydroxide
solution was added to the previous solution to produce
hydroxides of Fe** and Fe** ions [Fe(OH), and Fe(OH);], which
resulted in the formation of Fe;O, nanoparticles (as shown in
Scheme 1) that grants the nanocomposite with magnetic char-
acter.’ The classical synthesis of Fe;O, via co-precipitation
method in pH range between 8 and 12 was followed through
reaction of stoichiometric ratio of 2:1 (Fe**/Fe*") ions as
ascribed in eqn (1).*> The inclusions of magnetic Fe;0, particles
facilitate the separation process. NH,OH was used to make and
ensure the deprotonation process of PANI-CS-Fe;O, nano-
composite in order to activate the lone pair of electrons located

This journal is © The Royal Society of Chemistry 2017
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CH;COOH
FeClz

+ FeCl,. Excess FeCly

CS Aniline

PANI-CS nanocomposite

NaOH

NH,OH
AgNO;

Ag@PANI-CS-Fe;0, nanocomposite PANI-CS- Fe;0, nanocomposite

Scheme 1 The formation mechanism of Ag@PANI-CS-FezO,4
nanocomposite.

at amino, imino and hydroxyl groups in polyaniline and chito-
san which facilitates the coordination of Ag ions onto these
basic active sites.

Fe?* + 2Fe** + SOH™ — Fe;0, + 4H,0 (1)

Generally, reducing agents such as hydrazine and sodium
citrate were used for anchoring silver nanoparticles over some
surfaces.*® These reductants may cause many problems such as
toxicity of a product.** In the present study, silver ions were
reduced via PANI to silver nanoparticles onto the nano-
composite surface.*” Furthermore, CS has an affinity toward
silver ions as a result of its primary amines and hydroxyl groups
which chelates with the metal cation.*®

The chemical structures of PANI, CS, and the magnetic
nanocomposite PANI-CS-Fe;O, before and after anchoring the
silver nanoparticles were investigated by measuring their FTIR
spectra. Fig. 1 shows the comparison of the FTIR spectra of
PANI-CS-Fe;0, (Fig. 1C) and Ag@PANI-CS-Fe;0, (Fig. 1D) with
the FTIR spectra of PANI (Fig. 1A) and CS (Fig. 1B). The main
peaks of PANI appear at 1571 cm ™, 1472 cm™ ', 1301 cm ™', 1121
cm " and 803 cm ! (Fig. 1A) which are attributed to nitrogen
quinone (Q) structure, benzene ring (B) structure vibration, C-N
stretching vibration, in plane C-H vibration and out-of-plane
C-H bending vibrations, respectively.***** The saccharide
structure of CS biopolymer is represented by the peaks at 3440
em™Y, 1655 cm ™Y, 1372 em ™, 2861 cm ™Y, 1155 em ™ * and 1070
cm ™' (Fig. 1B) that are related to its stretching NH, groups,
bending NH,, vibrational alcoholic groups C-OH, bending C-
OH, anti-symmetric bending of C-O-C bridge and vibrational
C-0, respectively."®* The FTIR spectrum of PANI-CS-Fe;O,
nanocomposite (Fig. 1C) exhibits broadening between 3435
em ' and 2826 cm ' which indicates the hydrogen bond
interaction between PANI and CS.'®**° Moreover, the disap-
pearance of CS band at 1654 cm ™' (Fig. 1B) accompanied by
appearance of new one at 1636 cm ' for PANI-CS-Fe;O,
nanocomposite (Fig. 1C) is an effective indication for the
interaction between PANI and CS.' In addition, presence of
pristine magnetite is usually associated with presence of two
peaks at 580 cm ™' and 464 cm ™ '.*>% In Fig. 1C, the new peaks at
595 cm ™' and 449 cm ™' support the presence of magnetite and
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Fig. 1 FTIR spectra of PANI (A), CS (B), PANI-CS-FezO4 nano-
composite (C), and Ag@PANI-CS—-Fe3;04 nanocomposite (D).

are related to vibrational Fe-O bond.”"*® The shifting of the
magnetite peaks from that of parent magnetite peak indicates
the interaction of magnetite with PANI and CS particles. Track D
shows the finger print of track C with small shift of NH and OH
peaks position from 1636 cm ™' and 3435 cm™ " (Fig. 1C) to 1629
em~ ' and 3343 cm ! (Fig. 1D) due to silver metal reduction its
deposition over PANI-CS-Fe;O, nanocomposite. The wave-
number shift caused by anchoring silver was observed in the
literatures by many authors.*®** Therefore, FTIR suggest good

A Fe,0,
* Ag
z .
® :
@ :
Q
- . B
(= -
£ -
o ™ o
DL o -
A 8§ 4::1 8 8§ - I
e R
: : : : : : : . : : .
20 30 40 50 60 70 80

20 deg.

Fig. 2 XRD patterns of the prepared PANI-CS-FezO, (A) and
Ag@PANI-CS—-Fez0O4 (B) nanocomposites.
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Table 1 Average of elements masses in the Ag@PANI-CS-FezO,4
nanocomposite

Element Mass norm. % Average
Measurement no. 1 2

Oxygen 39.609918 38.52287 39.07
Iron 28.744685 33.317434 31.03
Carbon 21.980049 18.941147 20.46
Silver 6.1181148 6.8474 6.48
Nitrogen 3.5472337 2.3710902 2.96

100 100 100

PANI-CS matrix

Paper

interaction between CS and PANI, the presence of magnetite
and the deposition of silver metal nanoparticles on the PANI-
CS-Fe;0, nanocomposite.

X-ray diffraction (XRD) helps to identify the crystallinity and
phase of the product. Fig. 2A exhibits the XRD pattern of the
prepared nanocomposite PANI-CS-Fe;0, which represents the
diffraction patterns of Fe;O, that can be indexed to (& k I)
reflection peaks of [220], [311], [400], [422], [511] and [440] at 26
equivalent to 30.2°, 35.74°, 43.12°, 53.51°, 57.19° and 62.78°,
respectively for face centered cubic (FCC) phase of magne-
tite.>**** Track B represents PANI-CS-Fe;O, nanocomposite
after formation of silver nanoparticles over its surface. Three
main diffraction lines were observed at 26 of 38.2°, 44.1° and
64.5° that can be indexed with (% k [) crystallographic planes to
[111], [200] and [220], respectively and related to FCC silver
crystals.”” These XRD data match with FTIR spectra and
therefore they prove the presence of magnetite and silver
nanoparticles on the PANI-CS-Fe;0, nanocomposite.

The EDX spectra of Ag@PANI-CS-Fe;O, nanocomposite
were measured to identify the chemical composition (Fig. 3).
The analysis result reveals the presence of oxygen, iron, carbon,
silver and nitrogen. The average of mass percentages of the
elements were determined and calculated twice and then cited
in Table 1.

The morphology and the size distribution of the nano-
composite were determined using the SEM technique. Fig. 4A
shows the typical SEM image of Ag@PANI-CS-Fe;0, nano-
composite. The image reveals the nanostructure of the synthe-
sized nanocomposite and the spherical shape of the Fe;0,-Ag

Fig. 4 SEM of Ag@PANI-CS-FesO4 nanocomposite (A), TEM images of PANI-CS—-FezO, nanocomposite (B) and Ag@PANI-CS-FezO,
nanocomposite (C), and HRTEM of Ag@PANI-CS—-FezO,4 nanocomposite (D). The inset shows SAED of Ag@PANI-CS-FezO4 nanocomposite.
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nanostructures (without aggregation) on PANI-CS matrix with
particle size of about 30-50 nm.

The structure features of Ag@PANI-CS-Fe;0,
composite were investigated via the TEM technique. The TEM
image of PANI-CS-Fe;0, nanocomposite (Fig. 4B) shows the
dispersion of Fe;O, nanoparticles through PANI-CS matrix with
low aggregation at high magnification. Fig. 4C is the TEM image
of Ag@PANI-CS-Fe;O, nanocomposite; it shows uniform
distribution of Fe;0,-Ag nanostructures accompanied with low
aggregation to some extent. The typical HRTEM image of
Ag@PANI-CS-Fe;0, nanocomposite (Fig. 4D) shows that the
nanoparticles are crystalline as the lattice fringes spacing are
0.25 nm, which is consistent with the crystal structure of
Fe;0,4,% and also 0.23 nm revealing the crystal structure of Ag
nanoparticles.® The inset image exhibits the selected area via
electron diffraction (SAED) of Ag@PANI-CS-Fe;O, nano-
composite, which shows arrays with bright circles confirming
the crystallinity of these nanoparticles that is consistent with
the data obtained from XRD.

Vibrating sample magnetometer (VSM) system was used to
investigate the magnetic properties of the synthetized nano-
composite. Fig. 5 shows non-coercive force property or rema-
nence values at room temperature indicating the ferromagnetic
property of PANI-CS-Fe;O,@Ag nanocomposite. Saturation
mass magnetization (Ms) of the Ag@PANI-CS-Fe;O, nano-
composite observed from Fig. 5 is 0.4 emu g~ ' so Ag@PANI-CS-
Fe;0, nanocatalyst can be separated easily from the reaction
medium by applying external magnetic field.

The reduction reaction of 4-NP to 4-aminophenol (4-AP) was
selected as an example for testing the catalytic activity of
Ag@PANI-CS-Fe;0, nanocomposite. 4-NP can be reduced
through NaBH, (the hydrogen source for reduction reaction) as
a reducing agent to 4-AP. Without catalyst, the color of 4-NP
does not change with time. Therefore, noble metals or their

nano-

nanocomposites are required as catalysts to accelerate the
transfer of electrons from the electron donor (BH, ) to 4-NP as
the acceptor and in this case the reduction reaction ends in few
minutes.* The catalyzed reduction reaction was followed easily
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Fig. 5 Magnetic hysteresis loop (M—H) of Ag@PANI-CS—-FezO4.
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via UV-VIS spectrophotometry since 4-NP has a characteristic
absorption peak at 400 nm under alkaline conditions. The
reduction of 4-NP to 4-AP is accompanied by change of the
intense yellow color of 4-NP into colorless 4-AP solution with
emergence of another peak at 310 nm, which is related to 4-AP
as shown in Fig. 6.°* Furthermore, the reduction in the
concentration of 4-NP can be found by following the decrease of
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Fig. 6 UV-VIS spectra for reduction of 4-NP to 4-AP by NaBH, using
1 mg (A), 2 mg (B), 3 mg (C) of Ag@PANI-CS—-FezO, as a catalyst.

RSC Adv., 2017, 7, 18553-18560 | 18557



RSC Advances

3.0 sk
254 s
0.8+ \

0.6 \

-InAJA,

0.4 \

Absorbance at 400nm, a.u.
J/

0.2 N\,

0.0

—TTT T T T
10 15 20 25

o
o -
5
o
3
&
o
@

Time, min

Time, min

Fig. 7 Absorbance at 400 nm (A) and —IlnAJ/A, (B) versus the
reduction reaction time of 4-NP by NaBH, using Ag@PANI-CS-FezO4
nanocomposite as a catalyst.

absorbance at 400 nm over time as shown in Fig. 6A. 1 mg of
Ag@PANI-CS-Fe;0, nanocomposite was used in the first period
of the catalysis test and the reaction was ended within 22 min as
shown in Fig. 6A and 7A. On using 2 mg and 3 mg of the

Paper

fabricated catalyst, the reaction finished after only 8 min and
6 min, respectively as presented in Fig. 6B and C.

Due to the high concentration of the reducing agent NaBH,
compared to 4-NP, pseudo first order assumption was applied to
calculate the kinetic rate of this reduction reaction.’>* Fig. 7B
shows the linear relation between —In A,/4, over time, where A,
is the initial absorbance and A; is absorbance at time ¢, to
confirm the pseudo first order assumption.

Various metals anchored onto variety of substrates with their
kinetic rates calculated from pseudo first order assumption
were ascribed in Table 2. By comparing our system with other
data reported for other systems in the literature, it can be found
that a very small amount (1 mg) of Ag@PANI-CS-Fe;0, nano-
composite (as compared to large amounts of other substrates)
shows a very high catalytic efficacy toward the reduction of 4-NP
as well as its ease of separation. This high catalytic activity may
be attributed to the small size of silver nanoparticles that are
uniformly distributed through the PANI-CS-Fe;O, nano-
composite, which usually leads to high catalytic activity.

Low catalyst dose with high catalytic efficiency results from
the presence of chelating sites in both PANI and CS represented
in amino groups as well as hydroxyl groups which are entrap-
ping more Ag nanoparticles leading to an increase in anchoring
Ag metal onto a small weight of the catalyst. The ease of

Table 2 Comparison of Ag nanoparticles anchored onto various substrates with their kinetic rates

Reduction rate

Substrate Dose Conc. (mol L) (107*s™) Ref.
Poly(amidoamine) dendrimer (G4)-Ag 10 (mmol dm ™) 0.3 cm® of 2 mmol dm™3 0.59 64
nanocomposite

Poly(propyleneimine) dendrimer (G4)-Ag 20 (mmol dm™>) 0.3 cm® of 2 mmol dm™ 0.413 64
nanocomposite

Fe;0,@8i0,-Ag 1g 1.2 x 10°* 7.67 65

Ag NPs-supported 7.2 mg 1.5 x 107° 3.17 66
poly[N-(3-trimethoxysilyl)propyl]aniline

Ag@egg shell membrane 10 mg 3x10°° 4.1 61
Ag@PANI-CS-Fe;04 1 mg 7 x107° 2.0 The present work

—&— 1 recycle
o— 2 recylce
—A— 3 recycle

Absorbance at 400nm, a.u.

00 +——m——7——7F—"—-"7—"—"-"T—"—1——1

Time, min

100

B
80
60
40+
20
0 . . .
0 1 2 3

Recycles numbers

Efficiency, %

Fig. 8 Reusability of 1 mg of Ag@PANI-CS—FezO, catalyst nanocomposite toward reduction of 4-NP via NABH,4 as a reducing agent.
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separation of the catalyst (magnetically) and the low catalyst
dose (1 mg) as compared to other catalyst systems (as seen in
Table 2) which results a high catalytic rate is the main reason for
calling this system a smart system.

The recovery of the catalyst was tested using 1 mg of the
fabricated catalyst under the similar above conditions. For the
separation process, the substrate was exposed to magnetic field
in the reaction cuvette and the produced aminophenol was
drained quietly by syringe. The catalyst was recovered three
times without great loss in the efficacy to prove that the catalyst
is intact. In the first recycle, the reduction process ended at
25 min while the second and the third recycles last for 38 and 45
minutes, respectively (Fig. 8A). The time difference between the
three recycles indicates the small decrease in the efficiency of
the catalyst that could be attributed to the minor loss of the
substrate during recycling.

The efficiency percentage («) was calculated as reported by
Zhang et al.*’ according to eqn (2):

CC;C x 100 % @)

o=
where, C, is the initial concentration and C, is the concentration
at the termination stage. Fig. 8B represents efficiency percent-
ages for 4 successive cycles with efficacy more than 95% in the
fourth cycle. This means that the same amount of the catalyst
can be used many times with negligible loss in the catalytic
efficacy.

4. Conclusion

In summary, PANI-CS-Fe;0, nanocomposite was successfully
prepared through simple steps method. The prepared nano-
composite acted as a green surface that was decorated with silver
nanoparticles. The role of the substrate (PANI-CS nano-
composite) lies in the reducing power of PANI and the availability
of amino, imino and hydroxyl groups in PANI and CS which
facilitates the coordination of Ag ions onto these basic active
sites. The Ag-anchored nanocomposite was fully characterized by
FTIR, XRD, EDX, SEM, TEM and VSM. These characterizations
proved successful formation of Ag@PANI-CS-Fe;O, nano-
composite with coarse particles of a spherical shape. The UV-
Visible spectrophotometry technique proved good catalytic effi-
cacy of the prepared nanocomposite towards reduction of 4-NP.
The new as-prepared nanocomposite from conducting polymer
(PANI) and natural one (CS) with silver nanoparticles can be
considered an eco-friendly catalyst that is characterized by its
ease of preparation as well as its magnetic character (for ease of
separation) and thus Ag@PANI-CS-Fe;O, can be considered
a promising catalysis candidate for industry and other fields.
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Electrical conductivity our contribution, natural (i.e. ageing at room temperature) and accelerated ageing (at 120 °C) of

polypyrrole nanotubes were studied. Natural ageing for about 3 year timespan lead to relative
decrease of sample conductivity to about 0.2 of its initial o, value. Accelerated ageing caused a
dramatic decrease of 7 orders of magnitude after about 1000 h accompanied by partial
deprotonation and backbone oxidation as confirmed by infrared, Raman and XPS spectroscopy
and elemental analysis. Occurrence of crystalline domains was attributed to residual methyl
orange and was not affected by ageing. The presence of methyl orange was found crucial for
improving stability of sample conductivity; it caused about 4 orders of magnitude enhanced
conductivity when compared with polypyrrole without methyl orange. In macroscopic scale the
conductivity loss was found to be a spatially homogeneous process as revealed by electrical
tomography. With increasing ageing time, besides gradual degradation on microstructural level,
a qualitative change of charge transport mechanism was found.

1. Introduction

Nowadays, increasing number of applications of conducting polymers requires long-term stability of their physical properties,
particularly electrical conductivity. Numerous studies have been carried out to investigate the decrease of conductivity in polypyrrole
(PPy) during natural [1-5] or accelerated ageing at elevated temperatures [6-12]. Generally, stability of polymer depends on the
material composition (i.e. presence and type of dopants) [5,6,13], and the ageing conditions (temperature, humidity, radiation,
presence of oxygen, various solvents) [7,14-16]. However, the mutual relations among the synthesis conditions, polymer compo-
sition and conditions of ageing are still far from being understood. For instance, natural ageing of PPy doped with arylsulfonates was
found to be much slower than expected from accelerated ageing tests [4]. This approach is useful for separation of the degradation
factors.

The main phenomena taking place during the ageing process which have an impact on polymer conductivity are: loss of the
dopant counterions and redistribution of the remaining ones along polymer chains. The chemical reasoning of these phenomena is
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based on the substitution reactions on the polymer, covalent bonding of counter-ions to polymer backbone (e.g. chlorination), oxi-
dation and chemical cross-linking (e.g. ternary amines in polyaniline (PANI)) [17]. Other transitions could occur due to the loss of
water or (in general) solvent molecules causing a change in the hydrogen bonding and subsequently in conductivity [13]. Besides the
chemical changes, the conformational structure is also modified by thermal treatment [18]. However, mainly from a point of che-
mical kinetics, oversimplified correlations between induced chemical changes and conductivity loss were criticised [19]. A possible
explanation of the conductivity decay was given using the concept of a heterogeneous corrosion-like process of disruption of con-
ducting islands with simultaneous expansion of amorphous insulating phase [19]. In such case, although conductivity change was
still mediated by chemical changes, the final kinetics of the process was altered. The knowledge of kinetics is therefore important for
deeper understanding of overall ageing process.

Here we performed both natural and accelerated ageing tests for polypyrrole nanotubes (PPy-NT) prepared with methyl orange
(MO) as a template [20]. We also compared the conductivity decay of PPy-NT with that of their template-free granular counterparts
(PPy-G). The well-conducting nanotubular form containing well-ordered phase (close to metal-insulator transition) [21] was also
found more stable in alkaline solutions than the granular one [22]. Information about the stability of electrical properties for na-
notubular morphology of conducting polymers can be particularly important, since these 1D nanostructures have received much
attention for their wide application potential in nanoelectronics [23]. Another emerging area for their application seems to be
synthesis of three-dimensional soft conducting materials such as hydrogels well-suitable for biomedical applications [24,25]. While in
synthesis of novel cryogels polyaniline is mainly applied so far [26], polypyrrole nanotubes can become the next candidate to fulfil
this role.

In this work we study the changes of PPy-NT conductivity and charge transport mechanism during: (i) long-term natural ageing
within three year timespan and (ii) accelerated ageing at 120 °C. The impact of accelerated ageing on morphology, crystalline
structure, molecular structure and doping level of PPy-NT is investigated as well. Finally, kinetics for conductivity and chemical
composition changes are determined.

2. Materials and characterization
2.1. Synthesis

Pyrrole (Sigma-Aldrich), iron(III) chloride hexahydrate (Sigma-Aldrich), and methyl orange i.e. (4-[4-(dimethylamino)phenylazo]
benzenesulfonic acid sodium salt; Fluka) were used as received. Polypyrrole nanotubes were prepared by chemical oxidation of
pyrrole with iron(Il) chloride hexahydrate in the presence of structure-guiding agent methyl orange, MO, according to previously
published procedure [20].

600 mL of 2.5 mM (1.5 mmol) aqueous solution of MO and 2.1 mL (30 mmol) of pyrrole were mixed and cooled to 5 °C. Then
8.12 g (30 mmol) of iron(III) chloride hexahydrate was dissolved in 69 mL of deionized water and subsequently added dropwise into
the reaction solution. Thus, the molar concentrations of reactants in the reaction solution were 45 mM pyrrole, 45 mM oxidant, and
2.2 mM MO, respectively. We set the monomer to oxidant ratio to 1:1 although there are other studies suggesting other ratios for
optimal synthesis of PPy; mainly to avoid a number of varying parameters keeping in mind that any significant effect on conductivity
was not observed [27,28]. The reaction solutions were gently stirred for 24 h. PPy-NT were subsequently separated by filtration and
purified by Soxhlet extraction using acetone to remove residual MO. Then the samples were rinsed with ethanol and dried at 40 °C in
a vacuum oven. Common PPy-G was synthesized in analogous way without addition of MO; this sample serves as the reference for
structural studies.

One part of the samples was then stored at ambient laboratory conditions (referred to as natural ageing), i.e. at temperature
25-30 °C, relative humidity about 30-35%, and not being protected from sunlight. It is worth to mention that any humidity control
device or light source with controlled radiation were not used. The main idea was to study stability of samples during natural ageing.
The second part of the samples — the artificially aged ones — was obtained only by their treatment at elevated temperatures in a PC
controlled Heraeus-Votsch VMT 07/35 thermostatic chamber (protected from daylight) at about 120 °C. Material was studied either
in the form of powder or as compressed pellet (at ca. 530 MPa) of 13 mm in diameter and 0.3-1 mm in thickness. For quick com-
parison of samples with various composition we determined the degradation time of ca 260 h (preliminary experiments have shown
us that such time period is long enough to reveal differences in sample stability).

2.2. Characterization

The morphology of PPy was observed by scanning electron microscopy (SEM) using Mira 3 LMH (Tescan). Elemental analysis was
measured by energy-dispersive X-ray spectroscopy (EDX) using Bruker Quantax 200 spectrometer with XFlash 6|10 detector (Bruker
Corporation) with 15 kV of accelerating voltage.

Wide-angle X-ray Scattering (WAXS) experiments were performed using a pinhole camera (modified Molecular Metrology System,
Rigaku) attached to a microfocused X-ray beam generator (Rigaku MicroMax 003) operating at 50 kV and 0.6 mA (30 W). The camera
was equipped with removable and interchangeable Imaging Plate 23 X 25 cm (Fujifilm). Experimental setup covered the momentum
transfer (q) range of 0.4-3.6 A~ 1 with q = (4mt/A)sin 0, where A = 1.54 A is the wavelength and 26 is the scattering angle.
Calibrations of the center and sample-to-detector distance were made using Si powder. The samples were measured in transmission
mode - each of them for 60 min.

Fourier-transform infrared (FTIR) spectra of the powders dispersed in potassium bromide pellets were measured using a Thermo
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Fig. 1. Schemes for conductivity measurement by common four-point probe method configuration (a), the extended van der Pauw configuration for low conductivity
measurements (b) and the eight-point probe electrical impedance tomography (c), and the criterion for selection of measuring currents (d).

Nicolet NEXUS 870 FTIR Spectrometer (Madison, WI 537 11) in an H,O-purged environment with DTGS (Deuterated Triglycine
Sulfate) detector in the wavelength range from 400 to 4000 cm ™ *.

Raman spectra of the powdered samples were measured on a Renishaw InVia Reflex Raman micro-spectrometer. The spectra were
excited with a diode 785 nm laser. A research-grade Leica DM LM microscope with an objective magnification x 50 was used to focus
the laser beam on the sample placed on an X-Y motorized sample stage. The scattered light was analysed by the spectrograph with
holographic grating 1200 lines mm ™. A Peltier-cooled CCD detector (576 X 384 pixels) registered the dispersed light.

X-ray photoelectron spectroscopy (XPS) was performed on powders placed into a XPS apparatus (Specs) using an Al Ka X-ray
source (Specs, XR-50) and hemispherical electron analyzer (Specs, Phoibos 100). Apparatus with samples was at least one day
continuously pumped to achieve desirable high vacuum (< 10”7 Pa). Correction to charging effects was done using the binding
energy of 284.8 eV for the main peak in C 1s spectrum. Intensity in spectra of aged samples was normalized to corresponding peaks of
non-aged sample.

We would like to emphasize that conductivity measurements have to be performed with care especially at high degradation level
(low conductivity) to avoid errors and subsequent misinterpretation. Therefore, experimental methods are explained with more
details as follows. Conductivity was measured by the four-point van der Pauw (VDP) method [29]. The most often used VDP con-
figuration (Fig. 1a) can be negatively influenced by common mode currents flowing through the sample between floating low
impedance terminals of the current source and the voltmeter, both devices being powered from electrical grid. The common mode
interference thus prevents application of measuring currents lower than typically 10 8 A. The simple VDP configuration (Fig. 1a) was
suitable only for samples with conductivity higher than ca. 10~* S cm ~!. Modified configuration (Fig. 1b) can measure considerably
lower conductivity [30]. The corresponding set-up consisted of a Keithley 6220 programmable current source, a Keithley 6485
picoammeter, a Keithley 2000 multimeter, a Keithley 706 scanner equipped with a Keithley 7152 low current matrix card, and two
Keithley 6517B electrometers as high impedance voltmeters. In this configuration, common mode currents were reduced because low
impedance terminals of all devices were not floating, but connected and grounded together. The voltage difference V = V2-V1
between the two electrometers’ preamplifier outputs was read by a common multimeter. All high impedance cables were triaxial and
employed guarding technique; on high impedance terminal of a current source, the guarding reduces leakage currents and on
terminals of electrometers it shortens the settling time necessary for steadying of measured voltage [30]. From the practical point of
view, this set-up enabled us to measure conductivity down to 107°S ecm™.

Temperature dependence of conductivity was measured on pellets by VDP method. The less conducting samples
(opr < 10 S cm™) were measured in a nitrogen cryostat (Janis VNF100) at temperature range ca. 70-315 K. The experimental set-up
consists of a Keithley 220 programmable current source, a Keithley 2010 multimeter as a voltmeter, and a Keithley 705 scanner
equipped with a Keithley 7052 matrix card. Measurements at extended temperature range, i.e. 5-315 K, were performed only for
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well-conducting samples in a helium cryostat (CS210SX19 with coldhead DE-210S, Advanced Research Systems with a Lake Shore AC
Resistance Bridge 372). During these measurements the samples were not placed in vacuum but in exchange gas to ensure a good
thermal contact. Prior to all temperature scans, the pellets were kept in dynamic vacuum (1072-102 Pa) for about 8 h to establish
defined moisture of the material.

Electrical impedance tomography (EIT) can be used to construct a map of conductivity distribution [31]. The more electrodes, the
higher is resolution of the map. As a compromise between resolution and measurement speed, pellets furnished with eight electrodes
were used to collect EIT data [32]. The current was always applied through neighbouring electrodes and the voltage was measured
successively from all other adjacent electrode pairs (Fig. 1c). For each position of source pair, five independent voltage values could
be obtained. As the source pair can be alternated in eight positions, 8 X 5 = 40 voltage measurements was done on each sample. The
experimental equipment for such measurement included a Keithley 238 current source, a Solartron-Schlumberger 7081 voltmeter and
a Keithley 706 scanner equipped with four 7164D relay cards. The conductivity map was then constructed using algorithms based on
the backprojection method [33,34].

Measuring currents should be as high as possible to minimize relative errors of voltages due to the noise. The limiting factors are
the safe voltage limit V., (high resistive samples) or maximum energy dissipated by Joule heating P,,,x (low resistive samples).
Moreover, it is helpful to repeat VDP or EIT procedure using several current values spanning at least one order of magnitude which
makes possible to verify that all measured voltages are directly proportional to the applied current. Only in that case it is correct to
consider the measured resistivity as a current-independent value (Fig. 1d).

3. Results and discussion
3.1. Conductivity decay during natural and accelerated ageing

The naturally aged samples were stored at ambient conditions and measured from time to time. The relative change of con-
ductivity during natural ageing for about three years (1076 days) at ambient storage conditions is depicted at Fig. 2a. It is worth to
note that despite the statistical deviation (various sets) of the initial conductivity of up to 30 % from its mean value, about 65 S cm™,
the relative decrease of conductivity during ageing was found to be the same. In order to characterize the time decay and to compare
the stability of various materials, the half-life time t; 5 defined as the ageing time required for conductivity to be halved from initial
value 0y, 0(tys) = 0.50p, can be used [7,35]. For PPy-NT the t, 5 value was estimated to be ca. 160 days. This is much higher than for
PPy-G estimated to about 12 days [3] or about 11 days in our case. We also evaluated kinetics of degradation using stretched
exponential time decay, o (t)/op ~ exp[—(%)n], which is widely accepted for ageing of conducting polymers. Although mostly used
value of exponent is 0.5 [19,36-38], also others are theoretically justified [39,40]. However, we focus here mainly on relaxation time
7 regardless of the value of exponent which was adjusted to produce a fair agreement with experimental data. The proper de-
termination and interpretation of exponent requires much more detailed study and will be published elsewhere. In this case, we
estimated value of the exponent to be 0.29 for both PPy-NT and PPy-G with one order of magnitude larger relaxation time for
nanotubes. The results are summarized in Table 1.

At 120 °C a significant degradation within a reasonable experimental timeframe was observed (Fig. 2b). Within 1000 h (41 days)
period the conductivity decreased of about 7 orders of magnitude. The difference between PPy-NT and PPy-G increased with ageing
time. It should be noted that even poorly conducting samples were measured with VDP technique, in the extended mode (Fig. 1b). We
again fitted the data with stretched exponential relaxation function. While for PPy-NT we obtained the exponent value equal to 0.5,
for PPy-G it was only available for ageing time longer than tens of hours. Even though it would be in agreement with literature [19],
we leave it here with n = 0.32 which describes the data better. The relaxation time for PPy-NT is two orders of magnitude higher
than for PPy-G. The difference in stability is more pronounced for higher temperatures and longer degradation time. The results are
again summarized in Table 1. While in both cases of degradation (both natural and artificial one) a stretched exponential was found, a
detailed temperature dependence of relaxation time should be studied to compare the respective kinetic processes involved in those
two ageing modes. Such detailed study will follow. We also compared degradation of the material in pellet and in powder form. Two
main differences were observed. The former ones were generally prone to formation of highly resistive surface layer (and thus their
results are difficult for interpretation) while the latter ones were found to be more degraded in bulk (Fig. 2c) as the larger material
surface was subjected to degradation process. Finally, we studied the effect of MO concentration applied at synthesis (and its residual
content) on stability of sample conductivity. Other properties on such samples were studied elsewhere [41]. Here we determined the
degradation time to be about 260 h to compare values for various samples. We can see difference in stability of sample conductivity
more than four orders of magnitude favouring high MO content (Fig. 2d). The presence of MO residuals in samples and its impact are
discussed below.

As the extensive degradation takes place during accelerated ageing, the artificially aged samples were further used for structural
investigations. Moreover, for deeper insight into ageing process, the mapping of heterogeneity of conductivity was employed on
macroscopic scale by means of EIT.

3.2. Effect of ageing on charge transport

Charge transport mechanism was studied for selected samples, both naturally and artificially aged, by means of measurement of
temperature dependence of conductivity. The type and parameters of charge transport models depend on various factors related to
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Table 1
Fitted parameters of stretched exponential relaxation for naturally and artificially aged (at 120 °C) PPy-NT and PPy-G .

Sample Natural ageing Artificial ageing

PPy-NT PPy-G PPy-NT PPy-G
7 [h] 3800 160 2.2 0.022
n 0.29 0.29 0.5 0.32

level of doping, homogenity, disorder, etc. [42]. Tracking the changes in charge transport induced by ageing can shed more light on
the nature of ageing mechanism.

Here we evaluated the preliminary results according to two different models suggested in our previous work on charge transport
in PPy [21]:

1,1
a(T) - aT?” L ( (T&)O'ZS)’
gexp( —{ -
@
11 \0:5 111
o (T) = oj'exp| — T + oglexp I .
T T )

The Model 1 (Eq. (1)) represents a serial connection of well-ordered areas in the vicinity of metal-to-insulator transition (the closer
to insulator part, the higher y) with disordered regions where 3D variable hopping prevails. The Model 2 (Eq. (2)) stands for a parallel
connection of another hopping model (Q1D or 3D between polaronic clusters) and simple activated transport of Arrhenius type. All
regions in both models are geometrically weighted; this is included in prefactors a, o; "™'. The detailed analysis is far beyond the scope
of the current paper. Here we focus on transition between these two models and change of parameters related to internal order,
doping level, etc. represented by adjustable parameters Ty "',

The results for temperature dependence of conductivity and their fits to theoretical models are summarized at Fig. 3. We also add
plots of the so-called reduced activation energy, i.e. d In(o(T))/d In(T), which were successfully used to improve determination of
model. First we plotted a referential sample which was found to follow the Model 1 [21], here with attribute of 34 days of natural
ageing. Two more samples could be fitted with the same model, the naturally aged one for 471 d and the artificially aged one for 5h
at 120 °C. For the samples artificially aged for 50 or 120 h the Model 2 was more appropriate. Moreover, ‘disorder’ parameters in both
models increase with ageing time (Table 2). Without going into details, we can deduce that ageing introduces gradual degradation on
microstructural level up to qualitative change in charge transport mechanism. Subsequently, the degradation in conducting areas
continues. Even though MO gives morphology to PPy and enhances its stability, we can see that (after thermal treatment) the original
well-ordered internal structure of PPy is not preserved and the charge transport is then the one characteristic for strongly-disordered
materials such as pristine PPy-G [21]. To better understand the influence of ageing on the character of charge transport, particularly
on change of physical parameters, a detailed separate study is needed and will be published elsewhere. It should be emphasized that
since artificial ageing can be used to systematically prepare samples with desired conductivity/internal order, it is beneficial

=== Model 1

8 [~ - - - Model 1
= Model 2

dIno/d InT

Fig. 3. Temperature dependence of conductivity (left) and reduced activation energy (right) of various aged samples with corresponding fits of model 1 (Eq. (1)) and

model 2 (Eq. (2)).
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Table 2
Fitted parameters of charge transport models (Egs. (1) and (2) for various naturally and artificially aged (at 120 °C) PPy-NT.

Model 1 Model 2
Ageing conditions a I Y a ! o ! ol T
[S em ™" K] [Sem™"] K1 [Sem™"] K] [S em™] K]
34d, RT 1.3 0.74 6.4 x 10° 3.4 x 10* - - - -
471 d, RT 0.36 0.78 1.3 x 10* 2.0 x 10° - - - -
5h, 120 °C 0.075 0.98 5.3 x 10* 5.4 x 10° - - - -
50 h, 120 °C - - - - 152 8.0 x 10° 0.72 260
120 h, 120 °C - - - - 104 1.4 x 10* 0.077 400

technique for charge transport studies [19]. Hence, these two studies are rather complementary.

3.3. Conductivity mapping by electrical tomography

During accelerated ageing, each sample was scanned using the EIT procedure, which provides a map of the electrical conductivity
distribution on the area of a sample. Fig. 4 shows several snaps from a time development sequence of the conductivity distribution
recorded from the PPy-NT sample aged at 120 °C during ca. 16 days. Time interval between individual snaps is approximately 16 h.
On the very beginning the sample shows almost uniform conductivity distribution. More ragged profiles together with marked
decrease of mean conductivity can be observed later (the density of contour lines is 50 lines per decade in the whole range of
logarithmic scale). It can be seen that both the evolution of non-uniformity and the conductivity decrease rate correlate with the
ageing time.

3.4. Infrared and Raman spectroscopy

Infrared spectroscopy was employed in order to track chemical changes during accelerated ageing. Absorption bands in FTIR
spectra of PPy-NT before ageing (Fig. 5) exhibited very small intensity in comparison with PPy-G, which was caused by its compact
stone-like structure difficult to disperse in potassium bromide pellets. It may be connected with strong hydrogen bonding in the
sample. The measured spectra contain relatively strong absorption bands in the region of stretching and bending vibrations of water
molecules at about 3427 cm ™~ ' and 1644 cm ™~ ?, respectively. However, the main bands of PPy-G can be well distinguished practically
at the same positions in the spectrum of PPy-NT. They were described in Refs. [28,43]. Some very weak peaks of MO can be identified
in the spectrum of PPy-NT. After ageing at 120 °C during 119 h, the positions of the main peaks of PPy remained unchanged, but their
intensities varied. The intensity of the peaks of MO slightly increased, they are marked with asterisk (Fig. 5). The shape of the
spectrum is close to the spectrum of the PPy deprotonated with 1M NH,OH (PPy base) described in Ref. [44]. It correlates with
decrease of conductivity. Absorption in the region above 1600 cm ™! decreased and a weak band at 1711 cm ™! appeared. It cor-
responds to the presence of carbonyl group, in that case attributed to the nucleophilic attack of water during the preparation [43].
After ageing during longer time periods (119 h, 242 h, 480 h, and 962 h) the samples were generally much better dispersible in the
pellet which may be connected with loss of water and disappearing of hydrogen bonds. The corresponding spectra dramatically

Conductivity [Scm™]

10"

107

Fig. 4. Electrical tomography maps of spatial distribution of conductivity for PPy-NT sample during accelerated ageing at 120 °C. Total time is 16 days. Time interval
between snaps is approximately 16 h.
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Fig. 5. FTIR spectra of PPy-NT before and after ageing (119 h, 242 h, 480 h, 962 h). Spectra of non-aged PPy-G and of MO(HCI) are included. Peaks related to MO are
marked with asterisks.

changed (Fig. 5). The intensity of the peaks attributed to MO increased with heating. It should be stressed that MO is present in the
samples in its acidic form MO(HCI) [20]. The maxima of the bands observed in the spectrum at about 1537 cm ! (C—C stretching
vibrations in the pyrrole ring), at 1163 cm ™! (the region of the C—H and N—H in plane deformation vibrations) and at 903 cm ™! (the
C—H out of plane deformation vibrations of the ring) shifted to higher wavenumbers after heating. The same shift has been observed
in the spectra after deprotonation in Ref. [44]. The heating causes a relative decrease of the band at 1455 cm ™! (C—N stretching
vibration in the ring), of the broad band with maximum at about 1300 cm~! (C—H or C—N in-plane deformation modes) and of the
band at 1030 cm ™! (C—H and N—H in-plane deformation vibrations) [44]. The intensity of the band at 1711 cm ™! belonging to the
vibrations of carbonyl group and of the band situated at 1660 cm ~* dramatically increased. A very weak peak of N=C=0 vibrations
appeared at 2216 cm ™', These attacks of oxygen on polymer backbone probably lead to decrease in average conjugation length and
thus decrease of conductivity [2].

Raman spectroscopy is an adequate tool to study the molecular structure and the doping level of conducting polymers. We have
used the laser excitation wavelength 785 nm because it is not in resonance with the energetic transitions in MO and so the spectral
features of PPy can be clearly displayed. The Raman spectrum of the original PPy-NT (Fig. 6) is very close to the Raman spectrum of
PPy-NT salt [44]. The band of C=C stretching vibrations of PPy backbone with the maximum situated at 1598 cm ™, whose position
is characteristic for the oxidation state of PPy [45], remained practically at the same position in the spectra of all aged samples
(Fig. 6). After ageing, the Raman spectra exhibit the fluorescence background of MO. As the Raman scattering is a surface-sensitive
method, it may be connected with migration of MO from the bulk to the surface of the samples during heating. It should be stressed
that the structure of free elapsed MO may be different from MO interacting with PPy in nanotubes. Intensity of the band with
maximum at 1498 cm ' (C=N and C—C stretching vibrations) increased during heating. This band was slightly shifted to higher

| E ) ’ I

| Raman, exc. 785 nm |

Intensity

PPy.NT ' ' e
PPY.G i ! B
T T 1 | 2 L I N 1
3000 2500 2000 1500 500

Wavenumber [cm™]

Fig. 6. Raman spectra of original PPy-NT before and after (119 h, 242 h, 480 h, 962 h) ageing and the spectrum of non-aged PPy-G measured with 785 nm laser
excitation line for comparison.
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Fig. 7. XPS spectra of C 1s (a) and N 1s (b) of PPy-NT before and after (119 h, 242 h, 480 h, 962 h) ageing with deconvolution (see text) and envelope fits. Detailed plot
of deconvoluted N 1s spectra for untreated and aged (480 h) samples (c).

wavenumber during ageing which may be connected with the deprotonation of the samples. It correlates also with appearing of a
shoulder at about 1416 cm ™' in the spectra of heated samples which belongs to the increased C—N stretching vibrations in the
neutral units. The two peaks situated at 1378 and 1322 cm ™' are assigned to the ring stretching vibrations of PPy. The first one
belongs to the oxidized and more conducting PPy and the second one to the ring stretching vibrations of deprotonated units [45]. The
relative ratio of these two bands in aged PPy remained almost unchanged after ageing which indicates that at least partial protonation
was maintained. After ageing, the peaks at 1242 cm ™! (antisymmetric C—H deformation vibrations) and at 932 cm ™! (ring de-
formation vibrations in dication units) shifted to the higher wavenumbers in the spectra of samples aged for 242-962 h (Fig. 6). The
double peak at about 1102 and 1052 cm ™' belongs to the C—H out of plane deformation vibrations. The relative intensity of these
peaks corresponds to the deprotonated PPy [45]. The intensity of the sharp peak of the ring deformation vibrations of neutral units
situated at 982 cm ™~ ' increased in the spectra of the samples heated for 242-962 h. The ring deformation and out of plane C—C
deformation vibrations are connected with the peaks situated at 918 and 864 cm ™ 1.

3.5. X-ray photoelectron spectroscopy

Ageing effect of PPy-NT studied with XPS enabled us to qualitatively track the changes at the surface of the samples.
Deconvolution of PPy spectra of N 1s and C 1s was done using Gaussian functions with constant width and positions according to
literature [46-48]. All spectra of C 1s (Fig. 7a) were found to be quite similar and except main C, and Cg peaks (284.8 eV, 283.6 eV)
in PPy backbone, three oxygen-containing groups C=N/C—0, C=0 and O—C=0 at about 286.2 eV, 287.5 eV and 288.8 eV, re-
spectively, were identified [46]. Only a slight increase in relative intensity of C=N/C—0, C=O0 groups was observed. It should be
stressed that XPS is an extremely surface-sensitive method and certain contamination of sample surface could not be avoided. More
information could be extracted from N 1s spectra (Fig. 7b and c). The spectrum of non-aged sample is composed from typical peaks of
protonated PPy of C—-N*, C=N" and -NH- situated at 401.1 eV, 402.7 eV and 399.7 eV, respectively [46], peak at 398.5 eV often
attributed to pyridine-like N [49,50] and peak at 400.3 eV which probably comes from azo-group in MO [51,52]. After ageing we
found lower relative intensity coming from protonated species. Moreover, a small peak at 397.7 eV attributed to deprotonated species
—N= in PPy [47] appeared in aged sample (Fig. 6¢). Our results are consistent with the picture of incomplete deprotonation caused
by alkaline solutions [48]. Significant increase of the peak intensity at 400.3 eV can be related to migration of MO species to the
surface during ageing. All these findings are in agreement with FTIR and Raman spectra. Finally, Cl 2p spectra were unfortunately too
noisy for any analysis and hence only rough estimate for chlorine content to be about 0.2-1.2 at.% was done. The sulfur content was
estimated to 0.5-1.4 at.%. This again confirms that the MO species are present at the surface of sample.

3.6. Elemental analysis

Up to this point we identified the chemical changes in PPy-NT during ageing, such as increase of carbonyl groups, partial
deprotonation and MO migration to surface, with an aid of spectroscopic methods. In this section we correlate these qualitative trends
with results of elemental analysis determined from EDX. As for the content of distinct elements (reported in at.%) we can distinguish
three different trends (Fig. 8); (i) contents of nitrogen (=17%) and sulfur (coming solely from MO, =1%) remain constant
throughout the whole ageing period; (ii) content of oxygen continuously increases from ca. 7% to ca. 19%; (iii) content of chlorine
coming from oxidant decreases from initial =3.5% to final =1.2%. From all these results one can deduce that (i) the chemical ageing
of PPy is not accompanied by release of nitrogen in the form of volatile compounds and, moreover, amount of MO in PPy also remains
constant, (ii) while the initial oxygen content could be attributed mostly to gas chemisorbed to PPy surface (as the ageing process is
carried out at 120 °C, we can avoid the influence of increased chemisorbtion at elevated temperature), the significantly increasing
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Fig. 8. Effect of ageing at 120 °C on elemental composition of PPy-NT determined by energy-dispersive X-ray spectroscopy.

content of oxygen can be explained by carbonylation of PPy heterocycles in agreement with results of Raman/FTIR/XPS spectro-
scopies (Fig. 5, Fig. 6), and finally (iii) chlorine is released from the polymer, e.g. in a form of gaseous HCI [35] or NH4Cl [10].

3.7. Morphology

Morphology of prepared PPy-NT was investigated by SEM. Randomly entangled nanotubes with circular profile of diameter
~85-120 nm were observed (Fig. 9). To investigate the effect of ageing on change of morphology, the extremal conditions were
selected, i.e. prolonged ageing for ca. 978 h at 120 °C. Nevertheless, they did not cause any remarkable damage (such as cracks) of
nanotubular morphology.

3.8. Wide-angle X-ray scattering

We observed several crystalline reflections in WAXS spectra of PPy-NT (Fig. 10) along with two broad amorphous halos char-
acteristic for PPy-G [53-55]. It is known that (using templating) it is possible to obtain organized structure [56]. On the other hand,
the nanostructured PPy was found to be completely amorphous unless containing residual MO-Fe complexes [57]. Molecules of MO
themselves are known to form the triclinic structure [58]. Observed peaks can be divided into two groups related to MO in a salt form
and acidic form, respectively. Presence of these two forms is in agreement with spectroscopic results. While the former form of MO
comes into reaction, the latter must be formed during polymerization. It should be noted that the total crystallinity of samples varies
significantly with various batches, while the conductivity remains practically the same. While the crystalline structure itself is not
responsible for enhanced conductivity and better conductivity stability in case of PPy-NT, we again observe traces of residual MO
remaining in samples that can be responsible for such enhancement.

1pm

Fig. 9. Morphology of as-prepared polypyrrole (left) and polypyrrole aged at 120 °C for ca. 978 h (right) as probed by SEM.
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Fig. 10. Effect of ageing at 120 °C on crystalline structure of PPy-NT. WAXS spectra of PPy-G and MO in salt and acid forms are included for comparison.

3.9. Composition-conductivity relationship and increased stability

From the above mentioned results of chemical analyses we assume two phenomena having the major impact on conductivity, (a)
chlorine decrease (partial deprotonation) and (b) increase of oxygen (due to backbone oxidation via formation of carbonyl groups). In
order to have a quantitative estimate of their extent, we can express the content of both chlorine and oxygen as their ratio to nitrogen
originating only from PPy (Fig. 11), i.e. after subtraction of MO contribution (three nitrogen atoms per one atom of sulfur). For
simplicity, in the following reasoning we consider the ratio Cl/N as a protonation (doping) level. Even though we could not exclude
molecules of MO from being co-dopants [59], they would only cause a shift of the doping level to higher values without the change of
general trend, since the content of residual MO was found to be constant (Fig. 8). Interestingly, conductivity of PPy-NT decreases
within the period of 0-980 h continuously (Fig. 3), while Cl/N ratio seems to saturate at 0.067. We fitted the data using simple
exponential relaxation (n = 1 in the expression for stretched exponential function) with relaxation time 266 h. This value is two
orders of magnitude higher than relaxation time for conductivity change. Beside decrease of protonation level, oxygen content
increases, which was interpreted as an increase of occurrence of carbonyl groups. The observed decrease of conductivity has therefore
(at least) two reasons: (a) decreasing concentration of charge carriers in backbone (polarons and bipolarons) connected with decrease
of Cl/N ratio; (b) increasing concentration of the sites with destroyed conjugation in backbone influenced by occurrence of carbonyl
groups. Indeed, increase of C=0 groups during ageing of PPy was well correlated with conductivity decay [2]. Finally, decrease of
content of water in PPy-NT is likely to occur but probably only at initial stages of ageing at elevated temperature. Moreover, the effect
of water on conductivity of PPy-NT was found rather unimportant [60]. While all induced changes in structure and conductivity
during accelerated ageing are monotonous, one can be tempted to assume a rather simple conductivity-structure relationship.
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Fig. 11. Effect of ageing at 120 °C on the protonation level expressed as chlorine to nitrogen ratio (diamonds) and increase of oxygen to nitrogen ratio (circles) in
sample. Fit of exponential decay of Cl/N (dash).
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However, this approach fails for two reasons (i) it is inconsistent for naturally aged samples, where, despite the lack of systematic
study, Cl/N and O/N for these samples were found to be in range 0.10-0.25 and 0.29-1.33, respectively, i.e. covering almost whole
range of vertical scales in Fig. 11 for accelerated ageing but exhibiting only modest conductivity decay; and (ii) the kinetics is
different for composition and conductivity changes. Therefore, one should be very careful when making direct link between total
composition and conductivity variations. More relevant information on this issue could be obtained from both detailed kinetics and
detailed charge transport mechanism studies which will follow. From our preliminary results on charge transport we deduced that
internal degradation within conducting domains at some point leads to its dramatic change. Such changes could be barely attributed
only to the overall changes in composition.

The relationship between morphology (granular/nanotubular), content (and form) of residual MO on one side and material
conductivity, and its stability on the other side seems to be very complex. For instance, it was found that PPy-NT, when synthesized
with FeCls, contains a highly doped and highly ordered phase and conductivity is thus enhanced, but this improvement is dependent
on used oxidant [21]. Apart from morphology difference, PPy-NT always contains residual MO. The content of MO generally in-
fluences a lot of properties (conductivity, morphology, specific surface). These are studied elsewhere but — as an important note — we
mention here that part of MO can be in the form of counter anions incorporated to PPy and part of electroneutral MO molecules
(dependent on concentration) remained stacked together by reacting with the above mentioned counter anions [41]. Such con-
glomerates could be more stable than just single molecules of dopants. Further, we can assume that enhanced stability of PPy-NT is
due to the presence of the sulfonic group, SO3-, known for its assurance (mostly bonded to an aromatic ring) of better stability in
conducting polymers [4,13,35,61]. It can be viewed in a similar manner as also for some surfactants, e.g. dodecylbenzene sulfonic
acid [5]. Moreover, enhanced stability of PPy-NT against alkaline media (i.e. against deprotonation) was also attributed to presence
of MO [22]. Finally, MO itself can be regarded as an organic semiconductor albeit with very low conductivity =10 S cm™, but
showing good thermal stability upon heating [58]. Nevertheless, MO itself does not ensure that the well-ordered and well-conducting
PPy domains are completely protected from thermal degradation (as shown in charge transport evaluation).

4. Summary

We studied both natural and accelerated ageing of highly conducting polypyrrole nanotubes, which turned out to be more stable
than their common granular counterparts. Natural ageing for about 3 year timespan (1076 days) lead to relative decrease of PPy
conductivity to about 0.2 of its initial value (0p). Accelerated ageing at 120 °C caused dramatic decrease of conductivity to be by 7
orders of magnitude after about 1000 h (41 days). Comparing conductivity change and relaxation time for nanotubular and globular
forms of PPy, we found nanotubes to be an order of magnitude more stable material, and thus promising for applications.

For selected samples we evaluated changes in charge transport mechanism. We observed gradual degradation of material related
to disruptions at microstructural level and (at some point) to change in type of charge transport mechanism; a well-ordered material
close to metal-insulator transition shifted to a strongly disordered material. From a macroscopic point of view, conductivity loss was a
spatially homogeneous process, at least at beginning stages, as revealed by electrical tomography.

Alongside with the significant changes in conductivity during accelerated ageing, structural properties were investigated. Two of
them, supramolecular and crystalline (given by MO) structure were left unaffected by elevated temperatures. On the other hand,
chemical composition was changed since partial deprotonation (loss of dopant) and oxidation (formation of carbonyl groups) were
observed. A higher stability of electrical conductivity of nanotubular polypyrole comparing to globular one was attributed to residual
presence of MO containing stabilizing SO3~ group. During ageing, MO was found to migrate to the material surface while its amount
was almost constant. We found monotonic increase of stability about 4 orders of magnitude with increasing MO content used during
PPy-NT synthesis.

We found that composition as an integral quantity is not the key factor in conductivity degradation. For instance, before the
apparent changes in composition during accelerated ageing are even noticeable, the substantial degradation of electrical properties
takes place, regarding to the two orders of magnitude difference in relaxation time for composition and conductivity, respectively.
Further detailed studies of both the degradation kinetics and charge transport mechanism could be beneficial for deeper under-
standing of underlying ageing processes. We believe that further effort in material synthesis/modification should focus on dopant
stabilization, anti-oxidative protection and inhibition of growth of internal disorder.
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