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SUMMARY

I. Research Subject

Development and Applications of Polymer Sensor

H. Purpose and Importance of Research

One of conductive conjugated polymers, polypyrrole (PPy) is
electrochemically polymerized and simultaneously doped with anions, re-
sulting in carrying electric charges. This intrinsic conducting polymer
1s expected to be applied to the rechargeable battery, electromagnetic
and electrostatic shieldings, solar cell and semiconductor devices and
has been applied to the chemical and pollution sensors. Especially, pol-
ypyrrole takes advantages such that it can be prepared adequately
for the purpose of special applications by the doping—dedoping pro-
cess and has stability in air and heat. In this study, the method was
developed to improve the ionic conductivty and then the humidity sen-

sitivity of polypyrrole was inspected.
Il. Scope and Contents of Research
A. Scope

1. doping —dedoping process of polypyrrole
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2. design and preparation of micro—sensor
3. improvement of ionic conduction characteristics

4. humidity sensitivity experimentals of polypyrrole sensor

B. Contents
Polypyrrole doped with dodecylsulfate anion (DS™) was prepared
and then was reduced in the aqueous and organic solution with small
cations like Na* and K*. Polypyrrole exhibiting ionic conduction char-
acteristics rather than electronic conduction was prepared and its hu-

midity sensitivity was examined.

V. Results of the Study and Recommendation on its Implementation

A. Results

In this research, polypyrrole (PPy), one of the heterocyclic com-
pounds was synthesized by the electrochemical polymerization. When
polypyrrole was polmerized in the electrolyte with bulky dodecysulfate
anion (DS™) and so doped with DS7, it was expected that DS~
could not easily took out from the film by the reduction process. As
a result, DS- was able to be removed when reduced in acetonitrile
solvent. However it didn’t take out from the PPy film iIn agueous
solution and a small cation penetrated instead in order to neutralize
PPy. PPy in this reduction state exhibited much ionic conduction
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characteristics rather than electronic conduction.

In order to measure the humidity sensitivty, PPy was poly-
merized on the micro—electrodes array and reduced in the agueous
solution containing Nat or K*. The gold electrodes array was pre-
pared on the alumina substrate by the photo—lithigraphy. The PPy
sensors showed very sensitive responses to humidity, as the resistance range
of 10* to 10° ohm and the sensing of about several seconds under one

minute.

B. Recommendation on its implementation

Polypyrrole is expected to be applied to sensors for detection of
poisonous gases, measuring of alcohol concentration and pH measure-
ment as well as humidity sensor when the methods developed in this
study are adopted. However structurally very fine micro -electrodes
array may be required to improve measuring sensitivity and a pro-
tective organic film may be useful to take more reasonable data. In
addition, other conducting polymers, polymer electrolytes, poly-
electrolytes and their blends deserve to be recommended as sensing

materials for various applications.






CONTENTS

I. INTRODUGCTION ceeesvrrssnrsnacassostsranamonanmsssssssssmeisesssmnannrasersosssnsssses 15
T. THEORY  -eeeereersrvsessssnssnmnmuansssansnsnmeannmesitamsmesmissnssseiassnssssssssnssens 19
I —1. Conduction Mechanism of Conducting Polymers — ---seerremeemeeee 19

I —2. AC—Impedance and Electric Circuit «:esseresreeseresreresrecncacrenee 26

B —2—1. Idealization  +eeeerrerrremnssensorsacarsresssttommeienumrsassinanaessnannes 26

I —2—2. Steady Alternating CUrrent re-e-s-sssessesssmmessansesserssutosonen: 27

O —2—3. AC—Current through Resistance :re-resesseerermeacenrnercaranse 28

I —2—4. AC—Current through Inductance «eeerresreserrmmmmeeesroncensees 28

I —2—5. AC—Current through Capactance ----s-sessssssssrsrrercsassseees 98

T —2—6. IMpEdance «---eeoessssomsssmmmssessennimesssisiasasisesionnisisssinisnnes 29

M. EXPERIMENTS  cereeeseeeeeartrsentmmtuennssseetmmnnsintesnniseeentnsiassseteennss 33
IL—1. Sample Preparation «::teeeerssssssressseresiemsrieesssisnessnsniiinieanios 33
I —2. Constant Humidity Vessel seesereesssresesasirnnmmmmioeineniciisinnnnn 16
M —3. Frequency Response Analysis ereesresrcesesenicersiisiinniiin. 38
Il —4. Preparation Of SEnSOr «-:eeessssssesssssssssssssmmesinnescatstisinniarnniens 42
I —4—1. Image Development of microelectrodes — --secerreormerecernsone 42

I —4—2. Gold Plating Process --«----s=ss-sssereissrsmreisisinsaseninescnisuies 44

I —4—3. Etching Process ce-scrseesersseermo s 45



V. RESULTS AND DISCUSSION

---------------------------------------------------

IV —1. Doping —dedoping Process of Polypyrrole -::eceresesreermonrensseaiens

V-2 lonice Moblhty n Polypyrrole .............................................

v —3. Hum]_dlty Sensitivity of Polypyrrole ....................................

V. CONCLUSION  c-reseeeereassvesesssmsesssisnmisonsnnisensssssossnnssisnuantsnassesss

Ref ETEIICE  =t+4ssrrarstassertonsnsssirsanscsionsrmreryteosssasttsrnioratessnronsnsssssrrnainsssnss

12



ALA A B ceeeeeeseeeereesei i 15
HDAF O] B eeeeseeseeseciseesiiiiemsi s 19
9—1 AxA n2Ae] Ax7]|F(conduction mechanism) -eceesereeer 19
2—2 s ¥ WX(ac—impedance)st HZIHE  ceseeremerneeenes 26
9—0—1 o|AF3H(Idealization)  se-seereresrsessessnessssesnessinen e 26
0-2—-9 ¢tA @5 (Steady Alternating Current) - eveneesnennes 27
2—2—3 A 8 (Resistance)o] A 9] IAF B ceeremerenesnnsennnieenieines 28
2—2—4 <¥¥A(inductance)d| Mg RF FA e 28
9_9-5 Z=mM7 (Capacitance) Mgl TF FA oo 28
9—2—6 olT W A(impedance) coreesereecseesmasesssessanss s 29
HBH Al B eeeeeerseseeiers 33
§ol AJE AR eeerereereseceesieeiess 33
3-1—1 BIHE ZTo] AFRB AGF o 33
3—1~2 EHE WEQ AE s 35
32 BETO]  TEA]  ceeeereeeeesssesessesceiseseseni s 26
3—3 234 29 A (Frequency Response Analysig)  erreereerereee 38
331 MW LS A AR eeeeeesseseeresise 39
332 O WA ZA MY ceereeeseiiss 41



3—-3-3 A7 AMWAL ZA e e 11

3—-4 /Hl)\-] 1-"}__ ........................................................................ 42
3—4—1 HAMAZT TG HAB cevreeereeereerrirreeeraeteanneaeniaans 49
3—4-2 EF A et ser e s e e re e araanenees 44
3—4—3 AZ TAH et s e e 45

A4 I G OTE e e e s e e a e aenns 46

4—1 ';EE'E:' I[] E._tﬂ doping—dedoping _TI’_}.% .................................... 46 ’

4—-2 EZ9d9%F Y g] o] & O] FEA]  reeeerriiiiiiiiiiiiitira e ey A7

4—3 FEHYE ALY ZFEA  creererrrreccriniiriiteeee e senaaneans 54

ASA  Z B eerceerirrmmieee e e et s st e s s emne e e enees 59
T P 61

14



Ag A 8

A7), dAFR R olgt dEFHo Y oFH Hokda 59
¥ A42& 23 gt d8 ¥y s $48G o9 pe
TAE A2, %93, g4, g93%, A%y Jye] =5
2%E Fde 43I 23 UolH U we nERs wd
HA 4E 8okl og¥ £ Atk 2 o= AFAALY, BA
=4, HMA¥ #% &ZA,  4A 4 (piezoelectricity), EAA
(pyroeletricity) Z& fIAHL YeBE ZEA} Utk olBe I
TAE Fdd ¥4 TLEARY e g4 Hoduz 2 AL
#IL ee BE, TFY uEA(photoresist)} wAY BAA
°f Y AM2E FEEMIA 23T Yok d8Bo 9uve =a
¥ UEA FRe AEe olZe ITEAY YW AdHs] o

HAL ol

I:.I

didFHes aEAE d% 5L Ay NP zz glomz
A7l AR ¢4 Hopld ZFAAME A2EUY. = Aol sheath-
ing, #A%F R FAL, H=/W, e encapsulants So] B
delth. 2 FHUAME Zx, $94(lexbility), BAH, A,
d¥4, AT I LY T uEx HhAe e u¥xe A
IAEdE FAazExn e A7 AAHAY. olRotd] Uy @
del ARl weh, wld 58%° Hg2 Axyd ZHdrgHe AN
T7HE ATl 19839 45008 ¢4 19880 45400Ee] o] =

15



ngde Fd, &, F, EE TaF &Y Ho] 4A A
718 T34 8 & At 2Eu o] EFel 9y 843U 3§
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& 2] (rechargeable battery)e] H=ZF AHHBA LLoltt. AxHd
PAe & A FEE AL 4 JerzmE {%F AHId} AFZE
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¢E A7 nudged, WTFYH we sed A3 s o
16



Ax sddsord FA= wob gtk

asle] ARy A FAZ] Ad, PFAA, oAy By F
X, adn AN Fo S8 ASst olg Asd We FANAY
98 Agd M BA AL 9 A7k BUdsl woA om
olMel #Th WA Y, YE 2AZL W= 9 SBE DAlolA
E ot Ze& A= Bopel @Ave YF EART Utk oAz
A Axqd nEAeg oddstA ANY peEIAz S4EE Ax
7} dRed, o]& Table 1—-19] gkt

17



Table 1-1, Sensor applications of condncting polymers

Sensor

Conducting Polymers

Authors or Patentee

pH Sensor

pH Sensor for testing
foetal scalp blood

Polypyrrole derivatives

Polypyrrole; Polyindole
Polyfuran

Kathirgama,P:
Smith,N.R. M

National Res Dev Corp

Pressure Sensor

Crosslinked Polymer and
Polypyrrole Composite

Denki Kagaku Kogyo XX

Gas Sensor
{NO2,NH3,H2S)

{NO2)
(NH3)
{Alchol)

(SF8)

(CH4,CH30H, C2H50H,
HCHO, HCOOH, CQO)

Polypyrrcle: Polythiophene
Polyfuran

Polypyrrole
Polypyrrole
Polypyrrole
Polypyrrole
Poly(N-methylpyrrole)

Polythiophene
Polyselenophene

Polytel lurophene or its derv,

Polypyrrole

McAleer,J.F
Miasik,J.J

Hanawa,T
Hahn,S.J

Joscowicz,M: Janata,J

Nisshin Electrical XX

Matsushita Elec Ind XX

Sulphuric zcid
conc. Sensor

Polyvacetylene; Polyaniline
Polythiophene: Polypyrrole

Toyota Cent Rgs & Dev

Immuno Sensor

Polypyrrole: Polythiophene

Chemo—Sero~Therapeu
Ragaku Oyobi Hessei

Oxigen or Bio Sensor

Polypyrrole

Tovota Cent Rev & Dev

Humidity Sensor

Polyfuran:Polyacetylene
Polypyrrole:Polythiophene

Polypyrrole & its deriv,

£

Ricoh KK

Sada,X ; Saeki,X

Chloride chemical Polypyrrole Dong,S:; Sun,Z: Lu,Z
Sensor
Glucose Sensor Polypyrrole Foulds,N.C: Lowe,C.R
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2—1. A=Y IEA9 Ax7]F(conduction mechanism)

9 AHVFH BAHL JuiFozm x|, wzAl, urZE(se
mimetal), #% Foz EFEU du WEEY FHe Tye
BT A7t Bk clgxe 2EE= domolunt A & (resis
tivity @ em)t A% X (conductivity, S/em EE Q9 'an)e AlL3o
BASA doh. FEAd ASEE 107 S/ ojdelm, wEAe
1077e]4  10* S/cm, &I F&HL 10° S/em ojAe] AzxE 7
Tt AEEY IFFoE FAHL 100% S/molw, &3 Fae 10°
S/emel deA Qi)

29 d=ze d4 dqux 29 F2d 92@g. 924
TAZE A¥E AR TAE oW AY4E Hux F94 9
AA AN E AT ARG Eo] ZAzg Ak W 2
o 4z ZxE Ugdg. AFs 5= dHME 8D
Aol ARZ FAF o &L dUAY AHE drsisE oG8
A 01]1‘—-1.2]%- Zhler @t 287 dAsMe dAY BAsdA A
WA st W PE Alolo] Aol Foloppn. = mEFoes
AAD Fezh Qdojob @t afEz Az AHr: Axd 9
¥ PAE YD FHS 9 gy "Lz gF: g

FEAL Ae duA BAL 4 eVe Pamg A ms

L4970 datdx AP qUx Edd =2¥ 4+ Yo W
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£4% FEH AL AR AdHg 9 ™ CduA BF
Al w veidt. dEAd AxxE % 2xdXe d3H7]
7 AR "ojAu, FHdAMNE R 2xdAM AR I
% 3 R #F(scattering process)ol TAdHo FristA "o

Mo

TEAY ALxE REERAGH F& d97A €A ZHUT
¥3 BHETRE 2 nEAd @&E  band—modele H LT
RE JIAASe] #sA A HGAFE FAsd AUATDF
o] =M, @ o polyethylene& 8 evel oYA THFL etk
2z B Fd FzE ZFE ¥R F 4§ neEd AL ¥
9% AFANE zz @9 ¥ T A4 vIH -HAE
zr= polyacetylene (PA), Fig2—1(a)o]t}. wtule]l W& e F
A AL Zzte] sited] Wz, PAY FHe FwWd AY
A YA g zZed. adn —-ARAT FAAI 2 B
g g9 FHA4 FHAE BOFAAM e4d-EF dyAE €8
289 ol ©F AYPdM AAE Az oA THAE B

dosxn HAAGUAE RFe pFE(Fig2-1(b). ¥z 3
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Fig.2—1 Chemical and electronic band—structure of non-—alternated
(a) and alternated (b) PA;Er indicates the Fermi level and
E; the energy gap;k=2xn/1;filled—band states are shown by
the full curve and empty—band states by the broken curve
o pRAe AAE Ty wzAe g4d dad. F7 %

TAe g A®E RIE F2E FA o A wHe T

Y
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i

oz mEAe] AN wEis(morphology)E st o FAI =E
& Sagr. = F49 —wAR JAY, Y 99 A, EE
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e e BANF mAdME $EA Bk A A

flo
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gated o|2eAm, oA BF e FHANE duA mMs
go] olFojZTh
PAS AEES THd ZHRA et Atdel HAHBA

Fq4 48 2e TEA 0¥ 4wk YLARS AEEN =
e meAE 1 FHAN AAE WIFAU AAHFoRA olF

o] At} ojgze 43 Y FPL AF p—type, n—type =¥
olgt @t I¥mzE A3t #9& dA ¥ + 8s

gtd, olde AuAem e o2y HAPE AW AR AR
go] & BUF z-AXNAE ZE AEAAE F& £ A% AR
age e wa —Axe AA Ee AP Fuds o F
Be Zge Ad(relaxation)o] elgt] ©& &oldA Hed, ol

= dux  zAAele oqux F9E TEY HECH. WEA

LEAT &

zod nRAe oy Fig2—29 Frh
A7\ seta Whfe) 2sle wEoA

AEAEE  pol-

4
¥
il

ypyrrole (PPy), polythiophene(PTh), polyaniline(PANi), polyazuene, pol-
ycarbazole, polyindole, polypyrene, polytriphenylene, poly-

isothianaphthalene 2 4 SIth(Fig2—3) 4¥#AYA w3 ARE
G%a Frz goleo] AxHoz AFHA FuZ gol&el ¥
o, 24 AZAE FAs A 2L 2} 8} (deprotonation) 3} 3L,
A Astste @Yz goleoz Fn AA wedMde wETd

g 225004 25749 AAS AA=H 2-471¢ WEGHA T A

Yo

o] cationic center® 2zt AsE IERE FAsA o - v
At o] &(counter ions)& AEAC FA4}E o]F7l Szt A&
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s OO

(8} Trans-polyacetylene {9) Cis-polyacetylenc (cis-transoid) {10) Poly(l.4-phenylene)
R R
-{ >—&—< >w&—< }—&— \j)hFSSmf)hﬁsixff
) R’ R’ R
{11) Poly(thio-14-phenylene) {12) Poly(diacetylene}
SOOI RS
(13) Heart-treated polyacrylonitrile (14) Poly(peri-naphthalene)

Fig,2-2. Typical examples of conjugated polymers

{15) Polypyrrole (i6) Polythiophene

jepeNenew

{17) Polyzniline

(18) Polyazulene

Fig.2-3. Conductive aromatic polymers
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22y nEA L£o Fos YA Bk EAAE IFRNT
(mechanism)¥x Fig2—49 2. A=4 FPAe FFRAA ¥&E
Aoz AGA "ok 43d nEAL L Aoz AEUWS
Aol o] mMAUYLRA o]Fe] A I T ARXILEA
Mo AW ol Er TE Adcleg HF ¥E F U
ggazg Jgge AxH IEA:s AR B ojLFx HERE E

% =g

oxidation

(PPy") + nX~ ———— (PPy""-nX"] + ne”

reduction

(X~ : counter ion)

e} AgE 3RS ojAE sdixe AAFEA M
of wWe Homz AZ ARGHAA vEfE AxzE F2 A
FAFe] 7)elg RHojk. HER=E o 2AREE vEhA SR
g9 AHz dsoer sied, %9 doping—dedoping HAH T
Ogd ¥E &9 Adele 9A gHUd deob IAA Edd A7
2 RzAsz Bd 28499 FEE o Fdolge= H5 2
(bulky) &ol&g Atgstzm, L Fojee]l ETFH AMPAAM &
38 & folol wWAUE WA Ay F Feoldo HFE
&0z gol7l mERA LA AYF FAL °EF F U
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Pig.2-4, Electropolymerization pyrrole
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clghzel H71H 34& ol TEA LAY A% FAAEE AFA L
ARAEA AA vehid o] A E4Hos FUSHY LI} 2o

polymerization

{(PPy") + nX© ——  (PPy""+nX") + ne”

|

reduction oxidation

| |

(PPy’-n(Y*-X7)}

(X~ : buky anion, Y* . small cation)

2—2, 3§ <JydA(ac—impedance)s} A7 =

2—2-1. o}/ 3} (ldealization)}

dAe] HE2e =4, 3Y¢ adH3 BFF ANAAE olFd
A Atk IIAAM o= @ FRUE AHFA  resistanceT UTHA
1}, inductance 3= capacitance? UTix TE 4 g dAE=
37tee] =4HE resistance, capacitance Z#| X inductance’t FAlel
EFgs gle #H=zoldh 33 WS A&y AdAde oW
Ede 4dAY H=2E oldFHen RO d&Ed HEE AET
gart sk ol RYEL HAA FHEY oFFH IHEryt HW &F
resistance, 4 inductance 1E]3 44 capacitance®t oA go R

F49r. o =dy 4A HNzsd WAL 4¥F BAA Ao
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sge weed feld A Axde olgH Axdes
agsed ol Aaw @FTS AAH BIA T ¥
Holshn wa@ wdol AJEG. ol T oA APEL IH
4 mASe sAsed B4 BAEY asolth os W #
A4, = A4 FRe AAe e F 49¢ F Aol
2. |

2—-2—-2. <A nF(Steady Alternating Current)

AFe S%x FES TR Pl 29T
i = Im cos wt (2—1)

q® Az tld AL ol Ime Hd AF, A5 v FH
g @AY Polgh ANT solze HeE FAs 2 ST
= tes @o] EAUTH

f = w/2x cycle per second (2—2)
283 w¥ radian frequency@t &
w = 2af radian per second (2—3)

A(2—1)elx AF7 cosine FFE 29 ol sineFrE A

sy, ol wuh dukHd Fefe] A2
i = Im cos{wt + @) (2—-4)
8= 94z} (phase angle) ¢| Tt
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2-2—3 A% (Resistance)ojX el IAF FA

Resistance R& A 9o ¢ 3}q
R = v/ (2-5)
A(2-1)& tgiste] Resistor Yool AHAE F3A

Ri = R(Im cos wt) = Vm cos wt (2—6)

v
ojlff Vm = R Im (2-7)

Vme A oFe HuA oo

2—2—4. 999 ® A (inductance)) A& nHF EA

Inductor ¥¥e Hsize ©e Aoz FojMrh
v = L di/dt (2-8)
A4(2-1)& WYsted Inductor Ferel AAXE FHnT

v = L d/dt(Im cos wt) = L Im d/dt(cos wt)

= —wLIm sin ot = wLIm cos{(wt + =/2) (2-9)
adeg AY ¥ HUA=

Vm = oL Im (2—10)

2-2—5. 2A7](Capacitance)d| A ¢} ZLF EAH

Capaciter el Aol AHAE ted L& Aol 4AdT-

i = C dv/dt (2-11)
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el Mgl Tgoz FoAE HAFolR ART

i = C d/dt (Vm cos ot) = —oCVm sin ot
= wCVm cos (wt+=x/2) (2—12)
Azo AYFE Im = «CVm (2—13)

2—2—6. 93 @2 (impedance)
28a 02 sinusoidal voltager BATT4 Aernaz gAY

& gtk

v = Re(Vm exp(jwt)) (2—14)
olo] $1AFZtE EHEF LHkHd HEHER EAsE

v = Vm cos(wt+ 8:) Re(Vm exp j(wt-+6:)) (2—15)

i

AQro] sinusoidale|® AF HAl sinusoidalo] 2.2 (Theorem for

Linear Circuits)
i = Im cos{wt+ 8;) = Re(lm exp Hot+62)) (2—16)

ol @ A& exponential voltage?] exponential currentg] HjEA] A 2
g S£gxez ®R&E glol TIFLE e He Ag, AFH
Transformse] ¥|2 FEAE

Z(w) = Vm exp j(wt+6)/ Im exp j(wt+6)
= Vm exp j / Im exp jf:

= V/1 (2—17)
o] 714] Transforms V=Vm exp ifiol™®  1=Im exp j& (2—18)
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o] oA AHodd <YHWAE £4 Resistancedr UeE Hzo AL
8o F3

v = IR (2-19)
V = IR = [Z(jw) (2—20)
ade=2 Z(jw) = R (2—-21)

3 $F Inductance®t %< Capacitanceo] ZFz+ A £33 BWH

v = L di/dt = L d/dt Re(l exp (jwt)}
= Re[(JwLI) exp (jwt)

= Re(V exp (jwt)] (2—-22)

828 V = jull, Z(jw) = V/I

jwL (2—23)

i = C dv/dt = C d/dt Re[V exp (jot)]

= Re([(JwCV) exp (jwt) ) (2-24)

a8dB2 1 = jWCV, Z3Gw) = V/I = 1/jwC (2—25)

o] el M HE&HE Resistor, Capacitor o]Fojx FH 2|
g3t AdHAAE EBiA4 WA plotting (Nyquist Plot or Cole—Cole
Plot)&}d, Fig. 2—59 Fig. 2—69 2o uyedd. adzz 43
d Egag ®Hdel oo ANRE JE& 4 glew, Resistorst
Capacitor2 o]Zo]zx E732E JFAstd 2 JHE2 ZEx A 79

T84, AYA, Capacitanceds S T8 4 U}
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;:"‘-O

R z

7
(a) (b)

Fig. 2-5. Representation of {a) a resistor R, and (b) capacitor
C, in the complex impedance plane, The vertical
spike in (b} has been displaced from the imaginary
axis for clarity Angular frequency e=2xnf

C
1l
—_— A —l —
R c
—t A
8
b4 7"
! WrmaxRC = 1
¢ R/ 2}
'l
/n
z R 2
(a) (b)

Fig.2-6. Complex impedance plots for a combination of a
resistor, R,and acapacitor, C, {a) in series and
(b) in parallel,
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€ d¥% Zo] Afdn zER YEo] XE§so gon
ol&el olFol AHZF B o Fad JIdME fFIsE =2
FE AVRHAY 4 ER o4 ogez HE¥ 4+ UL
AT d8e A4t AW 2 1y, 4-2 FTAYE U o
olFA AA TFEAS
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A3y A 3

3-1. A8 Az

3—-1—-1 ZFAAE F¥P AHLE Al

2x1] pyrroled AldrichAl 99% Foz BF& CaSOE %
o BEAY F, APA CaH.g ¥WIZ TLFRIA  AEIAS
syol AAH pyrrolee N, U2 AR FFkol RBTHA
g7l % Wel &g Bweg uWuth AR g oA
g} 2 AMFe MFo] w$ Fasth 53 polypyrroles] FH
WgolE radical cation 27HAyt FAHEE AF FHdrMe IY
ol gl mAE Aol Atk aEz uIRy £9E
AHgdte Aol . T AfAx fx, JAYx, degree of dis-
sociation & IHAM AAsAer #rh H3 halidedg ol
Z Aesde A TS ¥sL g7 oEed o 4A 43
sl okzte] WA S ERYy] wEol®, hydoxide, alkoxide, cyan-
ide, acetate, 1@ i benzoate T& ¥ AAUY dEd FF IA
2 W# @tk Table 3—1& polypyrroles) F3o] viXle As e
& vt &9 J¥Y=r S4£F FEPAH o¥ur A
& & 4 <tk Aol Z dimethyl formamide, dimethylsulfoxide,
hexamethylphosphoramide -2 A4 4H(aprotic acid)® A AHE

S AMEg Wolmax god F& ¥BY FYAE A& 4



Table 3-1. Effect of electrolytes and solvents on the
polymerization of pyrrole

Sclvent felectrolyle

Conductivity

(0.1 M8 Film quality (9-lem 1)

Acetonitrile/tetracthylammonium Good film 50
tetrafluorcborate

Acetonitrile /toluenesulionic acid Good film 50

Acectonitrile/tetracthylammonium No fiim -
tetrafluoroborate plus 1.0 M
pyridine

Methylene chioride/tetrabutyl- Good flim 50
ammonium tetrafluorcborate

Butanone/tetrabutylammonium Good film 40
tetrafluoroborate

Propylence carbonnte/tetrabutyl-
‘ammonium tetrafluoroborate Good film 50

Dimethyl{oramide /tetraethyl- No film -
ammonium tetrafluoroborate

Dimethylforamide /toluenesulfonic Good film 20
acid

Dimethylsulfoxide/tetraethyl- No {ilm T
ammonium tetrafluoroborate

Hexamethylphosphoramide /tetra- No film -
ethylammonium tetrafluoroborate

Ethanci/tetrabutylammonium Rough, flaky 0.2
tetrafluoroborate

Ethanol/teluenesulfonic acid Good film 3

Ethanol/sulfuric acid Good film ) 3

Ethanol /phosphoric acid No film -

Ethanol /fhydrechleric acid

Thin, very low yield

aPyr‘rolt—: (0.01 M) was oxidized on a platinum electirode.
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f2es 45 U

B A8 sodium dodecylsulfate 2=.9 ol (NaDS/water) -4
acetonitrile(AN)o]  tetrabutylammonium sulfate& gHA A
(TBADS/AN)& A8tk NaDSE Aldrichdt AEFE AHE3AL
%, TBADSt NaDS$} tetrsbutylammonium chloride (TBACDE %
oo 4ol 100Celd ¥AFHG AgAIA ojsj TBADS % ¢}
gel waz, 6gsE, a1 BeE g0l A7ed clsd ¥
Ay 7e BEAT ¥ ANez2 ¥4¥ TBADSE g7 HA
z@s2 ANg AASAG. ol¥A e TBADSE 24T I

AE 9B(oven)oA WERAA

3—1—2. £ & ¥Ygd A=

g2aME Yge ARz FFH ()R #sed, &
a2 A4 g Ae Woly ¢ AT FANE
gee AZAE 43, BIx 44, 183 3 ¢ & (morphology) 5
gotus] $lstel Figd—1 olAsh ol FgAFA #HF AFUmx
ln)e ARz, AAMY e FAET g F-HE
—22}9 (photo—lithography) Wez ARg A ASE 2 g 3t
o. Z@e A-8H® Power Supply2 Yokogawa Electric Works Ltd.
Type 2553 DC voltage—current standard® A&t NS
9 gae 003M pyrrole, 0.03M Haldoln Asdeze EM &

Zg=o6] NaDS/waterst TBADS/ANe|Sith
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y
-
—— 1.5 cm —

Fig. 3-1. Schematic Diagram of electrochemical polymerizition apparatus.
1: DC VOLTAGE—-CURRENT STANDARD
2° WORKING ELECTRODE (Pt or Sensor Element)
3: COUNTER ELECTRODE (Pt)
4: ELECTROLYTE (TBADS, NaDS) with Pyrrole

#8 2¥P  polypyrroles] AA L4AE dotry] A F
Ael wge] Ao FAZE dedoping Al7lE HEE HstATh
ojwf A}L3 LML TBADS/AN, NaDS/water, NaClO.,/water o 13

KClO,/water % t}.

3—2. ¥H=x T4

Azy EA9g AMe #EAE FFEY Astd WA
g3 Tze dH2E ALSAT FExd wEde 43 2=
A 94 Adigeg vehde 9o ¥k F494E BN, e

o €A 4 BEo] LxAst Az AAe dZ"E =4E

tlo
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eangg. afu AdE @9 g Fedd ERd bsdw
Al ATARTY. Qedez dud 9o Ed S Table
oz pe /9% AAEsE UM, oF CaClh-6HO, Me
(NQ;).-6H;0, NaCle =z 20, 56, 75% RH =318 nrEgled, 8-

P,0; power= 100, 0% RHzZAS A3

Table 3—2 Vapor pressure (mmHg) of saturated aqueous solutions in

equilibrium with solid salts

Temperature % Humidity
Salt o 15 20 25 30C at 20T
LiCl-H;0 2.6 15
CaBr;-6H:0 2.1 2.7 3.3 4.0 4.8 19
KOAc 3.5 20
CaCl,-6H:0 3.5 4.5 5.6 6.9 4.8 20
CrOs 6.1 32
Zn(NO;).-6H:0 7.4 42
K2CO;-2H:0 7.7 10.7 44
KCNS 8.2 47
Na;Cr;0,+2H:0 9.1 52
Ca(NQ;),-4H:0 6.0 7.7 9.6 11.9 14.2 55
Mg (NOs).+6H0 9.8 56

NaBr-2H;0 5.8 7.8 10.3 13.5 175 58
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Temperature % Humidity

Salt 10 15 20 25 30C at 20C
NaNO, 11.6 66
NaClO: - 13.1 75
NaCl 6.9 9.6 13.2 17.8 214 75
NaOAc 13.3 76
NH,CI 13.8 79
(NH,)250, 14.2 81
KBr 14.7 84
KHSO; 15.1 86
KCl 15.1 20.2 27.0 86
K.CrO, 15.4 88
ZnSO,-7H0 15.8 90
NH,-H.PO, 16.3 93
Na,HPO,-12H;0 16.7 95
KNO,; 16.7 22.3 29.8 95
Pb(NOs): 17.2 98
(Water) 9.21 12.79 17.53 2376 31.82 100

3-3. =2%4% 29 A (Frequency Response Analysis)
B g3 A Fasd 89 EAVI(FRA)E Solartron

Model 1255 HF Frequency Response Analyser24 EG&G Princeton
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Applied Research Potentiostat/Galvanostat Model 2733 #7# IBM

PC—286(Compatible) 23 AFAHjolsdle] A¥L 3A.

3-3—1. dudas A A

AW 29 2% ol AC—Bridges}l, Lissajous Figuresd,
AF—-ALe SA =AM, Phase—sensitive detection’q, FHF JEE
A% (digital frequency response analysis)Fol itk et Faf
SEHEAHA  wsd A9 uEA PEEe Fg=s FAAAY,
FA Aol AAY, Er 3% 990 AwH Utk

UAg ZF34 29 ¥247)(Digital Frequencey Responce An-
alyser, FRA)E £ dFd A4# Pyezs FHFdde Fg.d-2
g} 2tk ®AANF x(t) = Xo Sin wt?] cell response S(t)E x(t)¢
in—phase ¥ 90° out—phase Z|EAE2AH EANEG. o FHEY
As4 2 35yd HEdse #ES HBdAYeExN d¥dEzIt A
AgT gREe] #AZHEG dFdd fdA A @ Fie 99Y
o] Aye] "eddH, AT FuF SHEHBEAHVE old HFdT

Solartron 12507 2] FRAdl o] dste Fas FHdx
& Fhez 3EH AW 2R354 dae 039 R IR
2 z2A4% & A= =ZzaPsnz AN SFATe] dFdrh
Table 3—-3& =AGAd e FHALE Yed Zo=  decaded

5 frequency steps© & FAl(scanning)E = 74 $-olt)
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- - -

: — ] Sit) Cg:“_: it - :
| Generator [ m X v / | Im
| ) |
! e COS i J |
t . - Stt) sin wt |
sinwt 3 X - / ———= e
| ~— I
I | [
- . e -
xft} !
- iISm
System l
unaer
tes!
Fig. 3—2 Frequency response analyser—working principle
Im : imaginary part of the impedance
Re : real part of the impedance
x(t) . perturbating signal ; S(t) : cell response signal

Table 3—3 Measuring time frequency range

Frequency Range Measurement Time
50 kHz to 0.1 Hz 31s

50 kHz to 0.01 Hz 5m 25s

50 kHz to 0.001 Hz 53m 20s

48 dHeolete AFEHE ol83lq AF plotting HAY XY
—d2Zde AP 28 £ Uvk. U YAY delHe HFH v
2ol &AA delH AHHsk sbesit. £} A osignald 2
B3ty 8l @ x99 oscilloscoped A AMEE £ Ao & 4
PolMe EG/G Ate] AZEHo m388% ol&3sd Hole A&

Ak,
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3—3—2. 93 dX(Impedance) A W |

A738 wgze WS ¥E o= ddde WF
AFgA=a B2 AT 28z 7 E AT (reference electrode)F 3
Mo A= AAGez TAHe Uk BrHEA  AE(nterface)
e Asdz FYAZ FYNE Aolg TIh A”AAY A
He AZEy sAAA A Fesd AFAJA AW A
3 West Qe Aadd A% AJAIR PA J1EAF d8
st Jzdze AP AT dEd RSz A¥Y e W4

Ag FAFEHNE 2

i

259 A§7t sEAe et oA A
sc HyAze Bad sz=zosg EAde 2w AFel Fe F
sz, T EE &) %2 Afdt. JEAIe ANl B
A 25 % uweHs FREG B A¥AME  Ag/AgCUKC) AT
& Aesa

3-3-3. A7\t AWdxs 27

guigoz oMdL & HaFe o] Cartesian HE E
= oxged Aoz ushdth o HEle HEAE AHY¥ A
A Axdge wa FAAs ek ¥ B dddxe F3E 9
Adae Nigd H4ge  Cartesian HFEZ] el olE
Nyquist diagram @i Cole—cole plotelg &t

o] Z%(double layer)o]l ¢l& mF# ZH  #m(capacitive ef-
fect)m 2o Aae] Aol Agte nFG JAG =dIUE T
W] kHzol M sub—acoustic Z3% (10724 107Hz)d elZ& ¥
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< 999 FopddM gHEs E2Ho| o|Fo|Aol Ft. B AY
2 100kHzol A 107°Hz9} A Yolx FRAE 3319

3—4. AAM Az

71858 we o8] "E Ho= FFHE  polypyrroleo]
AN EFIR2A AEHEAY h&FE Fo. 2R 9ZE FeAol
AMEA E5 aFelr] ffolc. ey HW AIFAd FFF
F odold & e d§9 FAd A7 des AL EAY
A5 AAMVIE odF ol Atk oldge EAYL MAGH 9
s mAASE HA, AFsed a4 AP Fgste WEe A
skt Fig. 3—-32 HAR%e wAAZe Ags 2L #F o

el BoAI(x80)°l .

3—4-1. AlAAS Fxo 43

ol HlAATFE F-HEaHRY PPoz AF}HJUY. M4 9
v EgY A= wd(pattern)E 2 dlAA(mask)E AA, =
Ao dud ¥ Er gFv(alumina) Z1¥E S5 (HNO::
HC=31)2 1083 &Folx FHFTE 33BN ARl HolFdt. o
8 N 7l22 AzA71n A IRI=g 587 eFdd. oy
o AARFL Jdn d3te Adey T HIAYL FAsted
3ol

I o 9999959 BH2W(W)L AHF ¥ Yol sputter-

ingdtdtd. ojw] A3 Axl= MRCA} model 8667 sputtering ma-
472



Fig. 3-3 Interdigitated electrode array

1. slide glass 2. multimeter 3. Pt electrode
4. plasma coated W (thickness :+13004)
5. thermally evaporated Ni (thickness :~1000 A)
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chineo|t}, ®%7] 7&=2E o2& (Ar) 10 mtorr, JFEE 107°
torro] 2 RF(13.56MHz) powerZ% 50W, Sputtering A]ZHe  20min,
d4 FAE ¢ 1300Agctk 2 9ol 80mgel YANDE 7x1077
torre] AF=E FAFAEAM dFTIASHIT. dAHEE= 10004 <]
Ao, ¢A  ¥gH2®el  Sputtering HAHES A vl
A4 Jae FANAGUY RAFel oAt

dengoz 734 ¥R (HoestA} positive PR 5214)8& H A€
o] zwd 7Ede HEFU-5 WHE) ETEL 4000rpmo =
40sec7t B AFEWsYtr AHEF Az Headway ResearchAls)
model EC 101-CB 150t} 183 7}g(hot plate) oA 85T
2 3N FHEsdd

ojdel Al#@Ye] A AHAEF w2agE LlFx UV lights
183 st F3, ol AZ3BlH FHFF 1:89 HEgER  FHY
Yol 40T HIHFE FEe] FEHW ol& FHFE AR
@3 N, 7l28 2

3—4-2. £ A

A AzF AHY HE 9o IF=FE INAH =F9E
TEAT. FFH4 120mle] make—upP(salt) 36g8 ol A A
Zl ¥ 2ml9] brightener& 2 4%tk 50ml FFro 128 KAu
(CN)& &A1 &4& TEG. o F £d4L AHojF:n Z 4
=t ol4e F TF £99E& magnetic stirrer2 mUFAIF|HEA 60
Tz 7193t 283 FFPt PF SFF(=FE A B)  Abojd
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5mAS] AFE &Y EHFH =FE& A

3—4-3. Azt #AA

A 2gys & =23 F THY g Jd ada H®
~de 24 47 #Hdr. B4 TEAE ohAEd 108% Fd A
AN T, 20% HCl Seo= 1-287 Udg Az #d. 2 o
s 30% H0, g§dog 1-287 ®H2dg Azsdg. 1831 F

F5E AR ®HU N, 7j22 TR
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A4 A} 5 F

4—1. E|H &€ doping—dedoping3

7188 Wyer FHE  E=yEe 43, g {2
A7133Z (cell)ol A 9]  doping—dedoping #HAE& Fold o]Fo{rh
doping #A@& EFFHo= AZHYHoz FHHE AxAH LEA
o F44H, ol FHH} FAd olFfo A, EF FEx de
=3 A& Fod FHA =¥ E dopantsE EFHYE EE
oz mojd 4 9. oA & AHdAe FaHE LES
ANA FAE ClFA "o £ H4¥9 AL Zol dodecylsulfate
(DS) &olgel =M|EE EI ZIHE BEE HEUEER
(acetonitrile, AN) £de]r ZFPGAZIH DS Fol&o] HE Hoe=
wALeth g FgdeA #FdA7E =BES DS Foled
Her wWAYeA Rtz dd FEE Fo FolLo] BEYLe=
o/t #E4"HE olEd. olde s &Y 71T (mechanism)e
o33 ol uEpd 5 Ut

doping
PPy + nDS™ ——— ((PPy))* nDS™] + ne” in AN

dedoping
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doping

PPy + nDS~ —— ((PPy)™ nDS”] + ne”

dedoping

|

((PPy)° n(Na* DS7)] + nCIO,~ in water

olo9}zte ZHi}e Energy Dispersive Spectroscopy (EDS)2HH
#AAh. Fig. 4—1%= TBADS/AN f71&ddA F8 z
Mg Y9 EDS sufur ¥x ¥ E(a)d ZELS foholl Al 24A3F

$9xz7 HWeo EDS sulfur ¥ FEME YE Aolth ol

ot
o
izh
]
Hr

g DS goled 49w 9s woz WAULNL ¥

s2gL ¢ 4 Uk 2@y Fig. 4-20]xsk o] NaDS <+

it
H

gl Z2¥F HWE(@SL NaDS F&AoA 244% FYAIHE
WE &9 DS Lojgo] Hoz wWAYeA Xz dd FE&9
Fo] <Folo] WE oz AR H7H FHL oFA A4

(b). °l74$ BWEe FHIR: WA %G ol2FH DS

o

sles TWEE Agdd F¥T e FEAAM BN
A Qs Fojee AEF FoE FRANHE & I

4—2. E9& o ol T4
o "o AFE IAvkAsy) std FENE WelMe o
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P~ AT Nal P P S
Valar) . . . Y . Ay
- A4 . 4 v V/ -~ P R

f

/j (a)
N\

) :
T - ™S o
/ _/_P\ cmm \r""' N ~ ;”’\\_& \.\_::-_ _
T (b) '

Fig.4-1. EDS Profiles along the cross section of PPy
film polymerized in TBADS/AN (a), and discharged

during 24hr. in the same solution (b).

¢
/ ‘.-
T et

i e et #

[ . |
‘-—--n--qu e N‘""""‘—M'—"'V“'V"*JL-N{\"“A A'f‘\"*""‘\‘.-———a-—

(b)

Fig. 4-2. EDS Profiles along the cross section of PPy
film polymerized in NaDS/water (a), and discharged
during 24hr. in the same solution (b).
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o] 5 % (mobility) & @el¥gtth. & NaClO, €93 DS Jol&o
EREZ B9 Yv EFIAE, adx Ag/AgCl JEdFE XV
s Qe cele] dstd AC-dHdx A¥Ye A AEE #
2= EG&G Potentiostat/Galvanostat Model 2733 Solartron Model
1255 HF Frequency Response Analyzerfdth. AC—<d¥dZ dAdge
IBM—% 84 AT PC2 AFA 3 43U

Yutxyoz 99 A7SEHH Celod AC-dHgdE FrdzEe
AsANA e ol o|Fe ¥ AFRIF AxFTER FH
Zg&(Polaron)s] 43-849 AF (R 22 AxY IEA 4
ol Mol ol& #2 (diffusion)ol A dAEE (Zw)% °|FF
(double layer) cépacitance(cd)ﬂr A2d 7L W$ Be& FoF
olxle] @A capacitance(C.)E Fig. 4—33 o] o]Fox 3Uth
ALY TEA FHe FEol As-FAFel wt fFAFY o
go 2 Fg= EYPAY =FH WA Hed o Ax4 x¥
A7k WA gL ol&3 AFPe & FHoxHH £ Fo=
T 3w wEge s ol go] $Foly -4 7|7 (mechan-
ism)2 fAFEITh Fig. 4—39 AC—ddd2 ALz Az
A RIS ¥ FdHE Fd9@IDAN JeEuvn FAFez A4
Ao AYgge e FU FaF JAbGIH)Y WAL olFF
capacitance (C)%k A& -89 A (RO HHxFd 3o 4
B Y 2 dFFHe] 7 F#} Td FeAMYd A¥ R +
R. ¢ AT Radl #@td 27le &43-84do dojus AR
& YEhEd, Reol W 3-2de] dojur] PEE= FI
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Fig,4-3, An equivalent circuit and ac-impedance

diagram
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WM& F e Eggcl URE AN FA oF A
g duig. 139 cdde @e Fus dgozA drANE
Z2d9E FHoN AH-8g w$gol Loyl A o 2E]
a5 FH(Z)e] dehid "t Zdz AR e WA
we Z=na Ja(ddg)dME R, Rest Sate] 9% Ay @
% we =Z=mae mBo] ¥ capacitance (C)e #HA A=JL
w4 gk

DS goleo] T=HdE EFHE2 cyclic votammetry (CV)
Aygez ¥E Hxs ANznd 49 P LY P AAKE
otol® A3} Ag/AgCl 01 M KCl &9 disdtyg zZtg 0.5V g
~08V ¢t zzs] M$iRZ DC AARE FAAA FEP
gsge 434d 3 |Y4HS BEDL AC-UVE2 HPE £
sl oh.

Fig. 4—4% 3¢ AH(-08V)dA 4gd ZAA= ANHO=
29 A% Roel 2A vysumz Fmsst 38 4R EIYE
g7 99eL ¢ 4 Uk o dYeliNe FANEY AL
gzde wWI Qo W e Fusy  JYode HI RAYE
37 #EgEd oE 489 Ao =B|E DS Soleol HE
stog wWAYeA Zae HA F89 o FS Na Fojeol
gg &oz AEstel, EFNgel F|YHPA ure POl
3 2 5 Atk
¥ Fig. 4-59149 o] Eys§s AsyHeld dE
qo] @AMoz wWated o A$e Awdoz oes Fi
@ e =ua gos] capacitive &d#rb UEYE ¢4 Utk

o
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o] A% w& Foy dddMe ClO, Lol2d s 44A Edg
HEe st deld2 &4 sl adu Clo, Fol&d 9%
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Fig.4-6. Interdigitated Electrode Array
(before polymerizatin)

Lo WEH LA LS 3D o RENARYS AT

Fig.4-7. Interdigitated Electrode Array
(after polymerization)
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P20spowder : 0 %
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Mg(NO3)2 : 568 %
NaCl : 75 %
water : 100 Z
f—'\a B
<
o AN .
) )] 0 +
SER °
i L 1 L L L 1 1 1 1
0 10 20 30 40 850 60 70 80 90

RH(7%)

Fig.4-8. Humidity Sensitivity of Polypyrrole
(at 25 C)
O PPy{TBADS) + PPy (NADS)

56

100



4 :
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CaCl2 : 20 %2 .
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Fig.4-9, Humidity Sensitivity of Polypyrrole
(at 25 T)

o PPy (TBADS/KC10y)  + PPy (TBADS/NaCl0,)
= PPy (NaDS/XC104) x PPy (NaDS/NaCl0y)
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Fig.4-10, Humidity Reactivity of Polypyrrole,

PPy (TBADS/KC10,) at 25 T
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