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Abstract

Polyphenylenediamine(PPD) films and PPD-DMcT composite films were
prepared by mixing the PPD powder and polyvinylacetate(PVA) as binder and by
mixing PPD powder and 2,5-dimercapto-1,3,4-thaidiazole (DMcT) as reactivation
reagent and then dissolving in dimethylsulfoxide (DMSO), N-methyl-2-pyrrolidione
(NMP), m-cresol as solvents. The preparation characteristic of PPD films and
composite films were confirmed with SEM, TGA, respectively. And the electrical
conductivity measurements and cyclic voltammetric technique were also used to
confirm the electrical characteristics and electrochemical property of PPD films
and composite films. For electrical property, the electrical conductivity of PPD
films and composite films increased as increasing doping concentration and
showed the highest value when dissolved in DMSO and doped at 0.4% LiClO4
solution in the mixture of PPD powder and PVA(1:1) and DMcT(1:2),
respectively. And electrical conductivity measured by using four-probe method
‘was compared with UV-vis NIR spectra. PPD film and composite film had a
good thermal stability in preparing with DMSO and NMP. For electrochemical
property of PPD film, inactivation was carried out by continuous potential
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cycling. But after DMcT was added to electrolyte, the deteriorated
electrochemical response was restored to a large extent and after the reactivation,

the response was slightly suppressed again and then a steady state was reached.
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A EHS gAs EAFoz Fol o] HAE3EE HE
AL ZEa A
gatd, B dFdaE ANE2E AxA EAY  polyphenylenediamine
(PPD)S  FA3te, g Sviel  uITEHN polyvinylacetate(PVA) <}
reactivation reagent?! 2,5-dimercapto-1,3,4-thiadiazoleDMcT)E ¢4 M2 &
35} PPD WE3 PPD-DMCT 2% BUEL Z47 A%stn otdd =HES
£ s52 AR T, ojEd) R AVAEE, AHAFA, A7) A
4 59 A% S4& 2ARA

2. 49 4y

21 AlE

TixoZM o]4H phenylenediamine (PD, 99.9%)¢} &viE4 A&H
m-cresol (99.7%), dimethylsulfoxide (DMSO, 99.5%), N-methyl-2-pyrrolidione
(NMP, 99.7%)<& Lancaster Co. AEF S 7Y F73H AH&3Hen, =HE=R
A LiClO4 (99.99%), LiAsFs (99.99%), LiBF. (99.99%)= Sigma Co. AFL T
Qatel Agstgon], B AAlN HY ARE FHEQ ppm o3, T2
21  ppm  °)8he  dry  boxuielA B@stgo. ZEu9
Ammoniumperoxydisulfater= Junsei Co. A|F= AA s  ALR3IH o,
film-castingA] L E 2] elongationg ZF7}A|7]7] 2)s] uiQlciel polyvinylacetate
(PVA)E Kanto Chemical Co.olA T A& ow, #7183 APde
Z7tA717] 8] A3 2,5-dimercapto-1,3,4-thiadiazole(DMcT)2 Lancaster Co.
A E-S A+23t4Th. Polyphenylene- diamine (PPD)& £ AP M HAH T
dtel AL T (558 98%, Fig. 2). 718} th& AJ%k2 Aldrich Co. 55 A
oFg A3

22 AFHAX

712, A2 lem X lem¢ =72 A=t PPD U&7 PPD-DMcT &3
29 AVNAERE 2 APAAN A AFE WAEE FEZA
(four-point probe instrument)E A+&38le] FE Fgo] T LFE F017]
93 dry boxolH ZHEACHFE 1. ANAEE ZFFANA ol FH
probe Ake]©] A7} 05014 L5mmeolw, £ AP A= probe Ato]e]
Azl Immo|Yow, Mt probeE b, cE A3 AF probeE a, dE A}
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83} correction factor®] Zk-& 4.5320] %l thH(Table. 1). Four-point probe method
2 243 A7|AEE & UV-vis NIR spectra®} ¥t &3 e, &
8, A58ty EAS 28] Yl cyclic voltametry(EG&G, 273A)E ©| &
Se] PPD TWE3} PPD-DMT 2d@gel dr8ed A%2 244t =
3 % ANAEEe 982 w3 4 3= PPD WE 3 PPDDMT B3 BE
o] W Aee wWas BaAEr] Y8l SEM (Hitachi $570)& o] &3t &2
S 2l o nEA AR ool o3 AA el APHA 9P
S mRE AL LEEY IAHAAFAPE FAMEY] Ss) TGA (V40B
Dupont 2100) 4] FX& 2zt AH&-3AT

Table 1. The Value of Correction Factor as Voltage and Current Probes

Current probes Voltage probes Factor
a, d b, ¢ 4.53
b, ¢ a, d 4.53
a, b c, d
(c, d) (a,"d) 21.84
a, c b, d
(b, d) (a, ©) 15.50

=

|
H -
DC power
! .

! Constant
current

source

'v Potentio-

Fig. 1. Apparatus of electrical conductivity measurement
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2.3 A

PPD ZE3 PPD-DMcT 5% FEY A WS Fg 20 Yelio-
Fig. 20l E & 4 A5=¢], PD 2= 9} ammoniumperoxydisulfateE 22 &
H&2 E9F F HCIS AA3] A7MA718A 0T Z2EA7] stollA 3413t
ol wwralgrh. ¥9ojX PPD powderE W23 F/HT(182 MQ)E F 34
AR AZAZ7] YoA 80TE 24A17t AZAIF Y. %" PPD powder
2 grYo} FolA 24412 B ARAIA EAEE B3 F oA JAFAX
7] HollA 90T E 24A17 < AXRAAHT ol¢h 2 WHes 443 PPD
powderE &wjo] W& AL EAL XAS7] 93] DMSO, NMP, m-cresold]]
28 A171 F, vl 24 PVAS} reactivation reagentl] DMcTE 2tz 1 : 13
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Fig. 2. Flow diagram for preparation of  Fig. 3. Schematic illustration for the
PPD film (I) and composite film (II) charge flow in the PPD-DMcT film

1:29 B&2 &£¢3 3 Homogenizer(Branson, 2110)2 T U3}A]H 60T o A
24X+ EQY AXFATY EE ANLE F 4o HFd HC, LiClO,, LiBF,,
LiAsFs 8989 =5 & W3 AAH 242z AxY3ta dynamic vacuum oven (JEIO
TECH Co., Vo20X)014 80CZ 48X17F St AZstch olshge AT
He 55 712, AE lem X lemolw, F7)7F 200ume} 250um! PPD FE 3
PPD-DMcT 5§ H&E& €& & Utk
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2.4 HH-E2A EAL
PPD-DMcT 23 T Sujo]A PPDS} DMcTe] A3t 55& Fig 39 Fig. 4
o) UEFYTh Fig. 39} 40] Uehd A3 go] Ast#AdA PPDE ZHES

Fig. 4. Charge transfer reactions between PPD and DMcT

=30 98 FAHE FAEES B AF) ALEH, FA= DMcT
A 23l PPDE AT Z, PPDE BERAITAAN AAE A< 9
(B2 A% FAA)S HsHe, DMcTE PPDY A78sts &48 FAXAA
zo2M PPD AA7 2= #7884 EAAT EAE Bdste 9¥€E I
sHA "o

3.1 ¥ AH #F

PPD ¥ =3} PPD-DMcT B3 "Eo] =Ho o]3] emeraldine base formol|
N A/NAEEES ZHE emeraldine salt formo 2 HolHE Fdo BEE9] &
wiAbele] WEyl 9L Aoz AtEE o), film-casting ¥ ¥o{Z PPD EFH
PPD-DMcT 238 24 £ FE S A7 |HA =35 55 89
AEle] WaE #lsly] 98 SEM 24¢ 3o, o Fig. 5o e
9tk Fig. 58 Fa1A ¢ 4 Sixol, PPD WS A =3 BES 3H
@< S TEAolUoY 04% HCl £A®m)o2 =33Ae 2B-F= BA3
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pore size7} FolFL A ¢ UNUTh T PPD-DMcT BEFEE JA =3
o]He] EH ()L ThEAoIALY 04% LiClIO, &H (D2 =38 F-§ pore
size7t @A 5] FolRE FAF F kol ggo] =3 FE FIto BE
g2 AT =7} FAsE L =HEE AMEE HCY Croj23%
LICIO.8] ClOs o]&o] ztzt g9 Zo 4257 W&ol AtzdH. PPD
ZE 3 PPD-DMcT A& thd £ Fxo)] w2 pore sizeE Table 20 e}
W ATt

051302 15kY X508

Fig. 5. SEM photography of PPD film (a) undoped film, doped in (b) 0.4% HCI
solution and PPD-DMcT composite film (c) undoped film, doped in (d) 0.4%
LICIO, solution

3.2 Aol A Iz

A= nEAZL 2EA 254 ]-4 gedz 48357 M=
dHtF Aol v F8FH, o= 4 51 HEgol o3 EAHE del o

3 mEAS Bzt dojit A9 —r“g o] &%2 F Q7] "WEelth. uw}
A, &91E | A AL Ztze) PPDEE T PPD-DMcT B3 BF 9 €4
ARAL ZAMELY) A8 TGA 4% P3tgem, o] 254E Fig. 69} Fig. 7
o Ztzt Jelich =3, dEsexe 1 1o #{-FE Table 37} Table
4o JeEpATE Fig. 69 Table 3& T3] & 4 Xl of 350C HFZdA
PPD 22(a)e] ©dAZ o] 23 &7} Lol om, DMSOSt NMPojA A
u}3t PPDEE S &Y Aol 93 dEsi= o 370C F2oAM &7 &
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olge o & itk EF, 370C F-ZoA PPDEZ Y olFAj ] 2% &
Ba7t ¢k 630C BZ7HA Qojute ¥, DMSO, NMP, m-cresoldl] 83 A| A
s Yo ASLE 380CHZNA 500C 2714 PPDIEES o|F 2
o o8 R} Yol FAF & Utk PPD-DMcT 53 HEFS B+
(Fig. 7, Table 4), °F 200C F-ZoA DMcTe] &3 g83a)jr} dojwtow, <

200C R4 350CHE271A PPDe] ©AZAR e 4% RN/ dojEdS
god 4 A, 380C FZAAMEE PPDY o|F AT T R/ o
ol e ¢ 4 Utk PPD TE} PPD-DMcT FE e AUIAY £4
Aw}, PPD YT #$E 350C0o|3te] 2% 4, PPD-DMcT 53 2F 9
©x 200C o}3te] L=dAM ALEHE $8Eok) A& tedes o
AN

4y oX

Table 2. The Pore Size of PPD Film and PPD-DMcT Composite Film as
Dopants and Doping Concentration

Sample |Pore size| Doping Sample |Pore size Doping
(¢m)  |concentration (tm) | concentration
(%) (%)
PPD film | 25 Undoped |PPD-DMcT| 22 Undoped
15 0.2 composite | ) 0.2
12 03 film - -
0.015 0.4 005 04

Table 3. Physical Properties of PPD Table 4. Physical Properties of PPD-

Film Prepared with Various Solvents DMcT Composite Film
P Tt
roperty Degradation Residual Property Degradation Residual
° (o)
Solvents temp. (C) amount(9%6) IR temp. (C)  amount(%6)
) PPD
(@) P . 350 80
POWaET (a) DMSO 200 90
(b) DMSO 370 80
{(c) NMP 370 80 (b) NMP 200 95
(d) m-cresol 360 60
Polyaniline 300 20 (c) m-cresol 200 85
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Fig. 6. TGA analysis of PPD films prepared by various solvents (a) PPD
powder (b) NMP (c) DMSO (d) m-cresol
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Fig. 7. TGA analysis of PPD-DMcT composite films prepared by various
solvents (a) NMP (b) DMSO (c) m-cresol
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33 ANAEE A
Axd TR AVHERC FFE ne EHFHA HRELEAN
elongationg £ 4 Yed, olv A=A L&A backboneo] straight forward
22 ANAEE7 $5aAH, FHAA gEole] Adgdde ¢

Table 5. Elasticity Effect for Electrical Table. 6 Elasticity Effects for Electrical

Conductivity of PPD Film Conductivity of PPD-DMcT Composite
Film
Electrical Electrical
Solvent conductivity (S/cm) Solvent conductivity (S/cm)
Unstretched Stretched Unstretched Stretched
(300%) (90%)
DMSO 3.0 20 DMSO 0.02 3.0
NMP 0.2 11 NMP 0.007 0.2
m-cresol 07 8 m-cresol 0.0001 0.1

of A=A TEAE conducting formo] T3 Ho] M|
AL A § A7) WEolh d=, Eotddy F
% stretchedA] 7] W, A7 FAEE7F 10080l E713tth= Ao B E]
Ao A Autd PPDYUE 2 PPD-DMcT B3 HEo] thdl elasticity 43
Table. 5¢} 69 EMATE Table. 58 60l & & AXK©], streched 3?—
9 AVAER & o7t YL FAF F UATh ol AVAEE
gae mXE T2 QXEM, dopante] FFE E & UeH, ol EFA
emeraldine base formol|A] emeraldine salt form©. 2 HolH = QA A HAxA

T E=2}e] conducting formo] A HIE TIFEFF, & Y& $58F
2 A7|IAE=7}L F7E7) Zo|t}. Elongation, dopant®] Z§{, 18|31
doping x| W& PPD-DMcT &9 AVNAEEE ZALEY] 93] & A+
AqA AFRs A7|AEE &A= (four-point probe instrument)E A}-8-3}
four-probe methodZ dry boxtjoll A ZA3l¥on, o] ZA#AE Table. 73 8]
ER ATt

“_Q,g
:::'
mlo e oxt rir
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Table 7. Measurement of Electrical Conductivity of PPD film
Electrical Electrical
Solvent | D
Solvent | Dopant conductivity (S/cm) otven opant conductivity (S/cm)
HCI 15 HCl 18
LiClO4 12 LiClOq4 20
NMP DMSO
LiAsFs 15 LiAsFs 17
LiBF4 14 LiBF4 16
Table 8. Measurement of Electrical Conductivity of PPD-DMcT Composite Film
Electrical Electrical
D 1 D
Solvent | Dopant conductivity (S/cm) Solvent | Dopant conductivity (S/em)
LiClO4 0.1 LiClO4 3.0
NMP | LiAsFs 0.06 DMSO | LiAsFs 0.1
LiBF4 0.2 LiBF4 2.0

Table. 73} 88 E3] & 4 15o], PPD W& ¥ PPD-DMcT 5§ "dg9 A
NAEEY 9EL e AAEN, £P 55 UM =PJFE F7t
42 AZ|AEEr} ZUbste A%S BYon, Sl A =DMS0] &34
A Az3 WES) /1F £ A7AEEE UYEdS & 4 UM o=
DMSOE &ulz AlE3lge w AEA 18R conducting formo] 7} <QF
AL A FAE 4 Qon, PPD Edo] ¢As A BIHIUY] HEo|S AR
€t} Four-probe method2 743 PPD-DMcT E3% FE Y ANAEEE
Uv-vis NIRS ©]&3ld Hm ZALS #39th. A8 ¥=& Z4zF 3X10°M
olglem, &ujZ4 DMSOS NMPE AM&3Hth Fig. 88 T3l & + U=
o], DMSO®|| &3jA]7] PPD, PPD-DMcT, DMcT9] &4 =7t ¢ 360nm #
A velygow, o]59 F4u =7} four-probe methodZ2 ZHE AV|HERE
Zke] Asknt §ALSA PPD, PPD-DMcT, DMcT&o. 2 YERdS AT + 3l
2t}l. Fig. 9& £ulE NMPE AHg3te) 233 Zo|n, DMSOANM 73
3 A$-9} nlR AR 360nm FZo YEbd PPD, PPD-DMcT, DMcTY] &<
WaE vlme ZA7 four-probe method2 ZAHTF H7NA=EY AEFFH AL
< ZgJa% & U
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Fig. 8. Uv-vis NIR spectra of PPD(a), Fig. 9 Uv-vis NIR spectra of PPD(a),
PPD-DMCcT(b), and DMcT(c) in DMSO  PPD-DMcT(b), and DMcT(c) in NMP

3.4 A7) 38ty EAXAL )

PPD film 2 PPD-DMcT 23§ HE9] A7 5sa 549 HEE FAHel7]
98} cyclic voltametryE o] &3t &4 Jem, o] 234E Fig. 109 e
2t} Fig. 10(a) 0.1M LiClO4/PC2] A& A oA FAESET} S0mV/s o,
A 718813 inactivations] 7] H(curve a)3} F(curve b)e] PPDIF| #3
cyclic voltammogramo|th, At AIFo2NE HF HAFE AMEsIed, 7]
Zz AZoENE X372 A (saturated caromel electrode)S AH8-ERT
Fig. 10 & ZA4A AshAo] 1mMe DMcTE H71e Fof Azte
Ao w2 PPDIUE4] i3t cyclic voltammograme]t}. Fig. 10(a)& T3 &
& gl%o], A9 cyclingg A&FHoZ WEEHPS W 563 A} F, curve a
ANA curve b2 A7) #8H o2 A} inactivaiond-E& AT & AJok 2
U, Fig. 100)E £3), a2 1mMe] DMcTE #7189, deteriorted 7]
818& ukL(curve b)e THA INEHE FHAT F Aok Y, 03V ~
0.4V Ato)oj| A} k7t suppress® #(14-563])0) tThA] AFFEE HEIFS &
& 9tk olyd AL UM Fig. 39 Fig 40lA AEFxc], PPD}
DMcTALole] A788H8 5 ZLo) 93zt A8 =™, Fig. 10225F
DMcTE PPD HES A7E3H AL FAAA Fo24 PPD €59 A
Naere 546 4TS HAE BAT & AN
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Fig. 10. Cyclic voltammograms of PPD film (a) before(curve a) and after(curve
b) the electrochemical inactivation in 0.1IM LiClO4PC at 50mV/s) (b)
after the addition of DMcT(ImM) into the electrolyte in O0.IM
LiClO4/PC at 50mV/s)

4. 4 &

NES AxA 3EAQ polyphenylenediamine(PPD)E  §/d3t<i, PPD}
ulolt) =4 PVA 18]I reactivation reagent] DMcTE YA3 HIEE EF3}
o kst fujE £3A]g1 ¥, HCL, LiClO4, LiBF,, 18)3 LiAsFe2 A=
3le] PPD "WE37 PPD-DMcT 3 UEL ATt A EHS 543 2
3, g 2& AES 2T

1) PPD ZE % PPD-DMcT 5§ 4&9 H71A=% g2 DMSO°] £}
NA "BEL AZF F, 04% LICIOE A=F3RE o 73 $F3lgen,
PPD &2 7% < 20 Sfem ©]2.w, PPD-DMcT E}FE 2 73-¢ 3 Sfem

2) PPD W& ¥ PPD-DMcT B g I=A4HAHL NMPS} DMSOZ
Aerstde o vlmE $4% dHIAL 23 Uee FAT & AT
PPD R &3} PPD-DMcT 23 WL 247 350C 3 200T ol3tel A Ag 7}
S¢e 29T 5 Ak
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3) £ ¢ PPD ¥EF PPD-DMcT B3 »E9o] ¥ morphologyS T
sqolgo, EREEst 2185T EHe S 24 FUAT & U

£

4) PPD ¥ & 2 PPD-DMcT E§ M=) 78484 542 PPD 459
Ao Az A9 cyclinggd FFEEA  inactivation A2 HATh
DMcTe] 7l 3 oAl AAAEZ HEoie AT + AU °I=2A,

DMcT: PPD T2 9] reactivationo] B%< mlIAths AL AT + g ca=
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