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Electrochromism of Various Conducting Polymers
with Enhanced Functionality

Heung Cho Ko, Bongijin Moon, and Hoosung Lee'
Department of Chemistry, Sogang University, Seoul 121—742, Korea

=5 ALA 3ER] 272 chromophore s ATAIA THE TioFst 7] WY 243 7 S48 278k
o} AEA 3EAZE polypyrrole, polythiophene, poly (3,4 —ethylenedioxythiophene), poly (cyclopen—

tadithiophene), & poly {1,4—bis [2— (3,4 —ethylenedioxy) thienyl] benzene} & A}&-3}37, chromophore &
viologen¥} perylenetetracarboxylic diimideZ AFE-8F 7Z-%of tjste] A3t A=A 382}F9} chro—
mophore?] W4 2 W7 e Aol Al oS AHE 7 Ao, w3 Hrt visd A
Folle AulE Y 4 gk Ad Adu)E Yehge 289 FAE €A A58 F e PHE dgstiith
Abstract : Electrochromic materials based on conducting polymers with pendant chromophores as well
as their electrochromic properties are described. The conducting polymers described are polypyrrole,
polythiophene, poly (3,4 —ethylenedioxythiophene), poly (cyclopentadithiophene), and poly {1,4-bis[2—
(3,4—ethylenedioxy)thienyllbenzene}. The chromophores described are viologen and perylenetetra—
carboxylic diimide. When the wavelength ranges of absorption of the conducting polymer and the
chromophore are not overlapping, multiple electrochromism was achieved. When the wavelength ranges
are largely overlapping, higher contrast was achieved. An easy method for prediction of the film
thickness for maximum contrast of a given electrochromic material is also described.

Keywords : clectrochromism, conducting polymers, viologen, enhanced functionality, color contrast.
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7] WAl (electrochromism) ©]§k A= B2lo] M7|slstzo g
Absh B 2w A gt dojvie @e Eeith metA] 4k
3} Adefel wE ohE Ag UEhdiE E22 7)EA0R Y] A
E3A (electrochromic material) ¢|2} & 4= Uc}, 7] WA 4x}
(electrochromic device) & T2 #¢l e 2HE 1hei= 25 vk
AR AY BpAIZIT s Ao, AA2 WE U= LEDS & 2
o7} itk A WEE Yoyt Aes A AWt A3, W H
oz e = glon, e MS ogiEel {AAIZ Her) =
smart window 2} 22 5-8<llX Rei3t o] B Hhd, & wislr}
vk WEE Stk 7] WA 2 F AEoR AaAEs] #
A& B Az AL W, Mo, Ir, Co, Ni 53} 28 34:9] Ak3l2
#2:9) 22 (complex compounds) S0tk 7 & §7] 3
E FolA Al Adelel uhet AZe] Wol Wdhe bipyridilium (Y
= viologen) A1 3HEo] Bo] ATHILE® mHA 17) A &
A= z70) 978 A Foll= polystyrene sulfonate$} 2 11
B2 AsfAe] counter ionS % A7) WAM-E Ad bipyridilium
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Figure 1. (a) A first—generation conducting polymer: poly—
pyrrole, (b) A second—generation conducting polymer: poly—
pyrrole with long alkyl pendants, (c) A third—generation con—
ducting polymer: polypyrrole with a functional group at the
end of each alkyl pendant.
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AR Zl0] e T nEAF Aelde 2] Awest
A 97] WiFel Ak AFA| A7) A F2] ZHo| FAYAA
7] Aol Z71E Qo] WA Ajgio] Ao & T MY
= &0l Qi

olEg WS RYE 4= Qe A0 2 A RS o83t 1Y)
WA o] P T HAL iRy AA mExRs oy
N2 Atsl AN JHAH, Abs) Al ule) i g w7] uiE
of 7] WA BEAFA £ o708 ZF3 QoM Egopdy
(polyaniline), &2 E (polypyrrole), & €] 23 (polythio—
phene) 51 &2 AEA TEAS AV]el A7EE EYAK A
=3 1ERR] FEAES o83 A7) WA B et Ayt &
o] o]RoFr} ! e}, ArA wRAe] g 2 W gy
o] AxA uEA} 3 (dissolution) W 8§ (fusion)©] =]
o] 7hao] ook otk AxA 1iERtel] 71 < (akyD) 7
H-LA] (phenoxy) 719} 22 21& =Yt &3 B/ms £-8°] 7
s310] 71Eg )7L 9A Bk Saricifici & o)zl AEA T
BEAZ A 24t D54 1EARID §190h of7jolx & 2 o
Uo7t A7 g el thE 287 (functional group) S AEHA]
A 7FEAE NI TS EAE AW AR 2EAE 9
5 4 9t} Sariciftci 52 o|8d A2 LEXE Al 340 A
4 mEAeT 8tk (Figure 1)
olg]gt A M) A=A TEALE 0|83t AEA, MR 1At
GEAQl HE (pyrrole) o bipyridilium e AEA7) 1L WA
g B8 M THAM Agh FEAA B A7) WA E3o]
T bk QI B =Rl olefdt A 3 A 1EAE
ol &gt Ay] WA EAe] EAe diste] =2Jstaat stk olgf gt
Al 3 AEA IRARe AN TRk B4 dide] A7) A=
Z7t wolA] dolx AAG 1Al Mg o]get 7] WA &
Z9] Tido] pebd wnl ohz) A7ER|e st 2E7)7) o}
w3l &1, 718t & VeSS
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Figure 2. The oxidation states of viologen. The correspond-
ing symbols are shown in the parenthesis.

Aoz A wsle] g AdEH Al Aehv] (color con-
trast) & ¥ = rh o]efst 7] MM chromophore 4
viologens AE3tG T} Viologene Figure 29 Bo&E vhs} -
o] 3719} 4tsl AJElE 7HRIth Viologen®] 3714 Ats}h Al
% bipyridilium dicationQ! V**7} 718 9| Abgjo|tk, v -
ahte] MAE wol @959 radical cationg] V*7F B4 E 11,
o|Zo] thr] Mzt htE ©f Wobr] g WAl of A A7]2
o7 249 V7 M9t} Dicatione 7 AAzE Ao
2k 0)Re] Wa} o)F AEL AT/dE ekl Viologen
o] M2 qbal A, X871¢] E5, counter ion X Fwje] wet
A g2, 53] Fa} olFo] ok Afole wlg- AL Mg
gt V¥ e i) )49 counter ion®] iodide () Q) 7AS-
ol 1A Aeolr ¥ AEM (scarlet) & Ik Ve X3
R TR we} 254 08 A% wed), R=HQ! 2l
3 REld R=alkyld]l Z-$elli= A, R=aryl?] 75l
= o) V0 R=alkylql Z$ols 242 R=aryl
Solle g drf,

E2IHE0! ViologenS ZRARI 7| MM DEXEP HTA] witat
2] 3l ZE|HEC viologens AFAIT 7] B4 BHA P
(Py—V**-Me) % P(Py-V**Py) o] & W82 Table 10 Ljeh]
Atk P(Py-V*Me) 2 P(Py-VZ*-Py) 8] T2+ Figure 391 1}
Ehd wle} 2}, o)E 1EARE Z17+9] TeEAIQ] Py-VE i -Me Bk
Py-V*' Py acetonitriled] 521 £ Soli] 7] sgtx o At
3} Z98le] = s IR weto g Aol ) HAE At
shed Ad=o] FYsfor a7 Wiiel] A} A=ogE ITO A%
A3ttt MalAR2E 0.1 M tetrabutylammonium hexa--
fluorophosphate (r—BusNPFg) & AMg-3l9ion, A= —1.58+
1.0V (vs. Ag/Agh) ARl 50 mV/s o) 52 $=8al= A3
g ARgERich

Figure 30141 B % 9l ule}l o] P(Py-V*'-Me) 9} P(Py-
Ve -Py) = 4709 At RS 2=tk 2 F 3709 Aks) e R
317} viologen moiety oA Lelub il s} Akl Adef o) w3kt
pyrrole moietyllA] doldth o)g 1@Ate] 7B e Ak}
A ZH2t P(Py-V2'-Me) % P(Py-V**~Py)olt}. Table 1914
B 4= 9l ng) 7o) P(Py-VE -Me) 9 P(Py-V¥" Py) = B
3 y-@Ao|rk o] V7 Zo] 1 pyrrole moiety (Py) &) 48
Q Agh mhaimk Vel wifolch o] 3t} uhke] HelE
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Table 1. Electrochromism of P(Py—V-Me) and P(Py—V-Py)**

Applied potential Oxidation
Polymer i Color
(V vs. Ag/Agh) states
0.8 P(Py*"-V**-Me) pale blue
PPy Me) -0.1 P(Py-V**~Me) pale yellow
-1.05 P(Py-V*"-Me) violet
-16 P(Py-V’-Me) yellow
0.8 PPy**—-V*'-Py*")  pale blue
P(Py-V?"Py) -0.20 P(Py-V**~Py) pale yellow
-0.90 P(Py-V"*-Py) violet
-1.60 P(Py-V’-Py) yellow

Ox (+)

Potential

R=-CHjor CeHiz —N :

Red (-)

Figure 3. The oxidation states and structures of P (Py-V-Me)
and P(Py-V-Py). P(Py-V-Me) and P (Py-V-Py) correspond
to the cases where R=CH;s and R=polypyrrole connected
via hexamethylene spacer, respectively.

= o] Aol Py7t vHE @99 o+(a<1) & FAsHE @ Atske
Fez waly) A WiEoitk ALE W el H ~1.05 V 2
AollA violet Ao kR, o] AglolxE F2 VT rtgjel Mal
violet ¥ YER}FT Py 9919 dwd A2 v a9 violet 4]
o 7ol VERA gtk A9E 6 @FoiFd —1.6 Vivs.
Ag/Agh el wm@kalo] LERPE|, 0|3 Pyel dnwt Vool
o] G ehts dojt) o] wiExlelAlE, Py WVt g
A7 59, viologen ©9= 24 Aey) 9, g Py ©
7 &aE AFEl7} 9 viologen W97} 29 A7t FHof,
Py @9} viologen @17} wellE A8 viepdick

Za|E| 280 Viclogens® ZEAIZI M| HM 12X (Py-
VZ*-Me) ] Py thAl thiophenes ZA3A1Z1 THEAR] P(Th-V*F
Me) & &5 7] HaAE Yeliich o] 2R F2E
Figure 4] UYeRLL, 418} o] mE 7] HA4E Table
20 deldigich o] Ak 7R od" Akt Adels P(Py-
V2*-Me)olth. P(Th-V?'-Me) A$E P(Py-Vi'-Me) o] 735
9} 22 v Aol gli=t), ZAL thiophene moiety (Th) 7}
2 el H2 g depdrhe Zolth web HeE 0.2
Vivs. Ag/AghH E #3159 viologen moiety (V)£ dication
V2 et €7) wWiEel, 182 P(Th-V**-Me) &= Thell 93t
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Figure 4, Structure of P(Th-V-Me).
Table 2. Electrochromism of P(Th-V-Me)”’
A(D\I]) lfsd i(;t/i]gtia)l Oxidation states Color
0.8 P(Th*" =V**-Me) pale blue
0.2 P(Th—V**-Me) red
-1.0 P(Th-V™"—Me) violet
-1.8 P(Th—V°-Me) orange

wbzhan) LRIt} A9E 09 0.8 Vivs. Ag/AgHel ol24d <
3k glghalo] Uehl=t)] ol Thrt ALElElo] partial charge® w
= Th*" A7t Ho] d3t fehds Yehl)y] miolth A&
wzo] 1.0 Vivs. Ag/Agh el o]29 o] 18z} 5 viologen ©
97F A= g ol iEo} P(Th—V -Me) AHIZ =n
violet o] Uehld)| o] Thel w7k V' e violeto] 3
A vehps Aok ey v F3A157) The) 24l b
alo] 953] =7) wEel, Vo] Ao xjujdolct. HME o] wol
-1.8 V(vs. Ag/Agh ol o]2d V*"& A=} 3hE o Lo} ghels]
WA VO AbelsE Hed), o]29] wghdlsl The) wzkalo] 24344
QAR AL e, o] A7t A £ ol g A7) HAe 2
< o,

MM TEXR! Viclogen2| S 91990| BI0| Hi|= T7| wHA
X589 Hra) pRae] Bl 9l g viclogend] WA 4
dlo] Wo)] AR EE TXE designdle] A tiH] (color contrast)
£ Rolx= A% 7Fsslth Thiophene 1Elel 3— H 4— #A]¢
Azt F9) ethylenedioxy71E& AEA17] 3,4—ethylnedioxy—
thiophene (EDOT) &) band gap< thiopheneg 7l 8|8}
ol A EDOTY 12419 PEDOT-S SHgkalg uln, 7 &
Boulrt virel 73 We e H@A A Figure 5%
PEDOT® viologens AFAIZ 7] A8 WA 3P8A P
(EDOT-V*") 2] 728 RAFow, Table 3o 1 4 54
& RS o] 1EALY] 1 HE Al P(EDOT-V?Y)
ot} o] AelellAE V2 molety FAjo]=2 EDOTY 42
Q) blueTt VERAT), AYE 0.5 Vivs, Ag/Ag”) ooz iz
9 EDOT* ] <18k spgkdlo] ehx|el At Ae] Frst
thal & 5 Qlk HAYE @0l —0.8 Vivs. Ag/Agh) ol °]=9
P(EDOT-V*) 9 dark violete] Yehdt}y EDOTS &5 &5
2l oF 610 nm A Yehds, VY FF B-$elE o 560
nm el Q7] WiFel o) F F B5Evt 8 dYel HA
A7 dark viclet®® R AMY T F B9 ARoR
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n  P(EDOT-V?)

2PFg

+ /= —\+
-R: —(CH2)5—NC/>—<\:;N—(CH2)3CH3

Figure 5. Structure of P(EDOT-V).

Table 3. Electrochromism of P(EDOT-V)*®

Applied potential

(V vs. Ag/Ag") Oxidation states Color
0.5 P(EDOT® -Vv?") pale blue
-0.6 P(EDOT-V?") blue
-0.8 PEDOT-V*") dark violet
-1.4 P(EDOT-V?) violet
. +
S —
= 2PFg
i
S
—

P(CPDT-V?*-Me)

=1

Figure 6. Structure of P(CPDT—V—Me).

°16P°% gl A (bleached state)?l P(EDOT-VZ") g} 24
| A (colored state) Q! P(EDOT-V*) Alele] A divj7} &
oI}, %

o] WFe] K= & shte] BEAR P(CPDT-V'-Me) 7} 2
1 o] 1AL T2 Figure 69 BoiFlm, 1 W8 EAL
Table 49 BTk o] A= A I8 @9z F 719
thiophene ring®| fuse® cyclopentadithiophene W12 7=,
Table 3¢l 2o} P(EDOTVZ) 9} 719) & WAl 2498 A
t} o] TEAE viologend Y A BTt & AYE HolF
A viologen®} 714 #Ao] vl MA3] Eafizt dojdrhke
&Ho| S}, B3l wAUS digtede ofx] deirl vt glonk
aryl—substituted viologen<] radical cation®] acetonitrile -2}
oA a7} Yotk AR Bud bk 1tk Viologend
dication® % 719 pyridine ring & A2 50° A= HEH 32
W} radical cation®] A--oll= F 789} ringo) 3 W FLERE o]F
o), o)gdt B F27} radical cation®) ¢FAle] EAEQ A
o= gz

258 MY
M Ex 2 AT yRA}

&K Viologen Pendantg ZEAIZ! X7| &
23} viologen?] WA A7} M2 oF

E2/H, #3078 A5%, 20064
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Table 4. Electrochromism of P(CPDT-V-Me)”

Applied potential

(V vs. Ag/Ag™) Oxidation states Color
0.8 P(CPDT4*-V*"_Me) transparent
-0.2 P(CPDT-V**-Me) blue
-0.9 P(CPDT-V'" —Me) dark violet
-17 P(CPDT-V°—Me) violet
2PFg
~R: —(CHy)s— C/>—<\://\ (CH3)3CH3
VAR ]
Q [e] il?
IS~
- S S -
o v
|
R Q [e]
L \_/ _In

P(BEDOTPh-2V)

Figure 7. Structure of P(BEDOTPh—2V).

Table 5. Electrochromism of P(BEDOTPh-2V)*

Applied potential

(V vs. Ag/Ag") Oxidation states Color
1.0 P(BEDOTPh""*-2V?") transparent pale blue
0.1 P(BEDOTPh*®* —2v?%) bisque
-0.5 P(BEDOTPh?-2V?") magenta
-0.9 P(BEDOTPh'~2V*) purple
-1.4 P(BEDOTPh®~2V?) crimson

= FEAL] A F IR A B4
27 UrE}bLi E}oohﬂ HA EAAS VERIARE A 29
12 el AA Q& 497t Wolkd & AYE 7 b
Hox)= 97k Bk 53], EE oM #-¢ thiophene
J_EH 3— 94— A H|7194 A} PR E A T8
o) Hrk, olgist ZAE shA3t7] ¢k, thiophene 1122
3— 4l 4— 2X)¢) alkylenedioxy ¥} 22 A} S5 EY5k k.
3319=1® alkylenedioxy7)= AH} HAT HFoiFol A7) %

& ZgoA side reactiond LAIBHR= AT 9t o3t A ©
Z poly {1,4—bis[2— (3,4 —ethylenedioxy) thienyll benzene} [P
(BEDOTPh) 1 & &2 A2 833tk P(BEDOTPh) = #
glEl et g WHeld 58 Aog AP p
(BEDOTPh) & E7el wtaaold 7 719 viologeng AFA|
71 P(BEDOTPh—2V?") 2] 2% Figure 7] ¥oiFirt o] 1t
A9 &S dA BEDOTPh—2VE acetonitrile/me—
thylene chloride (1/5 by volume) of] %<1 2o (2 mM) © ZHE)
-0.45%} 0.7 V(VS Ag/Ag") APl AAE €8A7IEA 1TO
2 el A7) FEste] WEUTE o] A= el wat 57}
A e o= @7] HAS Aozt (Table 5). AAE HoI5°
7 1.0 Vivs. Ag/Agh) oM Fslm AFE 4e] PBEDOTPh "

sy
7&
o]

o_p SO
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Figure 8. Structure of PDI and PDI-2Py.

Table 6. Electrochromism of P(PDI-2Py)*

Applied potential L
bp potentl Oxidation states

(V vs. Ag/Ag") Color
0 P(PDI-2Py) purple
-0.9 P(PDI —-2Py) pale blue
-1.8 P(PDI* -2Py) emerald

—2VEh) 8ol vehdt} AYE 0.1 VE RH3o)Fd a4 37
A (bisque) 2] P(BEDOTPh® —2v*H) @ oz Halu, —05 V
oA A}&2 (magenta) 2] P(BEDOTPh’—2V*") &o], —0.9 V
oAl 254 (purple) ¥) P(BEDOTPh’-2v*")#o), 221
~1.4 Vol A% (crimson) 8] PBEDOTPR -2V%) &o] 1}
ERdT),

HMzM DEX) Perylene ChromophoreS ZeIAIZI F7| HiM &
% HYA D]0]U]E(perylenete‘rracarboxylic diimide, PDI)+
2 437 fBolt) T PDIAY 2252 HEA 189 ~—
stacking @4 wiEell G¥t 7] gl 53] gho} 7HEE}717} of
A, A o7 7A AF7E =4S rstacking E7d0)
AR galido] F43] FUIRETH el gHnE F1A
717] 181 tert—butylphenoxy”1e #HHEd2] 1-6—-7-,12—-%1
Yx)ol g zeH, ATA TR el Py& PDIS M-
2lxlo] Ez|vlEldl spacer® Fatol A3rAZ1 ek PDI-2Py
g @sioln, 1 F32E Figure 8¢ YeRiich o] @3AE
YolM gl 22 o R ITO #ElE R3O0 slo] r|eshao
2 Z3slo] T¥2 P(PDI-2Py) BHohe ghEQIT) o] Exte)
7] M 5/3& Table 40 VeIt dellM At 171 |
A gRAZ9] £ A7k response time)-< = Zol E33td] v)
1, P(PDI-2Py) & "% =% 35 AlzkE vehdleh. ol o] 12

2] A7) AxAo] AR oR W] wlEe vehs ditelat

d

Ol

ko
g
92
o

7| WM 25 °|
FHE

Z[CH A CHH[Z} LEfL=
A HScHs W

rH> |

ofd 2719) 717] WA B4l Bsfe] olop|e W WA B
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£ Aoz veRd gavt qlrk Zag Adelel gae e A
0]9] E3}% (transmittance) 2] o] (A7) 7} E&] o] E$H7]E 1A
ok ojd 7] HA £ o Aoy (U750 F F dEe)
FALDE e A7) fIste] £38] A& (trial and error) =
e ARSI 71 ATt g A5E & Sl HEs
WS 2708t} St AT Lo B2 E40]7] wjie
22kl B33 gholt), o] WhYelNE AR gelex APe &

TE vERd 7 Qe FARE g vee], AN Al 2 8
A 4o} FFEE Z4T U, Beer?) HAS o83 Ao
A7t veRd 5 Qe FAE the A o83t AlitE &
ok

L= [n (o /ad 1/ (an — ac) ¢))

AZIA, a, L = B W ahiE Adeolx HEo HY E5
Al4=(linear absorption coefficient) ©]t}.

uhuto] 7 Al thE coating parameter® AREE T STt
olZHW 228 A St A] TEAE Zatsle] ulake PSR- 7

S wtmke) g L& coating parameterd) ¢ 3 F<E xofl B
€=ﬂ 3HA gt

L=kx (2)
047]*1 L= vlEldgolnt. ulebA] kel T oAl WY g 3

42 ALgsiel B 8 ZEEE A Aghls 98 5 JuA o
o] 48 AMgalo] AWERE Z0] s ae),

Xm= [In(B/B) 1/ (B B (3

AYNM, f=ka®l T fo=kelTh ©] WHo] f-E3tkE A
¢ PEDOTS ARg-8lo] A2 Rojzgict¥

4 £

oei7kx] AEA] wEA9) chromophoreE g1 7] HA
24, AT 3829} chromophore®) 3¢ 31 Qo) o
2 79oll= tjekst A gt (multiple electrochromism) & 4%
F Jslen, 4 I FYe] gol AXE Aol i)
7 g 27 WA EA-o] dojxich Folzl 7] WA F3le
disted 2o AdinlE Vel 380 FAE €44 dS5se W

o}

AN

WS, A AlFA) A e E FY 5 e WRle] 2 Zoltk

UALe] 2 : This work was supported by Korea Research
Foundation Grant KRF-2006-005-J02101).
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