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Electrochromism of Various Conducting Polymers
with Enhanced Functionality
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Department of Chemistry, Sogang University, Seoul 121—742, Korea
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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) thienyll benzene} . 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.
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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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Figure 2. The oxidation states of viologen. The correspond—
ing symbols are shown in the parenthesis.
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Table 1. Electrochromism of P(Py—V-Me) and P(Py—V—Py)*

Applied potential Oxidation
Polymer . Color
(Vvs. Ag/Ag™) states
0.8 P(Py“*-V**-Me) pale blue
P(Py_V2*Me) -0.1 P(Py-V**~Me) pale yellow
-1.05 P(Py-V"" —Me) violet
-1.6 P(Py-V°-Me) yellow
0.8 PPy“*=V*-Py“")  pale blue
P(Py-v2*-Py) -0.20 P(Py-V**-Py) pale yellow
-0.90 P(Py-V**-Py) violet
-1.60 P(Py-V°-Py) yellow
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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=CHj and R=polypyrrole connected
via hexamethylene spacer, respectively.
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violet ¥F WAL Py ©h91] gk Al Vo' w919 violet A
of 7tge] vehA] oketh HE o Wl —1.6 Vivs.
Ag/Agh el wmekalo] Uehh=d), o]AL Pyol dnga} V0ol
o] AAA YRt Aol o] 1AlelME Py @7t AAE
7El7F =W, viologen W= B A7) Ha, REIE Py ¢
7F &= A7) =) viologen W7 2AE AL} Eo,
Py 29)9} viologen @7} wo= AL vlEpdch

E2|E|2HI0f| ViologenS ZEAIZI F7| HAM DEXLY (Py-
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Figure 4. Structure of P(Th-V-Me).

Table 2. Electrochromism of P(Th-V-Me)?’

Applied potential

(V vs. Ag/Ag") 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

wzhAeE UeRdit), [915 0] 0.8 V(vs. Ag/Agh) ol o]2m o
3l mjgbalo] vpEh =), o) Th7} Algleo] partial chargeZ
£ Th" ezl Ho] A% sehds vehyy] wizolth H9E
wro] _1.0 V(vs. Ag/Agh) el |21 o] 3182} 2 viologen T+
7F ARl s ol gEo] P(Th—V" —Me) ez =0
violet Ao] UpER=H), o] The] W3} V' o] violeto] #
A v Zlolok 1eu Vo] 33157 The 278e] )
sl 2i53] 7] wjiel], Vo] Alo] XujFot). A9E o Yol
-1.8 V(vs. Ag/Agh el o]29 Ve A} S o mbo} 39l
A VO AL s3], o]Ae] wghAlsk Thel wizbdlo] 234
QA S VERTE o] A7t A EkS o]get 17] WAl F
< ¢ojtt,

M= DUEXI9} Viologeno| L 20| 0| ZRIE H7| Y
SRS AwA miake] WA 13 97} viologen?] A
o] Wo] PALEF F2F designste] A tfiH](color contrast)
£ o)== 7% 7}s3lvk Thiophene 112]9] 3— 94— $)x]o]
A=} 7091 ethylenedioxy”]E AeAZ] 3,4—ethylnedioxy—
thiophene (EDOT) 2] band gap< thiophene?] Z171¢f H|&}o]
dolda EDOTY 8¢ PEDOTS o488 wr, 1 &5
B9-27t Vel a3 e ool dA A3k Figure 51
PEDOT®] viologens AEAIZ] 7] A deAd 184 P
(EDOT-V*M 9] %2 R om Table 30 1 WA E4
& HIFQITE® o] mEAe] 71 ebgE AFEl= P(EDOT-V)
ot} o] AeleAE V2 moiety® F-o|m& EDOTS] Az
21 bluedt YERITE H9E 0.5 V(vs. Ag/Agh) olog %ol
FH EDOT? ] 913k sfghalo] Yepfx|nk AP 7o) Fgsh
thal 2 5 9tk A9E W0l —0.8 V(vs. Ag/Agh) el o]2%
P(EDOT-V*") 9] dark violete] WEhdth EDOTY & %9
2= ¢k 610 nm Ao Uehda, Vool F4 B2l oF 560
nm ] 7] wiEe] o& F FF 2927t W Jel dA
H2A dark violet o2 RIITE AV F F5 B9elo How
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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*—V?) pale blue
-0.6 P(EDOT-V%") blue
-0.8 PEDOT-V'") dark violet
-1.4 P(EDOT-V?) violet
+
N Y~ “N-ch,
S =
= 2PFg
S — 2+
= P(CPDT-V“"-Me)

Figure 6. Structure of P(CPDT—-V—Me).

Qlalo] eyl Abel (bleached state)?l P(EDOT-VZ") 9} 24
A (colored state) Q! P(EDOT-V*") A}o]e] A tjjn)7} =
opaIT) 28

o] WFol| &éh= mw shte] wEAE P(CPDT-V* ' -Me) 7} 9l
v} o] ;RA] 2 Figure 69 HolFQa, 11 WA B2
Table 40 RoFgIct o] A WA TatAt D9I= 7 719
thiophene ring®] fuse¥ cyclopentadithiophene W& 71A|H,
Table 3¢ BolF P(EDOT-V?") 9} A] 2:& wid 548 A|d
th o] IR viologen®] 3 A Hct W& A9E HolF
™ viologen®| #1712 o] stolx|n] AAs] a7t dofdth=
o] Qltt. 23l wiAUSe tistol= oFd ARl vt glo,
aryl—substituted viologen?] radical cation®] acetonitrile &7
Zol|a] £a)7F dojdrh= A BuE uf glk” Viologen?]
dication®] ¥ 719] pyridine ring & A2 50° = FEH %O
1}, radical cation®] -%-oll= 5 719 ring®] ¥ HW F-15 o]F
=4, o]#3F HA 427} radical cation?] eFgAe] AA Q1 A
o7 IRt

S=5 MM DEXI0|| Viologen PendantS ZA&AIZI 7| B
M 23132 A 182} 323} viologen?] WA A7 M7 )
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Table 4. Electrochromism of P(CPDT-V-Me)”

Applied potential

(V vs. Ag/Agh) Oxidation states Color
0.8 P(CPDT**-V?*_Me) transparent
-0.2 P(CPDT-V**-Me) blue
-0.9 P(CPDT-V**—Me) dark violet
-1.7 P(CPDT-V’-Me) violet
2PFg”
+/ —/\+
-R: —(CHZ)G—NQ—@N—(CHZ)g,CHg,
_ _
Q o] FIQ
A\ ©
— S S I
o \
R g o
L _/ _n
P(BEDOTPh-2V)

Figure 7. Structure of P(BEDOTPh—2V).

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

Applied potential

>

Jo

(V vs. Ag/Ag") Oxidation states Color
1.0 P(BEDOTPhl'T‘J’—ZVZ‘L) transparent pale blue
0.1 P(BEDOTPh”S*-2V?*) bisque
-05 P(BEDOTPh’-2V?*) magenta
-0.9 P(BEDOTPh’-2V*) purple
-1.4 P(BEDOTPh’-2V?) crimson
E 7k 7= 2] WA ARA paRxle] - F 7R HA B4
o] ¥HA Ve E vekst WA E4S vehgx]ul HA 29
7} W2 Heo A 9lS A7t Wolx =2 92 7 g
]

Hojx|i= A7t Wk 53], E¢jEl 23] 7 thiophene
18] 3— 94— 2R H7r A Al PAE iR T
2lolo] Fr}, o]jdt EA|= d)4317) 954, thiophene 18]2]
— 4 4— 9)x]|| alkylenedioxy ¥} &2 Hx} THE £9lslo] B
sallEd® alkylenedioxy 71 Akt AT wHRolFo] A7) &
3 IgellA side reactions *AISRE A Utk o] st H2 o
Z poly{1,4—bis[2— (3,4 —ethylenedioxy)thienyl] benzene} [P
(BEDOTPh) 1 & =2 &2 933t P(BEDOTPh) + &
el et eHgAd oM 3t Zow G p
(BEDOTPh) &] =Zel WHakold = 719] viologens ZA#HAI
%1 P(BEDOTPh—2V*") 9] 7% Figure 70| HolFgt). o] 1
221e] A5 9@l BEDOTPh—2VE acetonitrile/me—
thylene chloride (1/5 by volume) ol =<1 € (2 mM) S Z5-E
-0.459} 0.7 V(vs. Ag/Ag") AlelellM #1915 £8A17]%A 1TO
el flell A7) FEste] =gl o] aAk= Al wet 57
A o Aoz 7] WS doFItH(Table 5). ASE &I
1.0 V(vs. Ag/Agh) oM Fatar 3F2 Ae] P(BEDOTPhY*

w
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Figure 8. Structure of PDI and PDI—-2Py.

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

Applied potential

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

—2v¥h) o] vEhdth A9E 0.1 VE w3l Ask 374
A (bisque) 8] P(BEDOTPh***—2v*H & o=z wata, —0.5 V
oA A& (magenta) ¢] P(BEDOTPh’—2V*")&o] —0.9 V
A A (purple) ¢ P(BEDOTPh'—2V*") o], 181
—1.4 VelA 41&2 (crimson) ¢ P(BEDOTPh’—2V?) o] v}
Epity,

HM=M 2K Perylene ChromophoreE ZEAIZI X7 B =
3¢ HPe t]o|u|= (perylenetetracarboxylic diimide, PDD)+
Z Azl Aol 18 PDIAIY EAEL HHA g9 71—
stacking @7 witel] ¥t {71 Guljel] =2 ¢kt 7RE3l |7 of
Ak, o] oy 7] X375 E8H r—stacking @/go]
Qo1 galAdo] FAs] TR el gans ?7}/\1
7171 9J819] ter—butylphenoxy 12 HEAe) 1-,6—-,7—,12—
AR Az em, A aAke] wEEARl Py& PDIC] N—
e EguE™l spacerE F3lo] A kA PDI-2Py
= SR, 1 TFE Figure 89 YERITE o] @A =
ol xgl S WO R ITO frelE AFo% slo] x7]slshz e
S38te] a1tz P(PDI-2Py) #hehg vHEQIc) o] antate
7] A B4 Table 40 VERAGITE SkellA] At A7) ®
A RAF=0] Sk A7k (response time) < ¢ %ol Ey}3hd] H)
sled, P(PDI-2Py) & wll¢- =7 $5 AIRbS VR o] o] 11
TR F7] HMEAdo] AdiA o vby| witel vEh= ddolat
1 woj X,

HU

Ho| WM 20| F[c M CjH|7} LIEL =

SHE & oSsts Wy®

ofd E4e] 247 WA SAJel| ysto] olopr|g W WMo A

o
=
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e

o

ZFr o2 yehd dart girt. ZAe Ade)el 2alE e Ab
9] T (transmittance) 8] X}o] (A7) 7} de] o] &57]= 314
, ojd 7] WA BAe] o AdM] UThe) B 5w
7/ﬂ( )5 doll7] 9Jsle] &3] Al32LQ (trial and error)
ARSIt 71N ATt Lo 5T F Qe HHE
& 2Nt STt AT S L B4 E40)7] nfjiol
2Ate] T3t grolek o] HelxE ZE AdeelA 7%4%5_
e UEpd = 9l T vluke wlSo] A Abg W
A e FFEE S ths, Beerd] HAS o] 83} ﬂtﬂ
Agm|ZE Yehd 4 Sl 7S v A8 o]gsto] Ak 4

= 2 il

o E
mimlo
=2 o

11101

gk
Ln=[n (& /) 1/ (a — ) (1)
047]/\1 a 2 q= Elaly] =1l x]—/\ug /\Lgﬂoﬂ/ﬂ 29 M3 B

A% (linear absorption coefficient) ©|t}.

uloko]l 7 thal T coating parameter% F&%L —’FE k.
|ZHH =8 A9 slol|r] TEAS F3slo] vlaks =7
- ko] A Lo A9 =3 315 xofl v

O

coating parameter<!

#latA drck

L=kx (2)
A7VA, k= vlEldrolTh webA whake] A thal 9] <=3 3
TE ARt 2 3 FEehd Ao AdplE 4 A o
o) 412 ALgstel AR Zto] bssic

= [In(B/p)1/ (BB 3)

A7IM, fo= ka1l fo=kaLlth. o] o] F-8dtthz A

S PEDOTS AF&30] A2 HojFgleh¥
a4 B

ole7[x] AEA 11EA}e} chromophoreS A3AIZ] #17] A A
EollM, A Ak} chromophore®] &5 3¢ d9o] tf
£ A$-oll= vlekst M3} (multiple electrochromism) S @43k
S aglor], B4 g 9ol Bol AAE Aol Ao
7b &PgE 7] WA Bdo] Qofitk, Folxl A7) WA B
tiste] FHof AdiulE Jehdlis AE50 FE AGA clSehe B
2, 2 AR Al 2o g EY Sl o] | Aot
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