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Polymers
A Polymers are typically utilized in electrical and
electronic applications assulators,where advantage
IS taken of their very highiesistivity
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A Typical properties of polymeric materials:
I Strength, flexiblility, elasticity, stabilitymouldabllity, ease of
handling, etc.
A Combining properties of polymers with electric
conductance osemiconductancepen many
perspectives
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Curnrent commerciakapplications
basedonceconjugaied polymersrarighgomers
A OLED displays
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Organic Electronics

Association

A Organic electronics
I Printed electronics
I Flexible electronics
I Transparent

Printed Memory
from PolylC



Wide rangecofaapplieations

Photovoltaic Devices (Solar Cells)
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4  Conductive Polymers
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Alan J. Heeger Alan G. MacDiarmid Hideki Shirakawa

Synthesis of Electrically Conducting Organic Polymers:
Halogen Derivatives of Polyacetylene, (CH)x

By Hipeki SHIRAKAWA, EpwiIN J. Louls, ALaN G. MacDrarMip, * CHwan K. Cuiane,t and Avan J. HEeGERT

(Department of Chemisiry and tDepariment of Physics, Labovalory for Research on the Structure of Matter, University of
Pennsylvania, Philadelphia 19104} -

J Chem SocChem Comm 1977 578

Some reports on conductivity of organic conjugated oligomers and polymers were presented before that



The Discovery

-~ + PhysicistA. Heegerand chemist
pSN N SN <o 7N A. MacDiarmidcollaborated to
N S N § N S study the metallic properties of

n n n

polythiazyl (SN)

\( _ )f aII-cisponlace(tjylene H. Shirakawafound efficient
n copper colore synthesis of all cisand
trans-polyacetylene films

A all-trans-polyacetylene But he did not investigate
h silver colored conductivity

They met in Japan, started collaborating and found that:

Conductivity of oxidized by,6 & R 2 L#Sn_-golyacetylene

increaseden million timed
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Variety of Conjugated Polymers

O O )

Polyacetylen
(PA)

Polyaniline
(PANI)

Polythiophene
(PT)

tO0F {0

Polyfluorenes

(PF)

O

Poly(-phenyleng
(PPP)

Poly({-phenylenevinylene)

(PPV)

Polypyrrole
(PPy

0] 0]
(3).
S n

Poly(3,4ethylenedioxythiophene)

(PEDOT)

1O—=)

Poly({-phenyleneethynylene)

(PPE)

Only main backbones of conjugated
polymers are presented

Different substitutions and
copolymers were prepared




Typescwofcconducting polymers

A Intrinsically Conducting Polymei$CP)X
conjugated polymers

A Other types:

@ poly(ethylene oxide) : N&BPhy
I Redoxpolymers 1 lonicallyconducting polymers

(Polymer electrolyte)
A Hybrid materials are also known



Elecitical(DC Gonduietivity

Electrical conductivityc material's ability to conduct an
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electric current

Theconduativitytt is defined as the ratio of the current
densityJ to the electric field strengthe ( Oh:més || a w)

J=tUE
1m

Sl units of’ : siemenspermetre 6 { 1) Y \

=reciprocal of ohmper metre (Wi )
=mho permetre (T ¥)

Units of Jamperesper squaremetreo ! #)Y S
Units of Evolts per metre (Vim?) €
£
(a)—i| :
< Conjugated polymers > U é
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Consider a cube with edge bfm S
RIS N tors s and apply voltagé \between two 5
sm Lo Toee Thee Toes The Thee T of its opposite planes. Then a currefit
Concucity | ! ! ! : , of 1 Awill flow |of cube rT.laterlaI has
& & S &Q{& conduativityof &= 1{ T-1Y
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Drift Mobility, of the Catfiiers
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102 —— ew:;:; which the charged species wilhove
1T under the influence of the applied
: Sy - gﬁllgn Azgmmrons) . .
fr Bl e electric fieldE
1072 —— Copper
_ Sulphur (hole . . "
~ T Cuphinalocyanine Theconduativityt related to themobility & by
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1 —=1CNQ b= qlmﬂ
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2 e Sulphur {elecirons) n ¢ concentration of the charge
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Carriers: electrons and/or holes



Insulators, ssemicondtietarsranthConduetors
Band theory in ordered state (crystal)
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Development of energy bands §

Calculated Oligothiophene Eigenvalues -
HOMGLUMO gap 4 e
(bandgap decreases as 27 - — — —
number (0) of repeating PRI S —
units s ]/ = = =]
R A e — _— —=— ==
w s = —_— e — é
Conjugated polymerare Nl = = —
semiconductoror insulators OR=T—n=2 n=3 5 6

In their non-doped state
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Marks et al.Phys. Rev. B003 68, 035204 i ; ; ;
Bendikowet al.,Org.Lett 2006 8, 5243 1/n




Doping pfinciple
A Conjugated polymers
I Transfer of the charge to or from-system

I Introduced chemically or electrochemically
A Oxidation¢ p-doping
AReductionc n-doping

I Doping is high 1%40%

I Changes in geometry
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I Introduced to lattice e

I Doping is small <0.1% €-€@-
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I No changes in geometry
of lattice




(&'} Doping@fpolyaniline (PANI) ('}
OxidationA State
100% 4_\ _O_N@:N*Q—@N—]— PerN:gPr‘ﬁ?illi’r;\leB Base
o O OO, emoptipgios
ONH‘QNH—Q—NHO—NH+n Leucglilee_rLcEﬂé:line Base

EmeraldineSalt (ES)
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Conductioninpolymers

The overall mobility of charge carriers in conducting
polymers depends on two components

A Intra_chain mobility
chargetransfer along the polymer chain
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A Inter chain mobility

hopping or tunneling of thecharge
between chains or crystalline regions
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Interchain hopping

Temperature dependence of DC conductivity helps in
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determination of charge transport mechanism

For example some models

Mechanism of DC conduction
Arrheniuslike character in ferric chloride doped

Crystalline semiconductors poly(3-methyl thiophene)

Band conduction mechanism I Dopand
. 1 Conc.
_ aEa ' -

LN 2.0
S — -%e éﬁﬁ | R \ \"'\.“- '1'!1'3? M

b
]

da

| E
=4 ta,,
E \ fau]  s2
< -5 \..." A a 0.8M 0
' . . : B )
Mott's Variable-RangeHopping (VRH 3 %
Amorphous semiconductors & R 9
[ =
Hopping conduction mechanism 8 Sy S1 g
L ©
When randomness in intechain distance is present, -9 IDOE’edI -, 30K '. 0.1M é
i.e., isotropic system 20 25 30 35 a0 45 50
aT, 100/T V4K S
er o 1D:MT oy .
s = ge ¢" T 3php o Conductivity is the sum of hopping
and tunneling mechanisms

Singh et al.Curt Appl. Phys2003 3, 235



Stability antdProcessability

What do we want from polymer?
ASolubility (nondoped and doped) AThermal stability

AEnvironmental stability

AElectronic properties

STABILITY AND PROCESSING ATTRIBUTES OF SOME CONDUCTING POLYMERS

Techniques that can be used:

CONDUCTIVITY STABILITY PROCESSING
LRSS (Qlem™ (doped state) POSSIBILITIES
Polyacetylene 103 - 10° poor limited
Polyphenylene 1000 poor limited
PPV 1000 poor limited
Polypyrroles 100 good good
Polythiophenes 100 good excellent
Polyaniline 10 good good

ASubstitution on polymeric backbone
ACounterion inducedprocessability
AColloidal dispersions

ACopolymers



Soeluble poly@alkylthiophene) IRAT
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Head-to-Tail (HT) Head-to-Head (HH)  Tail-to-Tail (TT)
Lower conductivities
(up to 5 S/cm)

Elsenbaumen 986

Due toregiairregularity
(only 5080% HT couplings) Regioirregular HT-HH-TT Regioregular HT-HT-HT

RMEK THF
+ R'Elr
B B rtor reﬂux C6H13

2 85% (1% / \
S

n

Nicdppp)Cl, >98% poly(3-hexylthiophene)
0210 mot%, 1h ‘z}/ Regioregularity rrP3HT
HEHT Close packed structures Mobility 0.2 cni\is?

M,: 20¢35 kDawith PDI:1.2¢1.4
Conductivities up to 1000 S/cny  (>100papersin2010)
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yield 70%

McCullough et alMacromolecule2001, 34, 4324
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. 8 12 R 17 s
Associated pair [18-12] efle”g%;‘v:n —
McCullough et alChem. Ref008 41, 1202 \_/




Seltdoping

In 1987Wudl et al. proposed concept ofel-doping, where

17/01/2010

the counterionsare covalently bound to the polymer backbong
In order to increase solubility in water and migration rate of tle®unterions

(CHy),SO;Na™  ox - (CH,),SO5
-Na* =
/ \ ared P l'r -“\ J
_ s”/ -~ s”/
x=zor4 10 S/cm (NOPF,)

Proof of selfdoping
30 |ncrease of Naon oxidation

Mechanism of selHdoping involves the
Nata LJ2 LILJA ¥y 3 €
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in contrast to regular polymers where
anions are incorporated to the backbone

Na* CONC. in SOL./ugNaCl/mi
8
LN
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T
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Wudlet al.,J. Am. Chem. Sd©87, 109, 1858 E/V vs. AQ/AQCI
Wudlet al.,Synth Met. 1987, 20, 151




fop; Polyaniline(PANI) (")

A Oxidation of aniline was studied from 19 century

I Fritzschan 1840 observed the appearance of a blue
color during the aniline oxidation

i AnilinecYSF ya G&AYyRAMIREES AGaRSS
I First conductivity report byBuvetin 1967

A From mid1980s most studied among the conductin
polymers

A Easy synthesis in aqueous media, in a variety of
different morphologies
A Many applications:
I Molecular sensors
| Rechargeable batteries
I Antistatic coating
I Non-volitale memory

17/01/2010
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7 ~ 4 y W
cSfaddrd RiktiNIRR € { €
Exists in Reactive> —-@—NGN—@-N:@:N—}— PerNigraniline Base
different o n PANI-PNB
oxidation Stable in air> —-@—NH—QNH—O—NGN—]» Emeralding Base
states Reactive> —-@—NH—@—NH—@— H—@—NHA]» LeucoEmercldnne Base

Most used simple chemical synthesis of PANI via oxidative polymerizatiopdrpxydisulfate

0.1M HCI Heterogeneous
n @—NHZ.HCI + 5 n(NHy),S,03 — polymerization

10 min atr.t.

1hat@C

La-©- - OO

Green powderemeraldinesalt (Doped state) (95% H

+2 nHCI +5nH;SO4 +5n(NHy),SO,4
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Conductivities doppingwith HC) are in range 2.0 S/cm

M,,: up to 350 000 (usually 30 O0ODa
PDI:from >1 to 6 (usually 2:2.4)

MacDiarmid andManoharet al.,J. Am. Chem. S&005 127, 16770
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MechanismoffPANEwsynthesis

40
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henazmenucleate Temperature 2322% S00ml |
Heterogeneous polymerlzatlor’i’ profile o .%o%%
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o 35 o ‘o.. 100 ml -
g L E ... A

1) Initiation ; S
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Growing P g i ° | %% .
protonate 'z ! o !
: _ Induction : i Post-polymerization  _
(pernig é. 30 period LP lymerization g _E, popeﬁ 3 h
. L ' o) ':f if
Redoxis as & E ° : th >
P 25| 8 :
: - p 3
L : O 4 | %
. . D-
3) Terminatio Wo . S~ S
200 N ; L i 28 ., _é
Hydrol ime, mi S
N

I. SapurinaJ.Stejskal Polym Int.2008 57, 1295



Seolubility of AN

EB is difficult to dissolve due timterchain hydrogen bonds
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most used\N \NJLN/ )LN/ /N-ff—N\
solvent . | NS

TMU  DMAc HMPA

NMP
N-methyl-2-pyrrolidinone

Convenient processing of conductive polymers demands
solubility in doped form

A EB soluble (20 w%) in$Q (97%) resulting in doped state ES

I fibers with highcrystallinityhave showed high conductivity 8D
S/cm

I not practical for film casting

25 Conductive Polymers

How one can induce solubility of doped form without

modifying the polymers ?




Counterion inducedprocessability

Stiff backbone of insoluble, neutral polymer

I i — ] |

RRRRAR %3

Doped polymer chain with solubility inducing groups constituting . .
an inherent part of the dopant Camphorsulfoniacid

CSA
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PANI doped with these

Q\ _OH

acids is soluble in organic p-dodecylbenzenesulfonicacid S
solvents, DBSA o
e.g.,xylene, chloroform,

m-cresol , DMSO
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Films casted fromm-cresol shows conductivities000 times
larger than films casted from chloroform
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Heegeret al.,Synth Met. 1992 48, 91
Epstein et al.Chem. Mater2002 14, 1430




Metallic transport in polyaniline

SeltStabilized
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Resistivity (1/ ) vs. Temperature

Aqueous phase

Dispersion 6F . . ' .
Polymerization
(SSDP)
5
- 4}
;
&
a3t
g
@ Anilinium salt § )
Q Organic solvent particle
84 e
2:1 (v/iv) water:.chloroform T . — 3
. . 2 / s
agitator mixed at 200 rpm - | §
Heterogeneous biphasic polymerization, 0 80 10 10 200 20 30 | -
. . T
where surfactant is the aniline salt - a B
S1 shows true metallic behavioj 8§
Reaction at-35cC: M, = 53 00Da; PDI = 2.5
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Doped with CSA and casted from-anesol Conductivity at 300K 18300S/cm

First example of metallic conductanc

Lee et al.Nature2006, 441, 65
Lee et al. Adv.Funct Mater.2005 15, 1495



Polyamiline Nanofibers

Synthesis in concentrated (€SA or-f-CSA - @_N »)—@
and addition of oligomers producesiral nanofibers : n

= Si(+) CSA doped
>
~
()
3
£
[&]
3
5
o
[
2
=)
e
_800 - . (F‘)'(')'CSA aw
X Z T T T T
. v 300 400 500 600 700 800
Wang et al.J. Am. Chem. S@®004 126, 2278 Waysiongm oxn)

CatalystFree Synthesis dDligoanilinesand PolyanilineNanofibersUsing HO,

4x Q_NHZ + 5xH,0, + 2xHCI

- 10x H,O | 1M HCl/satd. NaCl

+.
Cl-

"*,,‘*-*‘
diameter s
nanofibers

Manoharet al.,J. Am. Chem. S&009 131, 12528
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Polyanilinenanofiberstor chemsensors

A Useful in chemical sensors since have large surface ar
per unit mass and much greater penetration depth
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Conventional Film

Nanofiber

H ..,3. N 2 :
Film 107500 1000 1500
Time (s)
Response to 100pprHCI

Metal composite

(%)

H*;S'l' MCIE —+ MS + 2HCI g

Doped nanofibers =

1.0 - QCE

\ o TTeeell L ©

o | 0 TTTTTemeeeeellll =

\ Dedoped nanofibers *g

g 0.6 - A S

S &

0.4 - ~o \CuCI;IConvemioml polyaniline O

\\\\\

24 e o))

02 l CuCly/Nanofiber polyaniline (9]
0.0 —

0 5 10 15 20 25 30
Time (min)
Response to 10ppm 43

R. BKaneret al.,Chem. Eur. 2004 10, 1314;:Small2005, 1, 624.



PolyanilineNanofiber/Gold Nanopatticle
Nonvolatile Memory

1
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Polymer

glass substrate
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Absolute Values of Current (A)

Electric field

induced charge
transfer

Stability

Current (A)
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3
Voltage (V)

The nanosecond transition timeswitching is due to electronic processes
rather than chemical reactions, conformational changesisomerizations

R. J. Tseng, J. Huang, J. Ouyang, R. B. Kaner, Marvanigetter005 5, 1077



