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olgg stEAel Ax EjoldUL ol4dt A WHxE IHoU AXAY 3, o
AdA AF B2, ¢FvE S 9° TAANITAN, AN, sr B
membrane ¥ TYE oo &l AxHIL e

T Aok

K

Y

rﬂjﬂ

AT 4T BALS

9} pervaporation
A HZ IEH BYe 39

— 61 —




@ KRICT
st ——————————S——

INTRODUCTION
Discovery in 1977 by Shirakawa, Heeger, MacDirmaid and Park

AANAANNAN
A Polyacetylene (PA) 10~ S/cm

Doped PA 10° S/cm

Expectation that this conductive polymer possesses both the mechanical and
processable properties of polymers and electrical and optical properties of
metal brought many interests from academies and industries.

g= KRICT | »

PA (polyacetylene)
Copper ——» 10°
Mercury 10t Q Q A PPP (polyphenylene)
Doped —_ 10 H

. i |

germanium 10-2 8 <k PPy (polypyrrole)
1
4 .

Silicon =——» 104 Conducting polymers

Y s .
106 s VL PTh (polythiophene)
10t H i
" . .(_< >.N' _< %N% >=N—-< >—N—)—n
12
Polyethylene — 10 PAni (polyaniline)

10!
Nylon —_— 16 ‘(_Q__[T
10 n PPV (polyphenylene vinylene)

Polystyrene —> 1078

Advanced Materials Div. cjlee@pado.krict.re.kr
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Conduct ion T
“band ggsguttmn
T - '
Eg = 6eV Bg=leV T
v T Tl
il galence
alence and
< band -—F |
—
‘nsulator Semiconductor Conductor

o L4 x|

|l

L=

VAY R AV AV SR AVAV Y/
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Conducting band

N

I

T*. Molcular

. ~&—— ynoccupied
orbital .
—r———

Lt

|

i

/ -— occupied
Valence band ’

7 - Molcular
orbital
————

i

A schematic band structure and MO diagrams
for a conjugated polymers

Conducting
b BB ..., &

. Bipolaron
band gap e ) _Gband gap
Valence - . —

band
R ol

Undoped Slightly doped  Heavily doped
polymer polymer polymer
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1 «s—» 2 intra-chain

2 -w-—» 3 inter-chain

3 <a—» 4 inter-fiber

1 -a—» 4  superposition of above

Conductivity (c)=nqp

g’ KRICT o - ,

Conjugated double bond
- rod like, rigid back bone
- strong interchain interaction

Doping for the’conductivity
- doped form contains charges
- strong interchain ionic interaction

Not soluble
‘Not processable :> inhibit the applications

Conductivity
- not high enough
- dependent on morphology, temperature and etc.

Advanced Materials Div. cjlee@pado.krict.re.kr
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POLYANILINE (PAni)

1. Monomer is relatively inexpensive

2. The polymerization is straightforward

3. The polymerization proceeds with high yield
4. The conducting form has high stability (<200 )

5. Extensively studied for the commercial application

6. Base form is soluble in NMP

+ Low processability (but better than PPy and PTh)

s Acidic doping

gs KRICT | | |

PREPARATION OF POLYANILINE

O

stzos

H,0
}&l ' H‘
] r n

Emeraldine salt (gmn powder)

Doping (acid) | Dedoping (Base)

Oxidant : aniline mole ratio = 0.25
aniline: 0.39-0.42 M

HCl1: 0.51 -0.53

at-7~-14° C

LiCl to prevent freezing

Filtration, washing

EEQ? D ¥ C : ] NH,OH for 72 h
ty)-n  Filtration, washing
Emeraldine base (purple powder)
H A ] q .
High M to 400,000 1 - below-30° C
[D “O N<.>‘N“< >"N-}n- gh Mw upto g/mol - below
ine base Low Mw of EB prepared at high temp.
I O Q N O D - poor solubility
N: o=
'ﬂ— - significant by products
Pemigraniline base
Advanced Materials Div. cjlee@pado.krict.re.kr
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PROTON ACID DOPING OF EB

OO BEEO

internat redox reaction

+HX

Z2-X

T

>+

—
-_—

x

H

tO--OA-O-Or%

X +Z—x

charge separation

L
O OO
g:ﬁ KRICT
X-RAY STUDIES
0.565 0.87 0.59
" - N - _
N N\O\./O‘ G 048 IR v AN 1S e s Q
a PR -, Ny =T pis
il - o i
. Jan)
~_ - N\ 0355
b
N :7 ‘I \ ;‘—“\} : )
"'I \\\ L) \\
W N ! 2 <“. O <\‘- 3 ]
v - i S~ <
= SN OYTY
N N = )
EB-II ES-11 ES-1
EB ES (sovent cast film) (doping of EB-II) (pristine powder)
0] 30° 0-10°
8 131° 141°
JP. Pouget et al, Macromolecules 1991, 24, 779.
Advanced Materials Div. cjlee@pado.krict.re.kr
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POLYMERZATION MECHANISM
* Induction period
07 50° HOO0 ey potential] **  * Color of the reaction : blue during most of the
o y ™, reaction time
B8 o 0 Autoacceleration
$ 410 ¢ Addition of pernigraniline reduced the induction
2 § period .
® 05 ds E
g s Bf|| Boo_® | © ANV dt=k,[ANJIAPS] + k,[AN][P]
] D k, had value two or three orders of
-Ll'l/ c |® 14 magnitude higher than k,
T 10 20 30 40 :
Time (min)
A: light blue
Polymerization of aniline in B: deepening of color, some precipitation
20vol% acetone C: temperature increase - autoacceleration

D: rapid decrease of potential
E: potential and temp were stabilized

gﬁ KRICT

POLYMERZATION MECHANISM

O-w— Q% OO0
1 ) //" T NHNHZ
O = Qwirm

e O S Dy R
| O
O OO OOy

Yo
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UV-VIS SPECTRA

LEB—>EB EB - PN

LEB :340 EB : 340, 640 PN : 330, 540
- -

Leucoemeraldine base Emeraldine base Pernigraniline base

ge KRICT | |

UV-VIS SPECTRA

WA ,.
| b/\\\: | §w v /\j

o ®
0 e 40 MC 0 MO Wo ¢ WeI e o M 0 W B T M0 ¢ e e

iavelongth (m) . Warvsiangth jnm}
Emeraldine base Emeraldine salts
340 n—n* transition from benzenoid 340 x—=x* transition from benzenoid
640 n—xn* transition from quinoid 425, 840 nm transition from polaron

Advanced Materials Div. cjlee@pado.krict.re.kr
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Processable forms of electrically conductive polyaniline

* Doping of emeraldine base with surfactant like acids
- Soluble in xylene, chloroform and m-cresol
- Melt processable

* Emulsion polymerization
- Spontaneous phase separation
- Synthesis in microemulsion
- In the presence of SBS

* Dispersible PAni
- Postpolymerization treatment of PAni
" - From the homogeneous aqueous suspension
- Polymerization of aniline in the presence of latex or steric stabilizer

ga KRICT | |

Doping of emeraldine base with surfactant like acids

Emeraldine base

+ .
Protonic acid Surfactant like protonic acid
: (Dodecylbenzenesulfonic acid

(+) Camphorsuifonic acid)
Solvents

xylene

chioroform

‘m-cresol

PAni/DBSA - melt processable, soluble
PANI/CSA - soluble

Y. Cao, P. Smith and A. J. Heeger, PCT international patent WO 92/22911

Advanced Materials Div. cjlee@pado.krict.re.kr
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SOLUTION PROCESSING

e PAni complex films can be prepared in a wide condugctivity
range by controlling dopants and solvents

Cast film 8 (slcm) Cast film 8 (slcm)

PANi/DBSA  100-200 PAn/DBSA 80
in xylene (200-400)t  in CH3ClI

PANIIDBSA 41 PANI/ICSA 280
Inm-cresol  (30)2 in m-cresol  (400)3
PANi/CSA 10-6 PANI/CSA 01

in DMSO in CH3ClI (0.1)2

1. A. J. Heeger et al; 2. A. G. MacDiarmid et ai; 3. R. H. Baughman
etal

g‘* KRICT
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Enhancement of conductivity

Change of UV absorption on stretching Change of UV absorption on exposure
: to the m-cresol vapor

—— v - o
T ™ r

Il
I
{

(A} Unetretcbed Sl
1), more "Call-ike”™ |.

mum—mlmununxunm_x-‘a:u ‘,t‘».. - .mm ” ""
The absorption in NIR region increased as The absorption in NIR regionkincreased when
the PAni / PVC blend film was stretched. the cast film from PAni/CSA was exposed to

the m-cresol vapor.

MacDirmid et al., Synth. Met., 65 (1994) 103.

Advanced Materials Div. cjlee@pado.krict.re.kr
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Dependence of crystallinity, viscosity, UV and conductivity
on the dopant acid ratio ‘

2s - : A T e e
3 . : . — :
20 ~ ] . w/'—%:!.l/
C : : E o . N
° - v . N . .
(> - . .
2 -
> wl v
-
-
(08}
P F ) . -~
BT . - N N
10 1 B! S ) ‘v . mn

HDBSA/ EB tetramer molar ratio (in chloroform)

MacDirmid et al., Synth. Met., 65 (1994) 103.

g KRICT |

Effect of camphorsulfonic acid content on the
conductivity and viscosity

3.0
a5}

£

8

3 20}

A4

» 30 S/em
154
1.0

5

HCSA/ EB tetramer molar ratio (in m-cresol)

MacDirmid et al., Synth. Met., 65 (1994) 103.

Advanced Materials Div. cjlee@pado.krict.rekr
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Effect of m-cresol content in solvent on crystallinity, UV,
viscosity and conductivity of PAni/CSA

34 ’\-L""
§ 24 . .
g S N
) gwdl .@mdﬂlh
0 - i ey
0 20 48 40 0 100

Volume% of m-cresol in chloroform

MacDirmid et al., Synth. Met., 65 (1994) 103.
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Water soluble PAni

Use of Polymeric Acids as a Steric Stabilizer

-(-@-NH{-O—“NH% ‘. - {—@-NH{-@—NH%
$05 (H) '

0.01 S/cm SOy (H) M  0.001 S/em

CHg

K. Shannon et al J. Chem. Soc., Chem. Commun. 643 (1994) C. Lee et al Kor. Pat. Appl. 1995-13010

Disadvantages ° Difficulties in isolation and purification

» Some of them are no longer soluble once purified.

Advanced Materials Div. cjlee@pado.krict.re.kr
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Water soluble PAni by hydrophilic dopant

0 R= H :PEGSF
"o ofon T Me :MeO-PEGSF
- 0 HSO, : PEGDSF

FO- - Ot~} + PeGSF

1. Dependence of solubility on
PEG molecular weight
- need higher than 900
2. MeO-PEGSF and PEGSF did not
produce water soluble polyaniline.

Pani/ PEGSF

g«mm |

UV-vis spectra of PAni-PEG(1000)SF Blending with other water soluble polymers

—PANI-PEG(1000)SF in water
0.8———PANi-PEG(1000)SF/PVA in water
’ PVA (polyvinyl alcohol) : homogeneous solution

"5; PEO (polyethylene oxide) : homogenous solution
o o PAA (polyacrylic acid) : precipitation
3]
g Depandence of solubility on PEG molecular weight
O 04 = need PEG mw higher than 900
g o.
o
< MeO-PEGSF and PEGDSF did not produce water

02 soluble polyanile

OO OO
oy’ 20y

o 200 4'oo ?oo aLoo 1'ooo
Wavelength (nm) \
—@m@m@éﬁ

Amax = 340nm, 420nm, 770 nm
Localized polaron structure of PAni-PEGSF

Conductivity ; 102 S/cm

Q.
B

Advanced Materials Div. cjlee@pado.krict.rekr
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Soluble Polyaniline By Emulsion Polymerization
P.J. Kinlen et al Macromolecules 1998, 31 1735-1744.

Aniline/DNNSA/ PANE-DNNSA/
2-butoxyethanol pernigraniline
@—NH; . BHESOs + HA l aniline/2-butoxyethanol
o |0 ] oy Water/ (NH,),S,0,/H,50/
1 2-buto>§ylethanol ~ o go° quinoneimine/aniline
H,0,5° C faol§

s \
macroemulsion
ce E

e
A (NH)S,05 Phase separation
ok _ Catli (exotherm)
HA = DNNSA o F
SopH o &, ¥
o
Soluble emeraldine salt /

flocculation

Water/ (NH,),S,0,/
H,50,

. L] c‘n w g e 2000 ) ° "] (L [} 0% 0 00 e

UV/VIS/NIR spectra of PANI-DNNSA films

Effect of surfactant treatment on PANI-DNNSA conductivity
o (x10° S/cm)

005M 005M O05M  05M  17% 5%  0IM  16%
BTEAC BTEAC BTEAC BTEAC 2A1 8339 CAPS  2A0
2°C 58°C 22°C 58°C 58°'C S8°C 58'C 58' C
(30s) (10min) (30s) (10min) (10min) (10min) (10 min) (10 min)

o before treatment 6.5 12.0 8.1 63.0 18.0 12.0 9.0 29.0

o after treatment and drying 18000 130000 40000 610000 92000 71000 57000 300000
at22° C

o after treatment and drying 320 160 1400 2500 35000 28000 31000 30000

at70 ° C (10-50 mmHg)

. Macromolecules 1998, 31 1735-1744 : cjlee@pado.krict.re.kr
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Bright-field TEM image of PANI-DNNSA film before and after treatment with 0.1M BTEAC for 2 min

ga KRICT | |

Emulsion polymerization of aninline with DNNSA

* A new emulsion process for the direct synthesis of the polyaniline salt of
polyaniline soluble in Qrganic solvents. - As the reaction proceeds,
organically soluble polyaniline is formed directly by phase change from an
emulsion to a two-phase system.

* Thin films of the polymer are readily cast from xylene and have relatively
low conductivities due to aggregation of conducting domains.

* Treatment of thin films of PANI-DNNSA with quaternary ammonium salt
solutions changes the morphology to one of multiply connected conducting
pathways and results in a 3-4 order of magnitude increase in conductivity.

+ Treatment of the films with acetone or methanol also results in an increase
in conductivity; however, the mechanism is through densification and
crystailization of the film by removal of excess dopant.

« The overall conductivity is still lower than the PANI-DBSA system

« Macromolecules 1998, 31 1735-1744 cjlee@pado.krict.re.kr
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DISPERSION OF POLYANILINE

at low concentration

at percolation point

: Dispérsion ' Flooculan'on"

Dispersion polymerization of aniline in the
presence of steric stabilizer

log &)
MERT
ether) (6=4.9 s/cm)
| « Centrifugation and redispersion
wt.% of PAni + Dispersing submicron particle by solution blend with
PVC, PMMA, PS, PVA¢c, PVA
+ PVA/PANI-HCI at4 wt%
at 0.007 wt%

@ KRICT | |

APPLICATIONS

1 ” « PANI-HCI modified with PVME (polyviny! methyl

percolation
point

o=0.5 s/cm
0=1.12x10 s/cm

As Passive Materials As Active Materials

"Antistatic *Rechargeable batteries
*EMURFI +Electrochromic devices
sConductive coating «Sensors '
sCorrosion protecting Light emitting diodes
*Electrolytic condensors *Transistors
+Gas separating membranes *Solar cells
*Pervaporation membrane "Actuators
Advanced Materials Div. cilee@pado.krict.rekr
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Electrostatic Loud speaker

Membrane film .
Transparent
@ PAni, 200 nm
. 6 um PET
Grid electrode

0

[
NN
T

4 MB floppy disk utilizing polyanilne coating as antistatic layer

Magnetic Recording Layer
PAn Layer (0.5 pm)

Polyester Base

CORROSION PROTECTION
s e 2nd org. top coating 20 *
BN <15t org. top coating PANI 0.3um —®
e : 05um
Zinc primer 157 1.5um
‘ i
Zn—>Zn = 107
cathodically protecting steel 4
5
ST
Corrosion pretecting of metals by passivation n . . . . .
05 04 03 02 01 00 01
Potential (V)
steel PAni coating Formation of
from dispersion  passivating film
Advanced Materials Div. cjlee@pado.krict.re.kr
— 77 —




gs KRICT -
e e e ————————————————————

CONDUCTIVE TRANSPARENT COATING

ITO glass (Indium Tin Oxide)

surface resistivity : ~10 ohm/sq  LCD, EL, touchpanel
~200 ohm/sq LCD, EL,touchpanel
~ 1000 ohm/sq Antistatic

Conducting polymer coating ?
1 x 10°to 1 x 10° ohm/sq (transparency 40-70%)
by the use of Versicon

V. Kulkarni at Americhem, Synth. Met., 1993, 55-57,3780.

EB lithography, SEM discharging layer
M. Angelopoulos et. al, Polym. Eng. Sci., 1992, 32, 1535.

l E-beam lithography

water soluble CP
removed after EB by water

EB resist ——»ik

Substrate

g KRICT |

CONDUCTOMETRIC SENSORS BASED ON POLYANILINE FILMS
Svetlicic et al, Chem. Mater. 1998, 70, 3305-3307

1.E+01

PANI-DNNSA
T B0
]
-]
1.E-03
1.E-06 -
0 5 10 15 ] . L.
Time (rain) 10°% Fold increase of conductivity when
Conductivity of 50 um PANI films exposed to the exposed to ethanol within 1 min.
vapor above various ethanol/water mixtures R lightcr beer Ac=60S/cm
(% by volume of ethanol). . _
A, 100%; B, 50%; C, 33%: D, 12.5%; E, 6.6%; F,  ~ higher alcohol content Ac=1260S/cm

1.3%; G, 0%.

Advanced Materials Div. cjlee@pado. krict.re.kr
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PERVAPORATION MEMBRANE
"
i ose
e v i: 7 g
i) i
j sl N T
! » The relative low permeation can be

R ywa———— po @provgd by forming asymmetric film and
Doped Palpusitine increasing the feed temperature without
any detectable loss of selectivity

Size and polarity of acid affect the permeability
Undoped film showed poor selectivity
Fully HCI doped film selectively permeate water over acetic acid.
- Separation factor > 1300 which is the most selective membrane reported.
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NANOCOMPOSITE OF MAGNETIC PARTICLES AND POLYANILINE

B. Z. Tang et al, Chem. Mater. 1999, 11, 1581-1589

W PEOPA”

O O @ NP ' o
- N0 K

cmcm,.—@-so, l Chioroform 1 /'

it

180, PECPA

¥e,0,-D883A

i

140 \
\ £ 4 a

10 20 3 40 6
12,0, contant {wt %)
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LITHIUM SECONDARY BATTERY ELECTRODE

+The addition of DMcT to the solution of EB in NMP produced
thick paste which can be cast into thick film.

*The PAni-DMcT composite electrode showed high charge due to
the electrochemical redox of disulfide.

+ The low conductivity of film was improved with the addition of
carbon powder. :

+

\ Oxidation 4
(____)"'"'—_"
{ _ Reduction
JTL—- SRS ~ SRS— SRS—)— SRS~
~ o volt

S/z_ & SH DOMcT (2,5-dimercapto-1,3 4,-thiadiazole)

Discharge capacity (mAh)

= DMCcT + PAni-Carbon
= DMcT + PAni
—— DMCcT + Carbon

g KRICT

SUMMARY

1. Many forms of processable polyanilines are available.
- EB soluble in NMP, DMSO, m-cresol, etc.
- Conductive form is soluble in xylene, chloroform and m-cresol.
- Emulsion also produced dispersible powder and solution.

2. Hydrogen bonding of EB in NMP significantly affects the propertxes of
solution and film cast from the solution.
- Gelation, LiCl pseudo doping
- Crystallinity, conductivity

3. Various applicatians were proposed for the use of conductive
polyaniline
- Sensors, corrosion protection, battery, membrane, antistatic and
conductive coating, etc

4. More research are needed for the improvement of conductivity and
stability for the practical applications

Advanced Materials Div. cjlee@pado.krict.re.kr



