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CHIRAL METALS: SYNTHESIS AND PROPERTIES OF A NEW 
CLASS OF CONDUCTING POLYMERS 

R.L. ELSENBAUMER, H. ECKHARDT, Z. IQBAL, J. TOTH, 
AND R.H. BAUGHMAN 

A1 l i e d  Corpo ra t i on ,  Corporate Technology 
Morr is town,  NJ 07960, USA 

Abs t rac t  

A new c l a s s  o f  o rgan ic  conductors ,  namely c h i r a l  conduc t ing  
polymers, were prepared by t h r e e  approaches. The s y n t h e s i s  
o f  complexes i n c o r p o r a t i n g  e i t h e r  c h i r a l  polymer backbones, 
c h i r a l  dopants o r  c h i r a l  s o l v a t i n g  l i g a n d s  ( f o r  dopant i o n s )  
a r e  descr ibed.  C h i r a l  complexes w i t h  c o n d u c t i v i t i e s  as h i g h  
as 60 S/cm have been obta ined,  b u t  r e s u l t i n g  c o n d u c t i v i t i e s  
a r e  s t r o n g l y  dependent upon t h e  s t r u c t u r a l .  n a t u r e  o f  t h e  
complexes. 

INTRODUCTION 

S y n t h e t i c  meta ls  o f f e r  a wide v a r i e t y  o f  p r o p e r t i e s  due t o  
t h e  a v a i l a b i l i t y  o f  many s t r u c t u r a l  t ypes  and a l a r g e  a r r a y  o f  
dopant species. 
g e n e r a l l y  recognized o r  explored,  namely t h e  a b i l i t y  t o  be p re -  
pared i n  c h i r a l  o r  "handed" forms. Whi le  t h e  su r faces  o f  conven- 
t i o n a l  conductors  such as g r a p h i t e  have been c h i r a l l y  m o d i f i e d 1  
and used as c a t a l y t i c  e l e c t r o d e s  for  asymmetric r e a c t i o n s  , 2  
i n h e r e n t l y  c h i  r a l  conduc t ing  e l e c t r o d e s  have n o t  been prepared. 
Because i t  i s  expected t h a t  t h e  l a t t e r  m igh t  o f f e r  s u p e r i o r  p e r -  
formance i n  e lec t rochemica l  asymmetric r e a c t i o n s ,  and t h a t  c h i r a l  
conductors  may possess o t h e r  novel (magnetic and c h i r o p t i c a l )  
p r o p e r t i e s ,  we attempted t o  prepare seve ra l  i n h e r e n t l y  c h i r a l  
o r g a n i c  conduc t ing  polymers. 

CLASSES OF CHIRAL CONDUCTIVE POLYMERS 

These m a t e r i a l s  possess y e t  another  f e a t u r e  n o t  

We env is ioned  severa l  approaches t o  p r e p a r i n g  a t  l e a s t  t h r e e  
d i f f e r e n t  c lasses  o f  c h i r a l  conduc t ing  polymer systems. Those 
be long ing  t o  Class I a r e  systems which i n c o r p o r a t e  a c h i r a l  
arrangement o f  atoms a long t h e  polymer backbone. Class 11 t y p e  
a r e  those which i n c o r p o r a t e  a dissymmetr ic  o r  asymmetric dopant 
s p e c i e  i n t o  an a c h i r a l  conjugated polymer, and Class 111 systems 
a r e  those which i n c o r p o r a t e  c h i r a l  l i g a t i n g  s o l v e n t s  assoc ia ted  
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112 R. L. ELSENBAUMER el al. 

w i t h  an a c h i r a l  dopant i o n  i n  an a c h i r a l  conjugated polymer. O f  
course,  composi t ions can be d e r i v e d  which belong t o  any com- 
b i n a t i o n  o f  these t h r e e  c lasses.  
m i z i n g  t h e  degree o f  induced asymmetry i n t o  a c h i r a l  conductor ,  
t h e  o rde r  o f  p re fe rence  i s  p robab ly  Class I>Class I I > C l a s s  111. 

Systems Con ta in ing  Chi r a l  Polymer Backbones (Class I) 

be prepared by p o l y m e r i z i n g  s u i t a b l y  c h i r a l  monomers o r  by i nduc -  
i n g  a h e l i c a l  t w i s t  o r  c o i l  o f  one “handedness” i n t o  an o the rw ise  
a c h i r a l  polymer s t r u c t u r e .  The l a t t e r  t y p e  m igh t  be d e r i v e d  f rom 
an asymmetric n i c k e l - c a t a l y z e d 3  Gr igna rd  c o u p l i n g  o f  2,5-dihalo- 
3-a1 kyth iophene where t h e  polymer backbone c o u l d  be c h i  r a l  by 
v i r t u e  o f  a t rop isomer ism4 (as l o n g  as ad jacen t  r i n g s  never become 
comp le te l y  co-p lanar) .  However, t h e  e x t e n t  o f  induced c h i r a l i t y  
i n  t h e  polymer would be d i f f i c u l t  t o  p r e d i c t  by  t h i s  technique.  

The most s t r a i g h t - f o r w a r d  approach t o  Class I s t r u c t u r e s  i s  
t o  po lymer ize a c h i r a l  monomer by known techniques so t h a t  t h e  
e x i s t e n c e  o f  c h i r a l i t y  i n  t h e  r e s u l t i n g  polymer i s  w e l l -  
es tab l i shed .  Py r ro les  or  th iophenes c h i r a l l y  s u b s t i t u t e d  i n  t h e  
3 - p o s i t i o n  a r e  a t t r a c t i v e  f rom t h e  s t a n d p o i n t  o f  o b t a i n i n g  h i g h l y  
conduc t ing  products  by e lec t rochemica l  p o l y m e r i z a t i o n  .5 Unfor-  
t u n a t e l y ,  these c h i r a l  monomers a r e  n o t  r e a d i l y  a v a i l a b l e .  A 
more expedient  approach, b u t  w i t h  an a n t i c i p a t e d  l a r g e  t r a d e - o f f  
i n  c o n d u c t i v i t y 9  (ca. lO5), i s  t o  prepare and po lymer i ze  p y r r o l e  
monomers which a r e  N - s u b s t i t u t e d  w i t h  c h i r a l  groups. Several 
such monomers were prepared and e l e c t r o c h e m i c a l l y  polymerized. 
The r e s u l t s  a r e  shown i n  Table I. N e i t h e r  good f i l m  q u a l i t y  

TABLE I C o n d u c t i v i t i e s  of E l e c t r o c h e m i c a l l y  Polymerized 

From t h e  v iewpo in t  o f  maxi- 

Conjugated polymers c o n t a i n i n g  c h i  r a l  polymer backbones can 

Chi r a l  P y r r o l  es 
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CHIRAL METALS: SYNTHESIS AND PROPERTIES ... I13 

n o r  t h e  expected c o n d u c t i v i t y  va lues were r e a l i z e d  f o r  t hese  
p o l y ( N - s u b s t i t u t e d  p y r r o l e s ) .  
a b l y  f o r c e  ad jacen t  p y r r o l e  r i n g s  s e v e r e l y  ou t  o f  c o - p l a n a r i t y ,  
and i n  c e r t a i n  cases, may p reven t  f o r m a t i o n  of polymer wi th  a 
h i g h  degree o f  2,5-l inkages. E i t h e r  o f  b o t h  occurrences would 
s e v e r e l y  compromise doped-polymer c o n d u c t i v i t y . 9  A more p ro -  
m i s i n g  approach t o  polymers o f  t h i s  c l a s s  i s  p robab ly  by p o l y -  
m e r i z a t i o n  o f  monomers c h i r a l l y  s u b s t i t u t e d  i n  t h e  3 - p o s i t i o n .  

Systems I n c o r p o r a t i n g  Chi r a l  Dopant Ions (C1 ass I I 
Since c e r t a i n  conduc t ing  polymers such as p o l l a c e t y l e n e l o  

and p o l y q u i n o l  i n e l l  can be donor-doped w i t h  t h e  i n c l u s i o n  o f  
t e t r a a l  kylammonium coun te r - i ons ,  c h i r a l  complexes c o u l d  be 
r e a d i l y  ob ta ined  w i t h  these  polymers by  i n c o r p o r a t i n g  a p p r o p r i a t e  
c h i r a l  "onium" ions.  A few c h i r a l  ammonium and phosphonium i o n s  
were prepared f rom r e a d i l y  a v a i l a b l e ,  o p t i c a l l y  a c t i v e  p recu r -  
s o r s ,  and at tempts were made t o  e l e c t r o c h e m i c a l l y  i n s e r t  them 
i n t o  po l yace ty lene  f i l m s  u s i n g  t h e  c e l l  shown i n  F i g u r e  1. 

Here, t h e  l a r g e  s u b s t i t u e n t s  p rob -  

Mol% u 
R Doping (S/cm) 

4 11 
5.8 52 
8.0 60 

(d,I)v:- \ 5.8 48 

CH,, t.l 
Unstable - Ph n 

Unstable 

CH3 

Anode: yNa(Hg) - yNa+ :ye- 
Cathode: (CH), + ye- + yRNMe,+I--[CHY-(6NMe,+),], + yl- 

y Na(Hg) + (CH), + y dNMe,+l--y Na+l- + [CHY-(6NMe,+),], 

F I G U R E  1 Elect rochemical  doping c e l l  and c o n d u c t i v i t i e s  o f  
v a r i o u s  c h i r a l  alkylammonium i o n  and phosphonium i o n -  
doped po lyace ty lene  f i l m s .  
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I I4 R. L. ELSENBAUMER et 01. 

(The Na/Hg anode was chosen s i n c e  t h e  ammonium and phosphonium 
i ons ,  as w e l l  as t h e  s o l v e n t  (DMSO) were found t o  be u n s t a b l e  a t  
pu re  l i t h i u m  and sodium e lec t rodes .  A l l  doping r e a c t i o n s  were 
performed i n  an A r g o n - f i l l e d  d r y  box). 
found t o  be r e d u c t i v e l y  uns tab le  a t  t h e  p o t e n t i a l  where donor- 
doping o f  po l yace ty lene  begins (ca t1.8V vs. L i + / L i ) .  S i m i l a r  
r e s u l t s  were observed w i t h  t h e  -phenethylammonium i o n  - n o t  
s u r p r i s i n g  i n  l i g h t  o f  t h e  ease w i t h  which b e n z y l i c  ammonium ions  
a r e  cleaved. A comp le te l y  a l i p h a t i c  c h i r a l  ammonium i o n ,  d e r i v e d  
f rom reso lved  tetrahydrofurfurylamine,  proved s t a b l e .  Po lyace ty -  
l e n e  f i l m s  c o u l o m e t r i c a l l y  doped w i t h  t h i s  i o n  t o  t h e  8 mol X 
l e v e l  were b r i g h t  gold, f l e x i b l e ,  and had c o n d u c t i v i t i e s  as h i g h  
as 611 S/cm ( f o u r - p o i n t  probe techn ique) .  The doped f i l m s  were 
amorphous by X-ray. No s o l v e n t  (DMSO) was i n c o r p o r a t e d  i n t o  t h e  
f i l m  s i n c e  doping l e v e l s  determined by weight  uptake ( a f t e r  
washing i n  f r e s h  DSMO, t h e n  THF, and d r y i n g  under vacuum) gave 
t h e  same values as determined c o u l o m e t r i c a l l y  (+2%). F igu re  1 
summarizes t h e  c o n d u c t i v i t y  data on f i l m s  doped-to v a r i o u s  l e v e l s  
w i t h  bo th  t h e  c h i r a l  and racemic forms o f  t h e  t r i m e t h y l t e t r a -  
h y d r o f u r f u r y l  ammonium ion.  Absorpt ion spec t ra  on po lyace ty lene  
f i l m s  (5nfl l  t h i c k )  doped t o  v a r i o u s  l e v e l s  w i t h  t h e  c h i r a l  ammo- 
nium i o n  a r e  shown i n  F i g u r e  2. The spec t ra  a r e  v e r y  s i m i l a r  t o  
t h o s e  ob ta ined  on a1 ka l i -meta l -doped p o l y a c e t y l e n e  f i l m s . 1 2 ~ 1 3  

C h i r a l  polymer systems be long ing  t o  t h i s  c l a s s  have thus  f a r  
en joyed t h e  most success i n  terms o f  c o n d u c t i v i t y  l e v e l s  and ease 
o f  p repara t i on .  Acceptor-doped c h i  r a l  complexes shou ld  a l s o  be 

The phosphonium i o n  was 

0.75 - 

B 
4 

1 I I , 1 I 

2ooo 1700 1400 1100 800 500 
0.19 

Wavelength (nm) 

F IGURE 2 Absorpt ion Spectra o f  a C h i r a l ,  Donor-Doped Po lyace ty -  
l e n e  Complex a t  Various Doping Leve ls  
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CHIRAL METALS : SYNTHESIS AND PROPERTIES . . . I15 

r e a d i l y  o b t a i n a b l e  by e lec t rochemica l  p o l y m e r i z a t i o n  o f  p y r r o l e s  
and th iophenes w i t h  c h i r a l  a n i o n i c  dopants (e.g. c h i r a l  a l k y l  
s u l f o n i c  a c i d  s a l t s ) .  Unknown a t  t h i s  t i m e  i s  t h e  e x t e n t  t o  
which t h e  c h i r a l  coun te r ions  induce b o t h  mo lecu la r  and e l e c t r o n i c  
asymmetry i n t o  t h e  conjugated system. 
s t u d i e s  i n  t h e  near i n f r a r e d  r e g i o n  on s i m i l a r  f i l m s  used t o  
generate t h e  a b s o r p t i o n  spec t ra  shown i n  f i g u r e  2 a r e  underway t o  
t r y  and answer t h i s  quest ion.  

Systems Con ta in ing  C h i r a l  S o l v a t i n g  Ligands (Class 111) 

c h i r a l  conduc t ing  complex i s  t h rough  t h e  i n c o r p o r a t i o n  o f  c h i r a l  
s o l v a t i n g  l i g a n d s  on t h e  dopant- ions.  
tendency f o r  a l k a l i - m e t a l - i o n s ,  e s p e c i a l l y  l i t h i u m  ions ,  t o  be 
h e a v i l y  s o l v a t e d  when i n s e r t e d  i n t o  donor-doped p o l y a c e t y l e n e , l 4  
we have prepared composi t ions be long ing  t o  t h i s  c l a s s  by i n s e r t -  
i n g  a c h i r a l  l i g a n d  which i s  good f o r  l i t h i u m  i o n  s o l v a t i o n ,  
(+) -ZY3-dimethoxy- 1,4-bis (d  imet  h y l  ami no) butane (DMBDMB) ,I5 i n t o  
l i t h ium-doped  po lyace ty lene  f i l m s .  I n  a f i r s t  a t tempt ,  po lyace-  
t y l e n e  f i l m s  were doped wi th l i t h i u m - n a p h t h a l i d e  u s i n g  DMBDMB as 
t h e  so l ven t .  The doped f i l m s  had a c o n d u c t i v i t y  o f  1 S/cm, con- 
t a i n e d  8 mol% l i t h i u m  pe r  CH u n i t  (by  e lementa l  a n a l y s i s ) ,  b u t  
t h e  amount o f  c h i r a l  l i g a n d  i n c o r p o r a t e d  was f a r  below t h i s  
v a l u e  and corresponded t o  o n l y  one l i r j a n d  pe r  s i x  L i +  i ons .  
A second approach u t i l i z e d  p o l y a c e t y l e n e  f i l m s  pre-doped w i t h  
p h e n y l l i t h i u m  - a doping agent which we found g i ves  c r y s t a l l i n e ,  
h i g h l y  conduct ing,  h e a v i l y  l i t h i u m - d o p e d  po lyace ty lene  (11-14 mol 
% L i  pe r  CH repeat  u n i t )  c o n t a i n i n g  no s o l v a t i n g  l igands.16 Pre- 
doped f i l m s  ( =140 S/cm) on e x p o s u r F t o  DMBDMB l i q u i d  f o r  3 hr . ,  
t h e n  pumped v i s u a l l y  d r y ,  dropped i n  c o n d u c t i v i t y  ( t o  119 S/cm), 
s w e l l e d  by 7.3%, b u t  con ta ined  o n l y  one l i g a n d  f o r  eve ry  20 L i -  
i o n s  i n  t h e  complex. D i f f u s i o n  o f  t h e  s o l v e n t  i n t o  t h e  complex 
i s  a p p a r e n t l y  v e r y  slow; l o n g e r  con tac t  t imes p robab ly  be ing  
necessary f o r  complete s o l v a t i o n .  A t  t h i s  t ime,  t h i s  approach 
seems t o  be t h e  l e a s t  a t t r a c t i v e  t o  c h i r a l  conduc t ing  complexes 
due t o  t h e i r  l a b i l i t y  and n o n - s t o i c h i o m e t r i c  nature.  

C i r c u l a r  d i c h r o i s m  (CD) 

A t h i r d ,  and perhaps t h e  l e a s t  a t t r a c t i v e ,  approach t o  a 

By t a k i n g  advantage o f  t h e  

PROPERTIES OF CHIRAL METALLIC CONDUCTORS 

It i s  d i f f i c u l t  t o  p r e d i c t  a t  t h i s  t i m e  what unusual p roper -  
t i e s  c h i r a l  conduct ing polymers may d i s p l a y .  I n t e r e s t  i n  these  
m a t e r i a l s  w i l l  most l i k e l y  come f rom a combinat ion o f  f e a t u r e s  
such a s  h i g h  c o n d u c t i v i t y  and novel  c h i r o p t i c a l  and magnet ic  
p r o p e r t i e s .  An added dimension i s  t h e i r  a b i l i t y  f o r  i o n  i n s e r -  
t i o n  and removal w i t h  e x t e r n a l  a p p l i e d  vo l tages  which a l l o w s  f o r  
a cont inuous v a r i a t i o n  o f  p r o p e r t i e s .  The ex i s tence  o f  c h i r a l  
donor-doped conduc t ing  polymer complexes now opens up t h e  p o s s i -  
b i l i t y  o f  u t i l i z i n g  these as i n h e r e n t l y  c h i r a l  e l e c t r o d e s  f o r  
( c a t a l y t i c )  asymmetric reduc t i ons  ( f o r  example, o f  p r o c h i r a l  
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ketones, imines,  epoxides , and v i c - d i h a l  i des ) .  
r e a l i z e  t h i s  i n t r i g u i n g  p o s s i b i l i t y ,  as w e l l  as c h a r a c t e r i z a t i o n  
o f  t h e  c h i r o p t i c a l  and magnetic p r o p e r t i e s  o f  seve ra l  c h i r a l  
conductors  , a r e  now i n  progress. 

Attempts t o  
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