
A D V A N C E S I N C H E M I S T R Y S E R I E S 226 

Electron Transfer in Biology 
and the Solid State 

Inorganic Compounds with Unusual Properties 

Michael K. Johnson, EDITOR 
R. Bruce King, EDITOR 

Donald M. Kurtz, Jr., EDITOR 
Charles Kutal, EDITOR 

Michael L. Norton, EDITOR 
Robert A . Scott, EDITOR 

U n i v e r s i t y o f G e o r g i a 

Developed from a Symposium sponsored 
by the Division of Inorganic Chemistry 

at the JBiennial Inorganic Chemistry Symposium 
of the American Chemical Society, 

Athens, Georgia, 
March 1-4, 1989 

American Chemical Society, Washington, DC 1990 



CONTENTS 

Preface xv 

B I O L O G I C A L E L E C T R O N T R A N S F E R 

1. Overview of Biological Electron Transfer 3 
R. J. P. Williams 

T H E O R E T I C A L A S P E C T S O F B I O L O G I C A L E L E C T R O N T R A N S F E R 

2. Formalism for Electron Transfer and Energy Transfer in Bridged 
Systems 27 

J. R. Reimers and N . S. Hush 

3. Some Aspects of Electron Transfer in Biological Systems 65 
Norman Sutin and Bruce S. Brunschwig 

E X P E R I M E N T A L A P P R O A C H E S T O B I O L O G I C A L E L E C T R O N T R A N S F E R : 
P E P T I D E S A N D P R O T E I N S 

4. Directional Electron Transfer in Ruthenium-Modified 
Cytochrome c 91 

Stephan S. Isied 

5. Photoinduced Electron Transfer Across Peptide Spacers 101 
Leonardo A. Cabana and Kirk S. Schanze 

6. Energetics and Dynamics of Gated Reactions: Control of Observed 
Rates by Conformational Interconversion 125 

Brian M . HofFman, Mark A. Ratner, and Sten A. Wallin 

7. Electronic Coupling and Protein Dynamics in Biological 
Electron-Transfer Reactions 147 

J. S. Bashkin and G . McLendon 

8. Electrostatic, Steric, and Reorganizational Control of Electron 
Self-Exchange in Cytochromes 161 

Dabney White Dixon and Xiaole Hong 

9. Electron-Transfer Kinetics of Singly Labeled Ruthenium(II) 
Polypyridine Cytochrome c Derivatives 181 

Bil l Durham, Lian Ping Pan, Seung Hahm, Joan Long, 
and Francis Millett 

E X P E R I M E N T A L A P P R O A C H E S T O B I O L O G I C A L E L E C T R O N T R A N S F E R : 
I N O R G A N I C C O M P L E X E S 

10. High-Pressure Studies of Long-Range Electron-Transfer Reactions 
in Solution 197 

Nita A . Lewis and Daniel V. Taveras 

xi 



11. Intramolecular Electron Transfer from Photoexcited Ru(II) Diimine 
Complexes to N,N'-Diquaternarized Bipyridines 211 

Russell H . Schmehl, Chong K u l Ryu, C. Michael Elliott, 
C. L . E . Headford, and S. Ferrere 

12. Bridged Mixed-Valence Systems: How Polarizable Bridging Ligands 
Can Lead to Interesting Spectroscopic and Conductive 
Properties 225 

Mary Jo Ondrechen, Saeed Gozashti, Li-Tai Zhang, 
and Fei meng Zhou 

13. Chiral Recognition by Metal-Ion Complexes in Electron-Transfer 
Reactions 237 

Rosemary A. Marusak, Thomas P. Shields, and A. Graham Lappin 

14. The Role of Free Energy in Interligand Electron Transfer 253 
L . K. Orman, D . R. Anderson, T. Yabe, and J. B. Hopkins 

T H E O R E T I C A L A S P E C T S O F S O L I D - S T A T E S Y S T E M S 

15. Band Orbital Mixing and Electronic Instability of Low-Dimensional 
Metals 269 

Myung-Hwan Whangbo 

16. Ceramic Superconductors: Single-Valent versus Mixed-Valent 
Oxides 287 

John B. Goodenough 

17. Geometrical Control of Superconductivity in Copper Oxide Based 
Superconductors 323 

Jeremy K. Burdett and Gururaj V. Kulkarni 

E X P E R I M E N T A L A S P E C T S O F S O L I D - S T A T E S Y S T E M S 

18. Organometallic Chemical Vapor Depositum: Strategies and Progress 
in the Preparation of Thin Films of Superconductors Having 
High Critical Temperatures 351 

Lauren M . Tonge, Darrin S. Richeson, Tobin J. Marks, Jing Zhao, 
Jiming Zhang, Bruce W. Wessels, Henry O. Marcy, 
and Carl R. Kannewurf 

19. Centered Cluster Halides for Group-Three and Group-Four 
Transition Metals: A Versatile Solid-State and Solution Chemistry 369 

Friedhelm Rogel, Jie Zhang, Martin W. Payne, and John D . Corbett 

20. Oxidative Intercalation of Graphite by Fluoroanionic Species: 
Evidence for Thermodynamic Barrier 391 

Neil Bartlett, Fujio Okino, Thomas E . Mallouk, Rika Hagiwara, 
Michael Lerner, Guy L . Rosenthal, and Kostantinos Kourtakis 

21. Intramolecular Electron Transfer and Electron Delocalization 
in Molybdophosphate Heteropoly Anions 403 

Julie N . Barrows and Michael T. Pope 

xii 



22. Organometallic Electron-Transfer Salts with Tetracyanoethylene 
Exhibiting Ferromagnetic Coupling 419 

Joel S. Miller and Arthur J. Epstein 

23. Stabilization of Conducting Heteroaromatic Polymers in Large-Pore 
Zeolite Channels 433 

Thomas Bein, Patricia Enzel, Francois Beuneu, and Libero Zuppiroli 

I N D E X E S 

Author Index 452 

Affiliation Index 453 

Subject Index 454 

xiii 



23 

Stabilization of Conducting 
Heteroaromatic Polymers 
in Large-Pore Zeolite Channels 

Thomas Bein 7, Patricia Enzel 1, Francois Beuneu2, and Libero Zuppiroli2 

Department of Chemistry, University of New Mexico, Albuquerque, N M 87131 
2Laboratoire des Solides Irradies, S. E . S. I., Ecole Polytechnique, 
F-91128 Palaiseau Cedex, France 

D i f f e r e n t strategies t o encapsulate p o l y m e r i c chains i n ordered hosts 
are discussed. P y r r o l e was p o l y m e r i z e d as a model w i t h i n t h e c r y s -
t a l l i n e C h a n n e l System o f f a u j a s i t e ( t h r e e - d i m e n s i o n a l ) and m o r d e n i t e 
( o n e - d i m e n s i o n a l ) z e o l i t e m o l e c u l a r sieves. P o l y m e r i z a t i o n r e q u i r e d 
t h e presence o f a n i n t r a z e o l i t e o x i d a n t such a s f e r r i c or c u p r i c i o n s . 
N o r e a c t i o n was ohserved w i t h t h e N a and F e ( H ) f o r m s o f t h e zeolites. 
The y i e l d o f t h e r e a c t i o n was h i g h e s t w i t h vapor-phase p y r r o l e , and 
i t was l o w i n aqueous s o l v e n t s . The Systems were characterized w i t h 
a c o m b i n a t i o n o f e l e c t r o n i c , i n f r a r e d , and R a m a n spectroscopic d a t a . 
E l e c t r o n s p i n resonance measurements were used t o e x p l o r e t h e t r a n s -
p o r t p r o p e r t i e s , and p r e l i m i n a r y b u l k powder c o n d u c t i v i t y meas­
u r e m e n t s were p e r f o r m e d t o e v a l u a t e p o t e n t i a l c o n d u c t i o n paths o n 
t h e o u t s i d e o f t h e z e o l i t e c r y s t a l s . The i n t r a z e o l i t e h e t e r o a r o m a t i c 
p o l y m e r chains represent t h e f i r s t example o f h o s t - s t a b i l i z e d one-
d i m e n s i o n a l m o l e c u l a r c o n d u c t o r s , or m o l e c u l a r w i r e s . 

T H E D I S C O V E R Y O F D O P E D C O N J U G A T E D P O L Y M E R S has generated sub-

stantial research interest, both at the fundamental l eve l and i n v i e w of 
possible applications (1-3). These polymers inc lude doped polyacetylene, 
polyani l ine , p o l y p y r r o l e , and other polyheterocycles. Potential applications 
based on the conduct ing properties of these Systems ränge f rom l ight-weight 
batteries, antistatic equipment , and microelectronics to speculative concepts 
such as "molecular electronic > ' devices (4, 5). 

0 0 6 5 - 2 3 9 3 / 9 0 / 0 2 2 6 - 0 4 3 3 $ 0 6 . 0 0 / 0 
© 1990 American Chemical Society 
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Polypyrro le (PPy), for example, has been extensively s tudied i n the form 
of th in f i lms deposited on electrode surfaces ( 6 ) . E lec t rochemica l oxidative 
polymerizat ion of pyrro le w i t h anions (e.g., C 1 0 4 ~ , H S 0 4 " ) present i n So­
lut ion results in relat ively air-stable, h ighly conduct ing f i lms. Polypyrro le 
can also be prepared v ia chemical oxidation of pyrrole w i t h Cu(II) or Fe(III) 
salts in Solution ( 7 - 1 0 ) . T h e proposed reaction path (6) v ia cation radicals is 
shown in Scheine I. 

H H 

+ e 

Seherne l . O x i d a t i v e p o l y m e r i z a t i o n o f p y r r o l e . 

In contrast to inorganic semiconduetors that are characterized by three-
dimensional covalent b o n d i n g and h i g h carrier mobil i t ies and are adequately 
described by r ig id-band models, interactions in organic polymers are highly 
anisotropic ( 1 1 ) . Atoms are covalently l i n k e d along the chains, whereas i n -
terchain interactions are m u c h weaker; these structural features can cause 
collective instabilit ies such as Peierls distortions. D o p i n g occurs by charge 
transfer between the intercalated dopant molecules or atoms and the organic 
chains, and it can result i n substantial local relaxations of the chain geometry. 
N e w local ized electronic states in the gap are introduced by these charge-
transfer-induced local geometric modifications of the po lymer . 

In heteroaromatic polymers such as P P y , the ground State is nonde-
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generate; the ground-state geometry w i t h aromatic structure w i t h i n rings 
and Single bonds between rings is more stable than the corresponding q u i n -
o i d resonance structure. Because the quino id structure has a smaller band 
gap (lower ionizat ion potential and larger electron affinity), the introduct ion 
of a charge on the chain can result i n relaxation from the aromatic to the 
q u i n o i d structure. The resul t ing electronic structure of P P y as a funct ion of 
d o p i n g is depic ted schematically i n F i g u r e 1. 

F i g u r e 1 . B a n d s t r u c t u r e o f p o l y p y r r o l e as a f u n c t i o n o f d o p i n g level (sche-
m a t i c ) . Key: A , n e u t r a l p o l y m e r ; B , p o l a r o n ( + ) , s p i n = Vi, t h r e e n e u ) t r a n -
s i t i o n s ; C, b i p o l a r o n ( + + ) , s p i n — 0, t w o t r a n s i t i o n s ; D , h e a v i l y doped, 

b i p o l a r o n bands. 

Recent studies ( 1 2 , 1 3 ) conclude that at low d o p i n g levels, the chains 
are i o n i z e d to produce a radical cation (polaron) that is " p i n n e d " to the 
counter ion and does not contribute significantly to the conduct iv i ty . A t 
h igher d o p i n g levels, polarons can combine or ionize to form spinless d i -
cations (bipolarons) that are associated w i t h a q u i n o i d segment extending 
over four to five rings. T h e bipolarons are assumed to transfer charge v ia 
interchain h o p p i n g that cor^esponds to the observed spinless conduct ivi ty . 



4 3 6 E L E C T R O N T R A N S F E R IN B I O L O G Y A N D T H E S O L I D S T A T E 

This m o d e l is consistent w i t h the absence of Paul i susceptibi l i ty i n the h igh ly 
conduct ing form of P P y (13). 

The study of the conduct ion mechanism of these polymers has been 
i m p e d e d by the low level of structural def ini t ion of most samples. The 
amorphous products of e lectrochemical and chemical oxidative p o l y m e r i -
zation reactions present a w i d e ränge of possible interchain interactions (e. g . , 
islands w i t h microcrystal l ine order separated by amorphous regions, u n -
k n o w n degrees of cross- l inking, or bundles of fibers c o m b i n e d in disordered 
arrays). 

Fundamenta l studies of the electronic structure and conduct ion m e c h ­
anism of conduct ing polymers w o u l d benefit substantially i f the low-
dimensional structures were available as isolated, structurally w e l l -
def ined, chemical ly accessible entities. T h e goal of our research program in 
this area is to design corresponding m o d e l Systems v ia encapsulation of 
Polymerie chain conduetors in low-dimens ional , crystall ine host lattices, par-
t icularly i n zeolites. E m b e d d i n g a Single chain in a zeolite matrix is also of 
interest, because the electronic properties of Single chains i n the solid State 
are not easily available. C h a i n Segments, even if short, are interest ing be­
cause of potential quantum-size effects on the electronic structure that have 
been observed i n col loidal semiconduetor Systems, both i n Suspension and 
stabil ized i n zeolite host Systems ( 1 4 - 1 7 ) . 

This chapter reports on our in i t ia l progress ( 1 8 ) i n the encapsulation 
of heteroaromatic conjugated polymers i n large-pore zeolites, part icularly 
polypyrrole . W e recently sueeeeded i n synthesizing polyani l ine ( 1 9 , 2 0 ) and 
polythiophene ( 2 1 ) i n zeolite Y and mordeni te . Previously reported strategies 
for the design of low-dimensional structures are discussed i n the fo l lowing 
sections. 

Stabilization of L o w - D i m e n s i o n a l P o l y m e r S t r u c t u r e s 

U r e a and other organic hosts have been explored for the radiat ion- induced 
inclusion polymerizat ion of clathrated monomers such as butadiene ( 2 2 ) . 
W e l l - s t u d i e d examples inc lude v i n y l ch lor ide , acrylonitr i le and butadiene 
i n urea, butadiene, pentadiene i n deoxyeholic acid, and ethylene and pro-
pylene i n perhydrotr iphenylene . Po lymer izat ion in the clathrates is usually 
induced by exposure to high-energy radiation that produces radicals d e r i v e d 
from host and guest molecules, and proeeeds v ia a l i v i n g radical mechanism. 
Inclusion polymerizat ion can result i n a h i g h degree of steric control of the 
result ing i n c l u d e d po lymer chains. To our knowledge , no conjugated, con­
duct ing clathrate Systems have yet been synthesized. 

If the d imens ion of channel-shaped hosts is extended such that u n h i n -
dered diffusion of monomers can occur, conduct ing polymers can be f o r m e d 
on an electrode surface. Po lypyrro le and poly(3-methylthiophene) fibrils w i t h 
diameters between 0.03 and 1 (xm at 10-|xm length have been synthesized 
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i n microf i l ter membranes (Nuclepore) ( 2 3 , 2 4 ) . Stretch a l ignment has often 
b e e n e m p l o y e d to create direct ional anisotropy i n pre formed polymers , such 
as i n polyacetylene ( 2 5 - 2 7 ) . L i q u i d crystal po lymer izat ion under a magnetic 
field is an alternative technique to achieve al ignment ( 2 8 , 2 9 ) . 

Inorganic layer Compounds have been explored for the polymer iza t ion 
of organic Compounds in two dimensions ( 3 0 ) . P r o m i n e n t examples are based 
on layer perovskite hal ide salts w i t h the general formula ( R C H g N H a ^ M X ^ 
where M is a divalent metal such as M n , F e , C u , and C d , and X is a hal ide 
i o n ( 3 1 ) . T h e organic cations separate the layers f o r m e d by the metal halides. 
I f the organic cations contain 2,4-diene units , the corresponding layered 
Compounds can be p o l y m e r i z e d w i t h gamma irradiation to form 1,4-disub-
stituted frans-polybutadienes (32, 33). H o w e v e r , i f related diacetylene-con-
taining layer perovskites are p o l y m e r i z e d , the or iginal lattice is gradually 
broken up (30). Recent studies explored the intercalative po lymer iza t ion of 
pyrro le , th iophene, and ani l ine i n layered F e O C l (and V 2 O s ) ( 3 4 - 3 6 ) ; this 
polymer izat ion exploits the well -establ ished oxidative intercalation of organic 
molecules (37, 3 8 ) w i t h concomitant reduct ion of F e O C l . It was found that 
pyrrole intercalated into F e O C l and p o l y m e r i z e d to result i n an inorganic-
conduct ing p o l y m e r h y b r i d structure w i t h an interlayer spacing increased 
b y 5.23 Ä. 

O t h e r two-dimensional Systems that w i l l not be discussed here inc lude 
the e lectropolymerizat ion of anil ine intercalated in montmor i l lon i te clay (39) 
a n d polymerizat ions i n L a n g m u i r - B l o d g e t t f i lms or b i layer membranes ( 4 0 ) . 

Efforts to form composites between polypyrro le and a variety of porous 
materials such as paper, c loth, or w o o d have been based on an approach 
comparable to that used in the present study. Typica l ly , the respective 
material was impregnated w i t h an oxidant such as F e C l 3 ( 4 1 , 4 2 ) and sub-
sequently contacted w i t h pyrro le vapor or Solution. Po lypyrro le (and poly-
aniline) have been i n c l u d e d i n perfluorosulfonated ionomer membranes 
(Nafion) by stepwise treatment w i t h aqueous ferric chlor ide and the m o n ­
omers ( 4 3 ) . 

This br ie f survey indicates that no Single chains of conjugated Systems 
w i t h long-range order have yet been stabil ized i n solid matrices. W e w i l l 
show that our approach, based upon intrazeolite polymerization reactions, 
succeeds i n the formation of such Systems. 

Zeolites as M i c r o p o r o u s Host S t r u c t u r e s 

Zeolites ( 4 4 - 4 7 ) are crystall ine open framework metal oxide structures (clas-
sically aluminosil icates w i t h hydrophi l i c surfaces) w i t h pore sizes between 
3 and 12 A and exchangeable cations compensat ing for the negative charge 
of the framework. T h e topologies of these Systems inc lude one-dimensional 
Channels, intersect ing two-dimensional Channels, and three-dimensional 
open frameworks. Recent developments inc lude hydrophobic structures 
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w i t h composit ions close to S i 0 2 ( 4 8 ) , incorporation of transition metals into 
the f ramework (49), and the discovery of metal aluminophosphate sieves 
(50). A l k a l i metal cations, possibly coordinated to oxygen-meta l rings w i t h 
C 3 v or C 2 v s y m m e t r y in zeolite Y (Figure 2), can be exchanged for transition 
metal ions and the System can be heat-treated to induce cation migrat ion 
and r e m o v a l of water. Table I presents a br ie f description of zeolite structure 
types u s e d i n this study. 

A B 

1 0 0 

F i g u r e 2. S t r u c t u r e o f f a u j a s i t e ( A ) and mordende ( B ) . 

These features make zeolites extremely attractive candidates as hosts 
for p o l y m e r i c conduetors. T h e y ofFer wel l -def ined , stable crystalline channel 
structures w i t h dimensions at the molecular l eve l . The nature of the internal 
surface, as d e t e r m i n e d by cation type and other factors, w i l l affect the dipolar 
and redox surface interactions and diffusion rates of polar versus nonpolar 
monomers . Previous work related to the present study includes the catalytic 
formation of polyacetylene from acetylene on the external surface of C o Y 
and N i Y zeolites ( 5 1 ) and on K X zeolite (52). 

T h i s chapter presents recent results on the successful encapsulation of 
p o l y p y r r o l e chains i n large-pore three-dimensional and one-dimensional zeo­
lite hosts. T h e host structures examined i n this study include zeolite Y (three-
d imens iona l channel System, 7 .5-A pores), mordenite (one-dimensional 
Channels, 7 -A pores), and zeolite A (three-dimensional Channels, 4 .1 -A 
pores). P o l y p y r r o l e was oxidatively p o l y m e r i z e d in Cu(II)- or Fe(III)-con-
taining zeoli te pores, such as 

N a Y + F e S 0 4 ( a q ) NaFe(II )Y ° 2 / 3 5° °S 
pyrrole 

NaFe(III)Y " ^ a f / " l v m " } P P y / N a F e ( I I ) Y (1) 



Table I. Representative Zeolite Structure Types 
N a m e U n i t C e l l , C o m p o s i t i o n Cage T y p e M a i n C h a n n e l s , A " 
LTA, Linde A [Na 1 2 [ (Al0 2 ) 1 2 (Si0 2 ) 1 2 ] 2 7 H 2 0 ] 8 0LT ß 4 j * * * 
F A U , Faujasite Na58[(Al02)58(Si02)134] 240 H 2 0 ß, 26-hedron(II) 7 4 * * * 

M O R , Mordenite Na 8 [(AlO 2 ) 8 (SiO 2 ) 4 0 ] 24 H 2 0 complex 5-1 6.7 x 7.0 *<-> 2 . 9 x 5 . 7 * 
'The number of stars (*) at the channel description indicates the dimensionality of channel connections. 
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The intrazeolite oxidation of Fe(II) w i t h oxygen probably involves the for-
mation of F e ( I I I ) - 0 - F e ( I I I ) bridges i n appropriate coordinat ion sites (53), 
although generation of some amorphous i ron oxide cannot be excluded ( 5 4 ) . 

T h e Systems were characterized w i t h a combinat ion of electronic, i n -
frared, and Raman spectroscopic data. E l e c t r o n spin resonance (ESR) and 
conduct ivi ty measurements were used to explore the transport properties. 

E x p e r i m e n t a l D e t a i l s 

Sample Preparation. Z e o l i t e Precursor M a t e r i a l s . Fe(II)Y zeolite was pre-
pared from the sodium form of zeolite Y (Linde LZ-Y52, Alfa) by conventional aqueous 
ion exchange with ferrous sulfate under nitrogen atmosphere and dried at 295 K 
under nitrogen ( 5 4 ) . The resulting ferrous Y zeolite [unit cell compositions, based 
upon ion exchange, F e 6 N a 4 4 ( A l 0 2 ) 5 6 ( S i 0 2 ) i 3 6 for Solution loadings and 
FeioNa36(Al02)s6(Si02)i36 for vapor-phase loadings] was heated under a flow of oxygen 
(40 mL/min) in a quartz tube reactor at a rate of 1 K/min to 370 K (10 h), then to 
620 K (3 h), and subsequently evacuated for 2 h at that temperature to give Fe(III)Y. 
The color of the zeolite changed from white to light brown during this treatment. 
Ferrous mordenite (Fe(II)M) was similarly prepared from Na mordenite (LZM-5, 
Union Carbide) by ion exchange to give white F e 3 N a 2 ( A l 0 2 ) 8 ( S i 0 2 ) 4 o . This material 
was oxidized in a scheme similar to that used with ferrous Y and generated light 
brown Fe(III)M. Cu(II) forms of these zeolites and zeolite A were obtained by ion 
exchange with C u ( N 0 3 ) 2 , resulting in samples CuY, C u M , and C u A with 15, 2.5, 
and 8 C u ions per unit cell (u.c), respectively. Dehydrated sodium zeolites (heated 
at 1 K/min up to 720 K under vacuum, kept at 720 K for 10 h) and the metal-
containing dry samples were stored under nitrogen in a glove box prior to use. 

B u l k P o l y p y r r o l e . Bulk polypyrrole was prepared by chemical oxidation of 
pyrrole (Aldrich) with F e C l 3

- 6 H 2 0 (Aldrich) according to published procedures (7, 
8, 55). Oxidation with an oxidant-.pyrrole ratio of 2.4 in aqueous Solution at 292 K, 
carried out under nitrogen, represents the optimal reaction conditions for highest 
yield and conductivity (7). 

I n t r a z e o l i t e P o l y m e r i z a t i o n o f P y r r o l e . Pyrrole was diffused into the pore Sys­
tem of the dry zeolites in a variety of solvents and via gas-phase adsorption (Table 
II). In the solvent reactions, 0.500 g of Fe(III)Y was suspended in a Solution of 5.16 
mg of pyrrole (0.077 mmol) in 50 m L of the respective solvent and stirred at 295 K 
for 15 h under nitrogen. Similarly, 0.500 g of Fe(III)M was reacted with 12.5 mg 
(0.187 mmol) of pyrrole. For the vapor-phase reactions, —0.5 g of dry zeolite was 
weighed into a small quartz reactor, evacuated at a vacuum line at 1.33 mPa (10~5 

torr), and equilibrated wî rh 270 Pa (2 torr) of degassed pyrrole at 295 K for 1 h. 

Characterization. Fourier transform infrared (FTIR) spectra were taken at 
4- c m - 1 resolution (Mattson Polaris instrument) and were analyzed with the I C O N 
Software. Electronic absorption spectra of the samples dispersed in glycerin were 
obtained with a spectrophotometer (PE 356) at 2-nm resolution. E S R spectra between 
40 and 300 K were obtained with a Varian E-109 instrument operating at X-band 
frequencies. Conductivity measurements at 295 K were carried out with pressed 
wafers of the bulk polymers and of the zeolite powders by using the four-point 
technique (56). Resonance Raman spectra were generated by irradiating the sample 
with 5 m W at 457.9 nm. Scanning electron micrographs were taken with an Hitachi 
5- 800 microscope. 
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Table II. Zeolite-Pyrrole Samples 
S a m p l e " L o a d i n g w i t h P y r r o l e * ' Surface C a p a c i t y c R e a c t i o n T i m e , h C o l o r 

NaY-V 41 0.2 1 white 
NaM-V 2 0.06 1 white 
Fe(II)Y-V 40 0.2 1 white 
Fe(II)M-V 2 0.06 1 white 
Fe(III)Y~V 39 0.2 1 black/turquoise 
Fe(III)Y-W 2 0.2 15 light green 
Fe(III)Y-T 2 0.2 15 grey/turquoise 
Cu(II)Y-V 50 0.2 1 black/turquoise 
Fe(III)M-V 1.0 0.06 1 turquoise 
Fe(III)M-W 1.2 0.06 15 light green 
Fe(III)M-T 1.2 0.06 15 light green 
Cu(II)M-V 0.7 0.06 1 turquoise 
Cu(II)A-V 0.3 0.3 1 very light green 

"Abbreviations: Y, zeolite Y; M, mordenite; A, zeolite A; V, vapor phase; W, water; T, toluene. 
^Molecules per unit cell. 
The surface capacities for 1-fxm crystals are based on 0.6-nm diameter for pyrrole; normalized 
per zeolite unit cell. 

R e s u l t s a n d D i s c u s s i o n 

If pyrrole is a l lowed to diffuse into large-pore zeolites that contain ferric 
ions, the color of the result ing adduct changes slowly from l ight b r o w n to 
different shades of turquoise green and black. This s t r ik ing reaction appears 
to be completed w i t h i n a few minutes i f the pyrrole is admit ted as vapor 
into the dry zeolite, and w i t h i n a few hours i f diffused from Solution (Table 
II). In contrast, pyrrole in zeolites containing only sodium ions or Fe(II) 
ions does not react to form colored products . Irrespective of pyrro le con-
centration and m e d i u m (different solvents or vapor phase), none of these 
blank experiments resulted in a color change of the sample (Table II). This 
behavior strongly suggests that pyrrole polymerizes to polypyrro le i n a redox 
reaction that involves the intrazeolite ferric or cupr ic ions. B u l k polypyrro le 
has been synthesized chemical ly via oxidative coupl ing of pyrrole i n various 
Solutions and suspensions of ferric chloride. A n overal l reaction scheme i n 
H 2 0 / C 2 H 5 O H Solution has been proposed (57). 

4 C 4 H 5 N + 9 F e C l 3 » n H 2 0 - ^ ( C 4 H 3 N ) 4
+ C 1 -

+ 8 H C 1 + 9 F e C l 2 * n H 2 0 (2) 

The fo l lowing discussion of the sample characteristics confirms the formation 
of intrazeolite polypyrro le . 

S a m p l e C h a r a c t e r i s t i c s . I R S p e c t r a . B u l k polypyrro le is charac-
ter ized by a broad IR absorption that extends from an electronic absorption 
band at ~ 1 e V (8000 c m - 1 ) d o w n to about 1700 c m - 1 and obscures the C - H 
and N - H vibrations of the po lymer (6). T h e oxidized and the neutral forms 
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of the polypyrrole have very s imilar C - C and C - H pyrrole r i n g vibrat ions 
in the 1600-800-cm" 1 region (58, 59). In contrast to pyrrole , the r i n g v i b r a ­
tions of the p o l y m e r are relatively broad and can be d is t inguished from 
remaining unreacted monomer . T h e intrazeolite polypyrro le shows I R bands 
quite s imilar to the typical set of bands characteristic for b u l k p o l y p y r r o l e . 
H o w e v e r , certain shifts that vary w i t h host and preparation condit ions are 
observed (Figure 3). A c c o r d i n g to the electrical potential of the zeol i te , the 
po lymer chains should not exactly duplicate the bulk spectrum. F o r instance, 
bands of sample F e ( I I I ) Y - V prepared from vapor phase occur at 1572 (1540), 
1473 (1452), 1309 (1280-1300), and 790 (791) c m " 1 . Positions of b u l k p o l y ­
pyrrole are given i n parentheses (58, 59). 

T h e IR spectra of zeolite Y samples show a higher concentrat ion of 
polypyrrole than the mordenite samples, probably because of the h igher 
pore volume fraction available i n the former host. Intrazeolite P P y recovered 
after dissolution of the host i n H F shows features very similar to those of 
the bulk po lymer (Figure 3). 

Format ion of polypyrro le according to the oxidative reaction m e c h a n i s m 
is expected to produce two protons per monomer. These protons must be 
accommodated i n the zeolite, but the I R data of these samples do not show 
clear hydroxyl features. This result is not surpris ing in v i e w of the strong 
electronic absorption extending b e y o n d the high-energy part of the spec­
t r u m . S imi lar observations are noted i n the p o l y p y r r o l e - F e O C l System (60). 
W i t h its pronounced acid-base and ion-exchange properties , the zeol i te 
framework (or intrazeolite F e species) is expected to accommodate the ad-
dit ional proton concentration. 

R a m a n S p e c t r a o f I n t r a z e o l i t e P o l y p y r r o l e . B u l k po lypyrro le is k n o w n 
to exhibit weak Raman spectra, but resolved bands i n the 800-1600 c m " 1 

ränge have recently been obtained w i t h smooth fi lms formed o n electrode 
surfaces ( 6 1 ) . Resonance Raman spectra of po lypyrro le -zeo l i t e samples (e.g. , 
sample Fe( I I I )Y-V) show weak but resolved bands at 1598 and 1418 c m " 1 

that correspond to the vibrations at 1591 and 1418 c m " 1 reported for p o l y ­
pyrrole f i lm grown on a Pt electrode ( 6 2 ) . 

L o c a t i o n o f t h e P o l y m e r C h a i n s . It is clear from the c o m b i n e d spec-
troscopic evidence discussed and from the electronic spectra that p o l y p y r r o l e 
forms w h e n pyrrole reacts w i t h zeolites containing ferric and c u p r i c ions. 
In the context of synthetic strategies for the design of molecular " w i r e s ' , i t 
is important to determine the location of the polypyrrole with respect to the 
host. A film of polypyrro le at the outside of the zeolite crystals w o u l d not 
constitute a System of isolated molecular chains. Because of the inso luble 
nature of the polymer , extraction experiments do not provide m u c h infor-
mation. H o w e v e r , significant indirect evidence confirms the p ic ture of zeo-
lite-encapsulated polypyrro le . 
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F i g u r e 3. I R spectra ( K B r p e l l e t s ) o f samples. Key: A , N a Y ; B , F e ( H I ) - V ; 
C , P P y e x t r a c t e d f r o m F e ( H I ) - V ; and D , b u l k p o l y p y r r o l e . 
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T h e polypyrrole is not formed in either the N a or Fe(II) forms of the 
zeolites. Therefore the polymerizat ion is dependent l i p o n a redox reaction 
w i t h the predominant ly intrazeolite Fe(III) and Cu(II) ions. The p o l y m e r i ­
zation reaction is one to two Orders of magnitude slower in the zeolite host 
than it is i n homogeneous Solution. This retardation indicates diffusional 
l imitations for the pyrrole migrat ing into the channel System. F i n a l l y , an 
analysis of the uptake of m o n o m e r into the zeolite confirms the same con-
clusions. Table II lists the uptake of monomer i n different zeolite hosts and 
compares the values w i t h those expected from monolayer-coating on the 
surface of crystals w i t h 1 .0- f im diameter. 

These results show that far more monomer can be accommodated w i t h i n 
the zeolite pores than expected for surface adsorption (the values for mor­
denite are smaller because of a smaller unit cell). F u r t h e r m o r e , we f i n d that 
pyrro le is not adsorbed into the pore System of zeolite A , as expected from 
its smaller pore diameter (4.1 A ) , but the uptake corresponds very w e l l wi th 
the value expected for surface adsorption. Thus , i f the monomer is exc luded 
from the interior of the zeolite, not more than about one monolayer is 
adsorbed at the crystal surface. 

O n the basis of the stoichiometry of monomer loading versus Fe(III) or 
Cu(II) present i n the zeolite, it can be conc luded that in the zeolite Y samples 
prepared v ia vapor-phase Saturation, only about 20% of the adsorbed pyrrole 
molecules can be oxidatively coupled . The remainder of the m o n o m e r is 
probably sti l l present in the zeolite pores. T h e m a x i m u m exchange leve l of 
—10 Fe/u.c . was chosen to avoid potential zeolite lattice breakdown ( 5 4 ) . 
In all other samples, the relative excess of Fe(III) is expected to suffice for 
a complete reaction. 

T h e rate of polymerizat ion as estimated f rom the rate of sample coloration 
is m u c h faster i n a three-dimensional zeolite (zeolite Y) than in a one-di ­
mensional pore System (mordenite). A l l these data taken together provide 
clear evidence that the polymerizat ion of pyrrole proceeds w i t h i n the zeolite 
channel System i f the monomer has access into the pores. 

The reaction m e d i u m has an interesting influence on the intrazeolite 
concentration of the po lymer . In contrast to homogeneous Solution prepa-
rations, water is one of the most unfavorable media for intrazeolite p o l y m -
erizations. Reactions in hydrocarbon solvents and v ia vapor-phase loading 
result i n the highest p o l y m e r yields . Possibly, water screens the intrazeolite 
redox-active metal ions f rom the monomer molecules. 

Electronic Structure and Transport Properties. E l e c t r o n i c Spec­
t r a . T h e Fe(III)-containing zeolite hosts exhibit a broad absorption be­
tween 300 and 450 n m , w h i c h accounts for the l ight b r o w n color of these 
zeolites. The electronic spectra of the sodium and ferrous forms do not differ 
significantly. If pyrro le is adsorbed into the sodium forms and ferrous forms 
of both zeolites, the optical spectra in the vis ible ränge remain unchanged. 
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In contrast, the spectrum of sample F e ( I I I ) Y - V shows two important new 
features at 400-500 n m (—2.7 eV) and at energies lower than 650 n m (F ig ­
ure 4D) . 
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F i g u r e 4 . E l e c t r o n i c a b s o r p t i o n spectra o f samples. Key: A , N a M ; ß , N a Y ; 
C , F e ( I l l ) M - V ; and D , F e ( l U ) Y - V . 

The spectral features of the samples prepared i n toluene and w i t h vapor-
phase pyrrole are more pronounced than those of the other samples. T h e 
r e d absorption of Y zeolite samples is generally stronger than that of mor­
denite . In addi t ion , the vapor-phase product F e ( I I I ) M - V shows a feature 
between 520 and 700 n m (—2.0 eV, F igure 4C) . Absorpt ion maxima at 2.3 
and 0.7 e V have been observed w i t h electrochemically formed, highly doped 
polypyrro le ; the higher energy band shifted to lower values at lower oxidation 
levels (63). O n the basis of the electronic model discussed, we assign the 
bands at 2.7 and 2.0 e V and that i n the near-IR region to b ipolaron absorp-
tions that are typical of polypyrro le at different oxidation levels. Thus , w e 
can conclude that the oxidation level of P P y i n faujasite is h igh and that 
there is probably a b imodal dis tr ibut ion of highly ox id ized and m e d i u m 
oxidation levels of polypyrro le i n mordenite . The conduct ion band absorption 
appears to occur in the n e a r - U V ränge. F i n a l l y , the spectrum of C u ( I I ) A - V 
does not exhibit any of the features observed w i t h the large-pore samples 
(not shown). 

E S R S p e c t r a . Po lypyrro le in F e ( I I I ) Y - V and F e ( I I I ) M - V shows an 
E S R signal at proport ional i ty factor g = 2.0027, very s imilar to the bulk 
value ( 1 3 ) . T h e spin densities calculated from the E S R lines and the monomer 
loadings are 3 X 10" 4 per pyrrole monomer in sample Fe( I I I )Y-V, and 9 X 
10" 4 per pyrrole monomer i n sample F e ( I I I ) M - V . Because the degree of 
polymer izat ion is not precisely k n o w n , these numbers are lower l imits w i t h 
respect to the p o l y m e r content. The corresponding spin susceptibil it ies show 
C u r i e behavior between —40 and 300 K (Figure 5A). These data are explained 
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F i g u r e 5. ESR d a t a o f sample F e ( H I ) Y ~ V . Key: A , C u r i e behavior; ß , l i n e 
w i d i h as f u n c t i o n o f t e m p e r a t u r e . 

w i t h a small concentration of paramagnetic defects that have also been ob­
served in bulk polypyrrole samples, probably a result of defects in the ir 
System of the p o l y m e r chain ( 1 3 ) . Surpr is ingly , the l ine w i d t h of the E S R 
resonance of intrazeolite polymers is at the order of 10 G (Figure 5B), in 
contrast to a typical value of 0.2 G for pure b u l k polymers . In the bulk, the 
l ine w i d t h can be reversibly increased to s imilar values by adding several 
weight percents of oxygen ( 1 3 ) . Because our samples were measured i n 
vacuo, the most l ike ly explanation for the large l ine w i d t h is an intr insic 
dipolar interaction between the p o l y m e r chains and the charged zeolite 
channel walls. 

C o n d u c t i v i t y measurements of p o l y p y r r o l e - z e o l i t e samples show dra-
matic differences compared to bulk propert ies . A l t h o u g h values for bulk 
polypyrrole are at the order of 10 S/cm (8), the zeolite samples have powder 
conductivit ies be low 10" 9 S/cm. These de measurements are not considered 
to give the conduct ivi ty of the p o l y m e r chains because shorter chains could 
reside i n the zeolite cages without p r o v i d i n g a continuous conduction path. 
This s tr iking result is expected, however , because "perfect" samples that 
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have clean, uncoated dielectr ic crystal surfaces could not provide any con-
tinuous conduct ing path through a pressed wafer. Thus , this Observation 
provides addit ional evidence for the strictly intrazeolite location of the con­
jugated polymers . Init ial X-ray photoelectron spectroscopy measurements 
of related intrazeolite polyani l ine samples clearly indicate a deplet ion of 
nitrogen at the zeolite crystal surfaces. 

C o n c l u s i o n s 

This study shows that pyrrole can be oxidatively p o l y m e r i z e d i n the channel 
System of zeolite molecular sieves. C o m p r e h e n s i v e spectroscopic character-
ization identifies the nature of the polymerizat ion product and provides 
strong evidence for encapsulation w i t h i n the channel Systems. This approach 
to isolated "molecular w i r e s " v ia intrahost polymerizat ion is presently be ing 
extended to a variety of other organic and inorganic conduct ing Systems. 
M o r e detai led studies w i l l address issues such as the intrazeolite p o l y m e r 
chain length, effects of host pore size, and transport properties of the re­
sult ing low-dimensional Systems. 
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