
Studies in Surface Science and Catalysis 12 

METAL 
MICROSTRUCTURES 
IN ZEOLITES 
Preparation - Properties - Applications 
Proceedings o f a Workshop, Bremen, September 2 2 - 2 4 , 1 9 8 2 

Editors 

P.A. Jacobs 

Centrum voor Oppervlaktescheikunde, Katholieke Universiteit Leuven, Leuven, Belgium 

N.I. Jaeger 

Forschungsgruppe Angewandte Katalyse, Universität Bremen, Bremen, F.R.G. 

P. Jim 
Czechoslovak Academy of Sciences, J. Heyrovsk^ Institute of Physical Chemistry and 
Electrochemistry, Prague, Czechoslovakia 
G. Schulz-Ekloff 
Forschungsgruppe Angewandte Katalyse, Universität Bremen, Bremen, F.R.G. 

ELSEVIER SCIENTIFIC PUBLISHING COMPANY 
Amsterdam - Oxford - New York 1982 



/ ν e t ι p^L ;/,,^ 

E L S E V I E R S C I E N T I F I C P U B L I S H I N G C O M P A N Y 
Molenwerf 1 

P . O . Box 2 1 1 , 1 0 0 0 A E A m s t e r d a m , T h e Netherlands 

Distributors for the United States and Canada: 

E L S E V I E R S C I E N C E P U B L I S H I N G C O M P A N Y I N C . 
5 2 , Vanderbi l t Avenue 
New Y o r k , N Y 10017 

Univ.-Bibliofhek 

Regensburg 

Library of Congress Cataloging in Publication Data 
Main entry under t i t l e : 

Metal microstructures i n z e o l i t e s . 

(Studies i n surface science and c a t a l y s i s ; v. 12) 
Sponsored by Deutsche Forschungsgemeinschaft, and 

others. 
Includes index. 
1. Z e o l i t e s — C o n g r e s s e s . 2. M i c r o s t r u c t u r e — C o n g r e s s 

es. I . Jacobs, Peter Α. I I . Deutsche Forschungsgemein
sch a f t (1951- ) I I I - S e r i e s . 
TP159.M6MUT 1982 666*.Q6 82-13732 
ISBN 0 -UM-U2112-2 (U.S.) 

I S B N 0 4 4 4 4 2 1 1 2 - 2 ( V o l . 12) 
I S B N 0 4 4 4 4 1 8 0 1 - 6 (Series) 

© Elsevier Scient i f ic Publishing C o m p a n y , 1982 
Al l rights reserved. No part of this publ icat ion may be reproduced , stored in a retrieval system or 
transmitted in any form or by any means, e lectronic , mechan ica l , pho tocopy ing , recording or other
w i s e , wi thout the prior writ ten permission of the publ isher , Elsevier Sc ient i f ic Publishing C o m p a n y , 
P . O . B o x 3 3 0 , 1 0 0 0 A H A m s t e r d a m , T h e Netherlands 

Printed in T h e Netherlands 



ν 

CONTENTS 

P r e f a c e V I I 

The c h e m i s t r y o f r u t h e n i u m i n z e o l i t e s ( J . H . L u n s f o r d ) 1 

EPR s t u d i e s o f C o ( I I ) - b i s ( d i m e t h y l g l y o x i m a t o ) - c o m p l e x e s 
and t h e i r o x y g e n a d d u c t s i n a z e o l i t e X m a t r i x 
C.J. Winscom, W. L u b i t z , Η. D i e g r u b e r and R. M ö s e l e r ) 15 

I n - s i t u - U V / V I S - m i c r o s c o p e s p e c t r o p h o t o m e t r y o f r e a c t i o n s 
o f C o ^ f - c o m p l e x e s w i t h i n s i n g l e c r y s t a l s o f f a u j a s i t e -
t y p e z e o l i t e s ( H . D i e g r u b e r and P.J. P l a t h ) 23 

M o s s b a u e r s p e c t r o s c o p i c s t u d i e s o f f e r r o u s i o n e x c h a n g e 
iη z e o l i t e A ( L . V . C . R e e s ) 33 

M e t a l i n c l u s i o n c o m p l e x e s o f z e o l i t e A ( N . P e t r a n o v i c and 
R . D i m i t r i j eν i c ) 45 

Quantum c h e m i c a l s t u d y o f t h e p r o p e r t i e s o f Fe, Co, Ni 
and Cr i o n - e x c h a n g e d z e o l i t e s ( S . B e r a n and P. J i r ö j 53 

C a t i o n i c r h o d i u m c o m p l e x e s and r h o d i u m m e t a l a g g r e g a t e s 
i n z e o l i t e Υ ( H . van B r a b a n t , R.A. S c h o o n h e y d t and 
J . P e l g r i m s ) 61 

M e c h a n i s m s o f f o r m a t i o n and s t a b i l i z a t i o n o f m e t a l s i n 
t h e p o r e s t r u c t u r e o f z e o l i t e s (P.A. J a c o b s ) 71 

R e f l e c t a n c e s p e c t r o s c o p i c s t u d y o f A g + , A g ° and Ag 
c l u s t e r s i n z e o l i t e s o f t h e f a u j a s i t e - t y p e ( L . R . G e l l e n s 
and R.A. S c h o o n h e y d t ) 87 

C h e m i c a l e v i d e n c e f o r c h a r g e d c l u s t e r s i n s i l v e r z e o l i t e s 
(H.K. B e y e r and P.A. J a c o b s ) 95 

UV/VIS t r a n s m i s s i o n s p e c t r o s c o p y o f s i l v e r z e o l i t e s . 
I . D e h y d r a t i o n and r e h y d r a t i o n o f AgA and AgX (H,G. K a r g e ) 103 

A d s o r p t i o n and d e c o m p o s i t i o n o f i r o n p e n t a c a r b o n y l on Y 
z e o l i t e s ( T h . B e i n , P.A. J a c o b s and F. S c h m i d t ) 111 

S t a b i l i z a t i o n and c h a r a c t e r i z a t i o n o f m e t a l a g g r e g a t e s 
i n z e o l i t e s . C a t a l y t i c p r o p e r t i e s i n CO + W? c o n v e r s i o n 
( D . B a l l i v e t - T k a t c h e n k o , G. C o u d u r i e r and Nguyen Due Chau) 123 

I n f l u e n c e o f c o n t r o l l e d s t r u c t u r a l c h a n g e s on t h e c a t a l y 
t i c p r o p e r t i e s o f z e o l i t e s ( P . J i r ü ) 137 

B e h a v i o u r o f Fe s p e c i e s i n z e o l i t e s t r u c t u r e 
(Β. W i c h t e r l o v ä , L. K u b e l k o v ä , J . N o v ä k o v ä and P. J i r u ) 143 

To t h e d i f f e r e n c e s i n p r o p e r t i e s o f Ni m e t a l p a r t i c l e s 
and Cr c a t i o n s i n s t a b i l i z e d and n o n s t a b i 1 i z e d z e o l i t e s 
( V . P a t z e l o v ä , Ζ. T v a r u z k o v ä , Κ. Mach and A, Z u k a l ) 151 



V I 

I n c o r p o r a t i o n o f v o l a t i l e m e t a l c o m p o u n d s i n t o z e o l i t i c 159 
f r a m e w o r k s ( P . F e j e s , I . K i r i c s i and I 0 H a n n u s ) 

C h a r a c t e r i z a t i o n o f m e t a l a g g r e g a t e s i n z e o l i t e s 
( P . G a l l e z o t and G. B e r g e r e t ) 167 

N u c l e a r m a g n e t i c r e s o n a n c e s t u d y o f x e n o n a d s o r b e d on 
m e t a l - N a Y z e o l i t e s ( s i z e o f m e t a l p a r t i c l e s and c h e m i -
s o r p t i o n ) ( J . F r a i s s a r d , T. I t o , L.C. de M e n o r v a l and 
M.A. S p r i n g u e l - H u e t ) 179 

C h a r a c t e r i z a t i o n o f m e t a l a g g r e g a t e s i n z e o l i t e s 
( F . S c h m i d t ) 191 

E l e c t r o n m i c r o s c o p i c a l a n a l y s i s o f m o n o d i s p e r s e d N i and 
Pd i n a f a u j a s i t e X m a t r i x ( D . E x n e r , N . I . J a e g e r , 
K. M ö l l e r , R. Nowak, Η. S c h r u b b e r s , G. S c h u l z - E k l o f f 
a n d P. R y d e r ) 205 

I n v e s t i g a t i o n s o f t h e a g g r e g a t i o n s t a t e o f m e t a l s i n 
z e o l i t e s by m a g n e t i c m e t h o d s (W. R o m a n o w s k i ) 213 

D i e l e c t r i c p r o p e r t i e s o f X - t y p e z e o l i t e s c o n t a i n i n g 
s m a l l m e t a l l i c n i c k e l p a r t i c l e s ( J . C . C a r r u and 
D. D e l a f o s s e ) 221 

M o d i f i c a t i o n o f c h e m i s o r p t i v e and c a t a l y t i c p r o p e r t i e s 
o f N i ° h i g h l y d i s p e r s e d on z e o l i t e s o f v a r i o u s c o m p o s i t i o n 
(G.N. S a u v i o n , M.F. G u i l l e u x , J.F. T e m p e r e and 
D. D e l a f o s s e ) 229 

N i c k e l i n m o r d e n i t e s - f o r m a t i o n and a c t i v i t y o f m e t a l l i c 
c o m p l e x e s , c l u s t e r s and p a r t i c l e s (E.D„ G a r b o w s k i , 
C. M i r o d a t o s and M. P r i m e t ) 235 

D i s p e r s i o n o f n i c k e l and r u t h e n i u m i n z e o l i t e s L, Y and 
m o r d e n i t e ( S. N a r a y a n a n ) 245 

E f f e c t o f t h e r e a c t i o n medium on t h e m e t a l m i c r o s t r u c -
t u r e o f n i e k e l - z e o l i t e c a t a l y s t s (N.P. D a v i d o v a , 
M.L. V a l c h e v a and D.M. S h o p o v ) 253 

A c t i v i t i e s and s e i e c t i v i t i e s o f r e d u c e d NiCaX f a u j a s i t e s 
i n t h e c a r b o n m o n o x i d e h y d r o g e n a t i o n r e a c t i o n 
( H . S c h r u b b e r s , G. S c h u l z - E k l o f f and G. W i l d e b o e r ) 261 

F i s c h e r - T r o p s c h s y n t h e s i s on p o l y f u n c t i o n a l m a n g a n e s e / 
i r o n - p e n t a s i 1 z e o l i t e c a t a l y s t s (K. M ü l l e r , 
W.-D. D e c k w e r and M. R a l e k ) 267 

O x i d a t i o n o f e t h y l e n e on s i l v e r - l o a d e d n a t u r a l z e o l i t e s 
(G. B a g n a s c o , P. C i a m b e l l i , E. C z a r a n , J . Papp and 
G. R u s s o ) 275 

A u t h o r I n d e x 283 



I l l 
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ABSTRACT 
The a d s o r p t i o n isotherms of Fe(CO)_ on NaY and HY z e o l i t e s o b t a i n e d i n 

McBain balances show micropore a d s o r p t i o n , the s a t u r a t i o n a t p / p o = 0 . 5 being 
39 and 42 % per dr y wt, r e s p e c t i v e l y . IR r e s u l t s i n d i c a t e a r e s t r i c t e d m o b i l i t y 
of the encaged complex. Nevertheless i t can t h e r m a l l y be desorbed t o a g r e a t 
extend i n vacuum. 

For the f i r s t t i m e , w e l l d i s t i n g u i s h a b l e d ecomposition phases of z e o l i t e -
adsorbed Fe (CO),, are found by t h e r m o g r a v i m e t r i c a n a l y s i s . These phases are 
a s s o c i a t e d w i t h species b e a r i n g 2(4) and 1/4(1) CO l i g a n d s per Fe i n the case 
of NaY(HY). New evidence i s found f o r t he i n t e r m e d i a t e F e ^ ( C 0 ) . 2 . The slow de
co m p o s i t i o n r e a c t i o n i n i n e r t atmosphere i s completed a l r e a d y between 70 and 
90°C, p r o v i d i n g an i r o n content of 10.5 ± 0.5 wt %. 

INTRODUCTION 
With r e s p e c t t o the i n d u s t r i a l importance of i r o n c a t a l y s t s and the s t i l l 

n o t e n t i r e l y understood p a r t i c l e s i z e e f f e c t i n c a t a l y s i s , i t i s d e s i r a b l e t o 
dispose of model c a t a l y s t s w i t h v a r i a b l e , narrow p a r t i c l e s i z e d i s t r i b u t i o n . 
Z e o l i t e s have proved t o be s u i t a b l e s u pports f o r metals ( r e f . 1,2) and t o 
behave as model c a t a l y s t s . Our aim i s t h e r e f o r e t o o b t a i n Fe(0) c o n t a i n i n g 
z e o l i t e s w i t h narrow p a r t i c l e s i z e d i s t r i b u t i o n s . Reduction of F e ( I I ) exchanged 
Y-type z e o l i t e s was found t o be i m p o s s i b l e w i t h H^ ( r e f . 3,4), whereas reduc
t i o n w i t h sodium vapor r e s u l t e d i n h i g h l y d i s p e r s e d i r o n m etal ( r e f . 5-8). 

With r e g a r d t o the d i f f i c u l t procedures t o be used i n these methods, the 
decomposition of Y - z e o l i t e adsorbed i r o n p e n t a c a r b o n y l was chosen as an a l t e r 
n a t i v e . 

Thermal decomposition of t h i s complex has a l r e a d y been used t o prepare d i s 
persed supported i r o n ( r e f . 9 ) , w h i l e r e c e n t l y i t has been a p p l i e d t o Fe(CO),. 
loaded HY z e o l i t e ( r e f . 10-12). I n a d d i t i o n , decomposition by UV l i g h t was 
r e p o r t e d t o p r o v i d e a h i g h l y d i s p e r s e d i r o n phase i n the HY z e o l i t e . 

I n the former s t u d i e s , few q u a n t i t a t i v e d e t a i l s are g i v e n w i t h r e g a rd t o the 
parameters which govern a d s o r p t i o n and decomposition o f the complex. I n orde r 
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t o a r r i v e a t a q u a n t i t a t i v e u n d e r s t a n d i n g o f these processes, the a d s o r p t i o n 
and decomposition behaviour o f i r o n pentacarbony1 i n NaY and HY z e o l i t e has 
been s t u d i e d by means o f g r a v i m e t r i c , t h e r m o g r a v i m e t r i c and I R - s p e c t r o s c o p i c 
methods. 

EXPERIMENTAL 
M a t e r i a l s 

S y n t h e t i c NaY w i t h S i / A l = 2.46 was from Strem Chemicals. I t was t r e a t e d 
w i t h 0.1 Μ NaCl s o l u t i o n o t remove p o s s i b l e c a t i o n d e f i c i e n c i e s , washed and 
a i r d r i e d , and s t o r e d over s a t u r a t e d NH.C1 s o l u t i o n . The NH.Y form was o b t a i n e d 

4 4 
by c o n v e n t i o n a l i o n exchange. Before l o a d i n g w i t h i r o n c a r b o n y l , b o t h z e o l i t e s 
were degassed i n s i t u a t 450°C f o r about 12 h r s a t 10 ~* mbar, a t a h e a t i n g r a t e 
of 2°C/min. 

I r o n p e n t a c a r b o n y l from V e n t r o n (99.5 %) was c o l d d i s t i l l e d i n the dark and 
s t o r e d over m o l e c u l a r s i e v e 5A. The z e o l i t e samples f o r the McBain and IR 
measurements were loaded w i t h the c a r b o n y l as f o l l o w s . The f r o z e n c a r b o n y l was 
outgassed i n vacuum and a l l o w e d t o warm up u n t i l the d e s i r e d p r e s s u r e was 
reached. A l l procedures w i t h Fe(CO)^ were performed i n the dar k , whereas the 
weight measurements a t the McBain balance have been c a r r i e d out i n weak red 
l i g h t . 

Methods 
A d s o r p t i o n i s o t h e r m s were o b t a i n e d i n a McBain balance w i t h c a l i b r a t e d 

q u a r t z s p r i n g , w i t h a p r e c i s i o n o f ± 0.5 %. The pressure was measured w i t h a 
B e l l & Howell p r e s s u r e t r a n s d u c e r BHL-4100-01, which i s l i n e a r w i t h i n ± 0.5 % 
up t o 750 mbar. 

I n f r a r e d s p e c t r a were t a k e n w i t h a P e r k i n Elmer 580B spe c t r o m e t e r from 
4000 t o 120C cm 1 ( r e s o l u t i o n 2 cm 1 ) u s i n g a q u a r t z c e l l w i t h 80 mm path 
l e n g t h and equipped w i t h CaF windows of 3 mm t h i c k n e s s . The z e o l i t e was pressed 

2 . 2 
a t 1 ton/cm t o s e l f s u p p o r t i n g f i l m s of ca. 5 mg/cm . A l l t r e a t m e n t s were per
formed i n s i t u i n the IR c e l l . 

T h e r m o gravimetric measurements were done on a M e t t l e r Thermoanalyzer 2 under 
He purge, m o s t l y i n the 10 mg range. Samples o f 5 t o 50 mg z e o l i t e were o u t -
gassed by h e a t i n g a t 2°C/min up t o 450° i n a q u a r t z oven and loaded a t 20°C i n 
a stream of d ry he l i u m c o n t a i n i n g ca. 4 mbar Fe(C0)^. The f l o w r a t e of t h i s 
stream was 2.8 1/h. 

RESULTS AND DISCUSSION 
1. A d s o r p t i o n isotherms of Fe(C0)r on Y - z e o l i t e 

Comparison of the Fe(C0)^ a d s o r p t i o n isotherms on NaY and HY shows r a t h e r 
s i m i l a r behaviour ( F i g . 1 ) . The major uptake occurs a t v e r y low p a r t i a l 
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- 3 0 

- 2 0 

-ΙΟ 

.1 Λ 3 Λ .5 .β .7 & -&· 
I I ι 1 1 1 1 1 -Hi. 

F i g . 1. A d s o r p t i o n isotherms of Fe(CO) on (A) HY- and (B) N a Y - z e o l i t e a t 20°C 
[ p 0 = 29.4 mbar]. F u l l p o i n t s : a d s o r p t i o n ; open p o i n t s : d e s o r p t i o n . 

p r e s s u r e s and remains almost c o n s t a n t up t o p / p o i « 0.5. At t h i s p a r t i a l 
p r e s s u r e NaY and HY adsorb 39 and 42 mg o f Fe (CO),, per 100 mg of d r y z e o l i t e , 
r e s p e c t i v e l y . 

D e s o r p t i o n i s r e v e r s i b l e down t o ca. p/p 0 = 0 . 1 . A f t e r degassing f o r 15 h r s 
a t 10~ 5 mbar, F e ( C 0 ) 5 l o a d i n g s of 29 and 27 wt % are o b t a i n e d f o r NaY and HY, 
r e s p e c t i v e l y . 

The a d s o r p t i o n behaviour can be e x p l a i n e d i n terms of n e a r l y i d e a l m i c r o 
pore a d s o r p t i o n ( r e f . 13), the micropores b e i n g the supercages of the f a u j a s i t e . 
The amount Fe (CO),, adsorbed b e f o r e c a p i l l a r y condensation occurs corresponds t o 
25 molecules/U.C. or 3.1 molecules per supercage. I f an e f f e c t i v e r a d i u s of 
0.30 nm i s assumed f o r the complex, the geometry o f the supercages a l l o w s a 
maximum a d s o r p t i o n of t h r e e molecules per supercage. 

Thi s good agreement w i t h the e x p e r i m e n t a l r e s u l t s c o n f i r m s the p i c t u r e of 
c o m p l e t e l y f i l l e d supercages. 

2. I n f r a r e d study of Fe(CO),. adsorbed on z e o l i t e Y 
The Fe (CO),, s a t u r a t e d z e o l i t e wafers show no measurable t r a n s m i s s i o n i n the 

C O - s t r e t c h i n g r e g i o n . The IR s p e c t r a r e p o r t e d i n F i g . 2 correspond t h e r e f o r e 
t o samples loaded w i t h about 10 % o f the c a p a c i t y o b t a i n e d a t s a t u r a t i o n . The 
c a r b o n y l v i b r a t i o n s show a r a t h e r s i m i l a r p a t t e r n f o r b o t h NaY and HY, 
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3645 

ι ι ι ι ι ι ι I ι ι ι 1 1 N % I 
22 21 20 19 C M -1 χ ^qq 38 37 36 35 34 33 C M -1 x 1 0 0 

F i g . 2. ( l e f t ) IR s p e c t r a o f Fe(CO) / z e o l i t e adducts a t 20°C ( s a t u r a t e d f o r 
10 % ) . A : Fe(CO) /NaY; Β : Fe(CO) 7HY; d o t t e d l i n e s : z e o l i t e s degassed a t 
450°C. * 
F i g . 3. ( r i g h t ) OH spectrum o f s a t u r a t e d Fe(C0)^/HY adduct decomposed i n 600 
mbar He. A : z e o l i t e degassed a t 450°C; Β : HY s a t u r a t e d w i t h F e ( C 0 ) 5 a t 20°C; 
C : sample Β a f t e r h e a t i n g a t 150°C f o r 45 min. 

r e s p e c t i v e l y (Table l a ) . Compared t o the HY-adduct, FeiCO)^ adsorbed on NaY ex-
. . . . -1 

h i b i t s two a d d i t i o n a l bands a t 2044 and 1945 cm , a l l o t h e r bands o n l y s l i g h t 
l y being changed. 

The c a r b o n y l bands cannot be assigned d e f i n i t e l y t o p a r t i c u l a r species i n 
s i d e the z e o l i t e cages. The assignment of the carbonylbands t o m o n o s u b s t i t u t e d 
species as ZOH Fe(CO)^ ( r e f . 11,12) seems t o be somewhat a r b i t r a r y because o f 
the f o r t u i t o u s agreement of some bands w i t h those of complexes such as 
Fe(CO) 4P(CH 3) 3. 

By '^C-nmr l i n e - w i d t h b r o a d e n i n g , a r e s t r i c t e d m o b i l i t y of t h e Fe(CO)^ ad
sorbed i n HY was found ( 1 0 ) . This i s q u i t e reasonable s i n c e the a d s o r p t i o n 
experiments i n d i c a t e complete f i l l i n g o f t h e supercages. The c a r b o n y l bands of 
c r y s t a l l i n e Fe (CO),, and of the Fe(C0) , , / z e o l i t e adducts (Table 1) show f a i r l y 
good agreement, a l t h o u g h the i n t e n s i t i e s are d i f f e r e n t . This a l s o i s i n l i n e 
w i t h the r e s t r i c t e d m o b i l i t y of the complex i n the supercages. 

I n p a r t i c u l a r , the appearence of the sharp 2122 cm ^ band can be e x p l a i n e d 
by decreased s i t e symmetry. Indeed, the i n t e n s i t y of the v. mode in c r e a s e s on 
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TABLE 1 
IR f r e q u e n c i e s of Fe(CO)^ and i t s adducts ( C O - s t r e t c h i n g r e g i o n ) . 

Adduct Frequency/cm 1 Ref. 

Fe(CO) 5/NaY 2122w 2060s 2044s 2012s 1985s 1960sh 1945s a 
Fe(CO) 5/HY 2120w 2050s 2018s 1990b 1960s a 
Fe(CO) 5/HY 2112mw 2040s 2030sh 2010s 1985sh 1950ms 12 
Fe(CO) 
s o l i d X-173°C) 2 1 1 5 ( v J 2 0 3 3 ( v o ) 2017sh 2003(v,) 1980(ν 1 Λ) 1956/48( 1 3C0) 

I Z D I U 
14 

Fe(CO) 
l i q u i d (25°C) [b r o a d ] 2002(v,) 1979(ν 1 Λ) b 1U 15 
Fe(CO) 
gas (2i°C) 2034ws ( v , ) 2014ws (ν, Λ ) ο 10 16 
a T h i s work. 

going from the gas phase t o c r y s t a l l i n e s t a t e ( r e f . 14). 
The IR spectrum of l i q u i d Fe(CO) e x h i b i t s a broad and p o o r l y s t r u c t u r a t e d 

-1 •* 
CO s t r e t c h i n g band around 2000 cm (Table 1 ) . This a l s o i s i n c o n t r a s t t o the 
observed w e l l s t r u c t u r a t e d CO-bands of the Fe (CO) . . / z e o l i t e adducts. 

I n b o t h the NaY and the HY adduct no v ^ - b r i d g i n g are shown, i . e . , a t 20°C 
no c l u s t e r s w i t h b r i d g i n g CO l i g a n d s such as Fe 9(C0) are gene r a t e d . 

The i n t e r a c t i o n o f Fe(CO) w i t h the OH-bands of HY i s i l l u s t r a t e d i n F i g . 3. 
-1 

Only the supercage h y d r o x y l groups (3645 cm ) disappear c o m p l e t e l y upon ad
s o r p t i o n o f the c a r b o n y l . The band a t 3550 cm 1 broadens and i n c r e a s e s i n 
i n t e n s i t y . T h i s can o n l y be e x p l a i n e d by the f o r m a t i o n of an hydrogen bond o f 
moderate s t r e n g t h between the complex and the supercage OH-groups. 

3. D e s o r p t i o n of Fe(CO) from Y z e o l i t e 
-4 

H e a t i n g the Fe(CO)^ loaded z e o l i t e wafers i n a vacuum of 10 mbar r e s u l t s 
i n a p r o p o r t i o n a l decrease of i n t e n s i t y o f a l l c a r b o n y l bands, w h i l e no new 
bands appear ( F i g . 4 ) . 

When the s i m i l a r experiments are c a r r i e d out on l a r g e r amounts of sample 
(100 mg), i r o n losses between 20 and 50 % w i t h r e s p e c t t o c a r b o n y l s a t u r a t i o n 
are determined g r a v i m e t r i c a l l y . 

These o b s e r v a t i o n s must be e x p l a i n e d by d e s o r p t i o n of the i r o n complex, 
which a l s o may be the reason f o r the d i f f e r e n t i r o n l o a d i n g s o b t a i n e d by o t h e r 
a u t h o r s ( r e f . 10-12) a f t e r thermal decomposition i n vacuum, w i t h v a l u e s r a n g i n g 
from 1 t o 8 wt % Fe. The p r o p o r t i o n a l decrease of a l l c a r b o n y l bands ( F i g . 4) 
a l s o i n d i c a t e s t h a t one s i n g l e species i s adsorbed i n the z e o l i t e cage, which 
seems t o be the i n t a c t F e ( C 0 ) q . 
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F i g . 4. ( l e f t ) IR s p e c t r a of the d e s o r p t i o n process of the 10 % s a t u r a t e d 
Fe(C0) c./Na adduct upon h e a t i n g i n vacuum. 
A : i n i t i a l l o a d i n g a t 20°C; Β : h e a t i n g a t 40°C f o r 45 min; C : a t 60°C f o r 
30 min; D : a t 65°C f o r 20 min; Ε : a t 65°C f o r 40 min; F : a t 65°C f o r 100 min. 
F i g . 5. ( r i g h t ) Thermogramm o f the d e c a r b o n y l a t i o n of F e ( C 0 ) ^ / z e o l i t e adducts 
i n He f l o w . ( H eating r a t e : l°C/min t o 200°C). 
A : Fe(CO) /NaY ( s a t u r a t e d ) , 8.90 mg d r y wt; Β : Fe(C0) /HY ( s a t u r a t e d , 9.65 mg 
dry wt. F u l l l i n e = TG cu r v e ; dashed l i n e = DTA; d o t t e d l i n e = DTG. 

4. D e c a r b o n y l a t i o n of F e ( C O ) ^ / z e o l i t e adducts by t h e r m o a n a l y s i s 
When i n a thermobalance d i f f e r e n t amounts of z e o l i t e are loaded w i t h carbo

n y l vapor, the s a t u r a t i o n l o a d i n g s correspond t o the a d s o r p t i o n isotherms 
(38 wt % ) . Samples are heated up to 200°C i n a He stream a t r a t e s from 0.2 t o 
2°C/min. 

a. Decomposition of Fe (CO)/NaY. I r r e s p e c t i v e o f the amount of sample and 
the h e a t i n g r a t e , t h r e e d i s t i n c t r e g i o n s are found w i t h r e s p e c t t o thermal 
behaviour. Two zones of slow weight l o s s are separated by a f a s t decrease i n 
sample weight ( F i g . 5A). The l a t t e r i s accompanied by an endothermic DTA e f f e c t . 
I t i s s t r i k i n g , t h a t the DTA e f f e c t always s t a r t s , when the sample has l o s t 
15 wt % of i t s l o a d i n g . The b e g i n of the t h i r d zone i s d e f i n e d by the end of 
the DTA e f f e c t and always occurs when 26 wt % of l o a d i n g are l o s t . Around 200°C, 
the sample weight becomes s t a b l e and corresponds to a l o a d i n g of 10.5 %. 

Begin- and end-temperature of the DTA e f f e c t are s t r o n g l y dependent on the 
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h e a t i n g r a t e . E x t r a p o l a t i o n o f these temperatures t o zero h e a t i n g r a t e 
( r e f . 17) i n d i c a t e s , t h a t the same decomposition can be performed i s o t h e r m a l l y 
i n the t e m p e r a t u r e r e g i o n between 70 and 90°C. An i s o t h e r m a l experiment at 90°C 
a f t e r 11 h r s showed the break i n the weight curve. Since t h e sample weight 
does n o t change from 200 t o 400°C, the adsorbate present i s c o n s i d e r e d t o be 
m e t a l l i c i r o n . Compared t o the o r i g i n a l c a r b o n y l l o a d i n g l o s s e s of i r o n must 
be s m a l l e r t h a n 0.5 wt %. 

T h i s i s i n c o n t r a s t t o the r e s u l t s of vacuum decom p o s i t i o n and can be ex
p l a i n e d by an e f f i c i e n t h i n d e r i n g of the c a r b o n y l d i f f u s i o n a t h i g h pressures 
o f i n e r t gas. 

The t h e r m o a n a l y t i c a l r e s u l t s a l l o w t o d e p i c t c a r b o n y l d e c o m p o s i t i o n on NaY 
as f o l l o w s : 

NaY/Fe(C0) 5
 s l ° W > F e ( C 0 ) 2

 f a S t > F e ( C 0 ) , / 4
 S l ° W > Fe 

DTA 

The agreement between the measured weight l o s s and the one c a l c u l a t e d a c c o r d i n g 
t o t h i s s t o i c h i o m e t r y l i e s w i t h i n 5 %. 

b. Decomposition of Fe(C0)r/HY. The thermogramm of the HY/Fe(C0) 5 adduct 
i s d i s t i n c t l y d i f f e r e n t from the one of the NaY adduct ( F i g . 5B). F i r s t , the 
f a s t d e c o m p o s i t i o n as i n d i c a t e d by the s t a r t of the DTA e f f e c t always appears 
a t lower temperatures (83°C). Second, two weak, but r e p r o d u c a b l e endotherm DTA 
e f f e c t s are observed i n s t e a d of one, which c o r r e l a t e w i t h the DTG minima. Above 
144°C ( t h e e n d p o i n t of the second DTA e f f e c t ) no f u r t h e r w e i g h t l o s s occurs. 
S i m i l a r c o n s i d e r a t i o n s as w i t h NaY lead t o the f o l l o w i n g stages of decomposi
t i o n : 

HY/Fe(C0) 5
 s l Q W > F e ( C 0 ) 4

 f a S t > Fe(CO) f » s t > Fe 
1. DTA 2. DTA 

Again, e x c e l l e n t agreement between c a l c u l a t e d and measured v a l u e s i s o b t a i n e d . 
I n p r e v i o u s work decomposition of Fe(C0)^/HY i n vacuum was r e p o r t e d t o s t a r t 

a t 25°C and t o be complete at 200°C ( r e f . 12). The f o r m a t i o n of Fe(C0)/HY i s 
p o s t u l a t e d i n vacuo at 70°C ( r e f . 10). I n these s t u d i e s no r e a c t i o n times were 
r e p o r t e d . 

From our r e s u l t s i t i s c l e a r t h a t the temperature f o r complete dec o m p o s i t i o n 
i s below 90°C and t h a t decomposition i s a v e r y slow r e a c t i o n . 
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5. I n s i t u i n v e s t i g a t i o n of the F e ( C O ) ^ / z e o l i t e d e c o m p o s i t i o n by IR s p e c t r o s 
copy 
Decomposition of the c a r b o n y l adducts i n a He atmosphere leads t o r e s u l t s 

q u i t e d i s t i n c t from those of vacuum h e a t i n g . For the Fe(CO)<./NaY t h i s i s shown 
i n F i g . 6. A f t e r h e a t i n g a NaY sample ( s a t u r a t e d w i t h ¥e(CO),.) a t 150°C f o r 

-1 -1 
10 mm, a broad band around 1940 cm w i t h a shoulder a t 1860 cm i s generated, 
r e p l a c i n g the 1985, 1960 and 1945 cm * bands of the o r i g i n a l adduct ( F i g . 6D). 

The o r i g i n a l h i g h frequency bands, i n p a r t i c u l a r the 2044 cm * v i b r a t i o n , 
s t r o n g l y decrease i n i n t e n s i t y a f t e r prolonged h e a t i n g a t 150°C, l e a v i n g a 
shoulder a t the 2005 cm 1 band and a weak band a t 2070 ( F i g . 6E) . 

The broad low frequency band changes i n t o a v i b r a t i o n a t 1900 cm \ which 
i s the l a s t band t o s u r v i v e by f u r t h e r h e a t i n g t o 200°C. Decomposition i s 
complete a f t e r some hours a t 200°C. No bands below 1800 cm * are observed 
d u r i n g d ecomposition. 

For the Fe(C0)^/HY adduct the decomposition i s g i v e n i n F i g . 7. Thermal 
t r e a t m e n t a t 130°C o f a s a t u r a t e d HY-adduct f i r s t leads t o the g e n e r a t i o n of a 
new band around 1880 cm * ( F i g . 7D), whereas a f t e r 7 min. a r e l a t i v e decrease 
of the low frequency bands a t 1960 and 1880 cm ^ occurs ( F i g . 7E). Prolonged 
h e a t i n g a t t h i s temperature causes r a p i d d e c o m p o s i t i o n . A f t e r 12 min. o n l y 
t h r e e weak v i b r a t i o n s a t 2065, 2030 and 2000 cm ^ are l e f t . Decomposition i s 
completed a f t e r 45 min. a t 150°C, and a t the same time the o r i g i n a l 0H-bands 
are r e s t o r e d t o about 75 % o f t h e i r i n i t i a l i n t e n s i t y ( F i g . 3C) . 

I n b o t h z e o l i t e s bands below 1900 cm ^ are formed d u r i n g the e a r l y decomposi
t i o n , p r o v i d i n g some evidence f o r b r i d g e d CO ( r e f . 18). They may be a s s o c i a t e d 
w i t h Fe(C0) species formed d u r i n g the f i r s t phase of t h e r m a l d e c o m p o s i t i o n . 

x - i 
Bands a t 1760 and 1790 cm , which seemed t o be c h a r a c t e r i s t i c f o r the 
Fe 3(CO)j 2/HY adduct ( r e f . 12), have never been observed i n the p r e s e n t case. 
The f o l l o w i n g i n d i c a t i o n s e x i s t f o r the i n t e r m e d i a t e f o r m a t i o n of Fe^CCO)^ : 
- on the average 3 Fe(C0)<- are adsorbed per supercage; 
- the average s t o i c h i o m e t r y a f t e r the f i r s t r e a c t i o n step w i t h HY i s Fe(C0),; 

-1 
- bands around 1880 cm which i s i n the r e g i o n f o r b r i d g e d CO are a l s o observ

ed f o r F e 3 ( C O ) j 2 ^ n A r m a t r i x ( r e f . 19) or i n KBr p e l l e t s and i n s o l u t i o n 
( r e f . 12). The p r e v i o u s l y observed bands a t 1760/90 cm 1 a l t e r n a t i v e l y can be 
assigned t o s u r f a c e carbonate ( r e f . 20,21). 

With Fe(C0) 5/NaY, the broad band around 1895 cm i s the dominant species 
b e f o r e r e a c t i o n i s complete. 

I n g e n e r a l , L F e ( C 0 ) x species e x h i b i t a decrease of CO s t r e t c h i n g frequency 
w i t h d e c r e a s i n g x, i f L i s a set of the c o r r e s p o n d i n g number o f e l e c t r o n donor 
l i g a n d s o r an i n e r t m a t r i x ( r e f . 15,22-24). The p r e s e n t IR r e s u l t s f o r 
FetCO^/NaY can be understood i n the same way, i n d i c a t i n g a low CO c o o r d i n a t i o n 
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F i g . 6. ( l e f t ) IR s p e c t r a of the d e c a r b o n y l a t i o n of s a t u r a t e d Fe(C0),_/NaY i n 
He atmosphere. 
A : NaY z e o l i t e degassed a t 450°C; Β : Fe(CO) /NaY adduct (10 % s a t u r a t e d ) a t 
20°C; C : Fe(C0) 5/NaY adduct ( s a t u r a t e d ) heated i n 0.6 bar He a t 100°C f o r 15 
min.; D : sample C heated a t 150°C f o r 10 min.; Ε : sample C heated a t 150°C 
f o r 30 min., He pumped o f f ; F : sample Ε heated a t 200°C f o r 70 min. i n 0.6 bar 
He; A : sample Ε heated a t 200°C f o r 5 h. 
F i g . 7. ( r i g h t ) IR s p e c t r a of the d e c a r b o n y l a t i o n of s a t u r a t e d Fe(C0)^/HY i n 
He atmosphere. 
A : HY z e o l i t e degassed a t 450°C; Β : Fe(C0) /HY adduct (7 % s a t u r a t e d ) at 
20°C; C : Fe(C0) /HY adduct ( s a t u r a t e d ) a t 20°C; D : sample C heated up t o 
1 30°C i n 0.6 bar He; Ε : sample D heated a t 130°C f o r 7 min.; F : sample D 
heated a t 130°C f o r 12 min., He pumped o f f ; A : sample D heated a t 150°C f o r 
45 min. i n 0.6 bar He. 

number of the l a s t generated i n t e r m e d i a t e s . 
The lower t h e r m a l s t a b i l i t y of the HY adduct i s e x p l a i n e d by weaker ττ-back-

bonding towards the CO l i g a n d s due t o the in c r e a s e d e l e c t r o n d e f i c i e n c y of the 
i r o n c l u s t e r s . The e f f e c t of a c i d i t y on the metal-C0 bond was a l s o observed 
w i t h PdHY z e o l i t e s ( r e f . 2 5 ) . 
The HY-hydroxyl groups of the adduct are o n l y p a r t i a l l y r e s t o r e d a f t e r decom
p o s i t i o n , i n d i c a t i n g the consumption of protons a c c o r d i n g t o 

F e ( C 0 ) 5 + 2H + > H 2 + F e ( I I ) + 5C0 ( r e f . 12) 
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The p o r t i o n o f o x i d i z e d i r o n , t a k i n g i n t o account an i n i t i a l p r o t o n c o n t e n t o f 
50 H +/U.C, may t h e r e f o r e be e s t i m a t e d t o be ca. 25 % of the i r o n l o a d i n g . 

CONCLUSION 
The p r e s e n t work shows t h a t the i r o n c a r b o n y l a t 20°C i s s t r o n g l y adsorbed 

u n t i l the supercages o f the z e o l i t e s are s a t u r a t e d w i t h t h r e e molecules on t h e 
average. The Fe (CO),, molecule remains i n t a c t on a d s o r p t i o n and i s encaged i n 
the z e o l i t e w i t h r e s t r i c t e d m o b i l i t y . 

I n HY, a hydrogen bond o f moderate s t r e n g t h i s formed w i t h the supercage 
h y d r o x y l s , which are c o m p l e t e l y i n v o l v e d i n t h i s p r o cess. Thermal d e c o m p o s i t i o n 
i n h e l i u m o f the adducts leads t o d i s t i n c t C0-Fe fragments o f d i f f e r e n t compo
s i t i o n . F i n a l l y a rep r o d u c a b l e i r o n l o a d i n g of 10.5 ± 0.5 wt % i s o b t a i n e d . 
New evidence i s found f o r the i n t e r m e d i a t e g e n e r a t i o n o f F e ^ C O ) ^ d u r i n g t h e 
decomposition i n HY. 

From the p a r t l y r e v e r s i b l e h y d r o x y l i n t e r a c t i o n w i t h the complex i n HY, i t 
i s e s t i m a t e d t h a t about one q u a r t o f the i r o n i s o x i d i z e d d u r i n g d e c o m p o s i t i o n . 
Thermal decomposition i s a slow r e a c t i o n which goes t o c o m p l e t i o n a l r e a d y 
between 70 and 90°C. I t proceeds f a s t e r i n case of HY due t o a c i d i c d e s t a b i l i -
z a t i o n of th e Fe-C0 bond. 

Work i s i n progress t o determine the parameters i n f l u e n c i n g the p a r t i c l e 
s i z e and c a t a l y t i c p r o p e r t i e s o f these z e o l i t e supported i r o n c l u s t e r s . 
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