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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

ZEOLITE AND INTRAZEOLITE CHEMISTRY are the subjects of two sym
posia dealing with a dynamic and rapidly growing field in which a broad 
range of new chemistry, from solid state to organic, is being explored. 
Zeolites introduce both unusual activity and selectivity into heterogeneous 
adsorption and catalytic processes and are the inorganic analogues of 
enzymes in living systems

The 27 papers in this volum
acterization, and chemical studies by academic and industrial researchers. 
Although zeolite research activity has been predominantly industrially 
based, increasing effort and results are now emanating in academic 
laboratories. The synergism and mutual stimulation of these efforts can 
be expected to increase the quality and quantity of current and future 
research involving microporous crystalline molecular sieves. 

The search for solid state materials that have all or a large portion of 
their framework atoms available as adsorption sites is leading to new 
classes of substances that require a redefinition of the word "zeolite." The 
etymology of zeolite begins with Greek words "zein" and "lithos," which 
have been condensed to the Swedish "zeolit" or "boiling stone." J. V . 
Smith in the American Mineral Society Spec. Paper (1963) expanded this 
description to "an aluminosilicate framework structure enclosing cavities 
occupied by large ions and water molecules, both of which have consider
able freedom of movement, permitting ion exchange and reversible dehy
dration" with formula M x / n[(A1O 2) x(A1O 2) y]mH 2O. Cartraud, Cointot, 
and Renaud (J. Chem. Soc., 1981) discuss the zeolitic properties of the 
hexacyanoferrate(II), K 2Zn 3[Fe(CN) 6] 2 X H 2 O , so that in fact these ma
terials need not contain aluminum, silicon, or oxygen and may be transition 
metal based. In this book a new class of microporous crystalline inorganic 
molecular sieves that contain no silicon is described. The scope of future 
"zeolite" symposia will undoubtedly include an increasing number of ma
terials that have framework structures made up of atomic elements from 
a large portion of the periodic table. 

The synthesis of zeolites has long been regarded as an art with pro
cedures and reactants reminiscent of those described by Chaucer for the 
synthesis of the philosopher's stone. 

Unslekked lyme, chalk, and glayre of an ey, 
Poudres dyvers and asshes, dong, and cley . . . 

xi 
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The importance of recognizing and dealing with zeolite synthesis as a 
kinetic process that involves the isolation of metastable phases is pointed 
out in this book in a variety of ways. An examination of the extensive 
scientific and patent literature on zeolite synthesis rapidly convinces one 
that a lack of understanding of this point has been a major bottleneck 
in the characterization of zeolite chemical and physical properties. The 
zeolite properties are defined not only by synthesis parameters, but also by 
treatment following synthesis; for example, most synthesis treatment of 
zeolites with fluorine can be used to modify hydrophobicity drastically and 
increase catalytic activity for n-butane cracking. 

The second section of the book is concerned with characterization. The 
development and use of powerful, new analytical techniques, such as high-
resolution solid state nuclea
microanalysis, and powde
it possible to define the phase inhomogeneity, lattice defects, and frame
work disorder that one would expect from metastable phases. Zeolite A 
is the simplest zeolite that has been structurally characterized with 
a Si/Al ratio of 1, the minimum value necessary to satisfy Pauling, 
Loewenstein, and Dempsey and Olsen's rules. The first structural analysis 
of zeolite A was reported by Reed and Breck (J. Amer. Chem. Soc., 1956). 
Differentiation of Si and A l sites is difficult by x-ray analysis and this 
difficulty, plus the flexibility inherent in the zeolite framework, which is 
displayed on dehydration or supported ion migration, results in a structural 
problem that was not resolved for over 25 years by numerous investigators. 
The symposia upon which this book is based were the first in which a 
mutually satisfactory solution to the structure of zeolite A was reported. 
The resolution of the structure of zeolite A has pointed out the usefulness 
of high-resolution solid state NMR and of powder neutron diffraction. 
These studies provide the groundwork for deciphering more complicated 
zeolite structures and their framework order and/or disorder. 

Supported non-framework elements, as well as substituted or doped 
framework atoms, have been important for zeolite catalyst regeneration. 
By incorporating metal atoms into a microporous crystalline framework, a 
local transition state selectivity can be built into the active site of a cata
lytic process that is not readily attainable in homogeneous catalysis. The 
use of zeolites for carrying out catalysis with supported transition metal 
atoms as active sites is just beginning. The local environment of transition 
metal elements as a function of reaction parameters is being defined by in 
situ Mossbauer spectroscopy, electron spin echo measurements, EXAFS, 
and other novel spectroscopic techniques. This research is described in the 
second part of this text. 

Diffusion, absorption, and mass transport properties, of course, also 
define microporous molecular sieve selectivity. No other physical proper-

xii 
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ties are more important to understand and to define for the characterization 
of zeolites. This area of research is summarized in a manuscript by Douglas 
Ruthven. It is worth noting the suggestion of one reviewer that the pre
sentation and topic deserves to be expanded into a text on its own. The 
ability of zeolites to differentiate between nearly identical molecules such as 
O2 and N 2 is examined by D. T. Hayhurst and M . D. Sefcik. 

The catalytic activity of zeolites in alkane to olefin reactions, photo
chemical conversion reactions, Fischer-Tropsch hydrogenation, isocyana-
tion, carbonylation, and related chemistry make up the last theme. An 
important focus of this is to explore the utility of zeolites as selective hetero
geneous catalysts for reactions that involve Group VIII metals. The mech
anistic nature of some of this chemistry is presented, along with the char
acterization of supported organometallic transition metal complexes

One of the most excitin
understanding of the functionality of framework structure, chemisorption, 
and mass transport as related to chemical behavior. The research in this 
area has resulted in numerous advances during the past 2 years, many of 
which are presented in this text. It is expected that the applications and 
interest in crystalline molecular sieves will continue to expand rapidly. 

G A L E N D. STUCKY 

E. I. du Pont de Nemours and Company 

December 16, 1982 

xiii 
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1 
Factors Influencing the Synthesis of Zeolites 
A, X, and Y 

JOHN A. KOSTINKO 
J. M. Huber Corporation, Chemicals Division, Havre de Grace, MD 21078 

The synthesis of zeolite A, mixtures of A and X, 
and zeolite X usin
ously reported are described. The synthesis re
gions defined by triangular coordinates demonstrate 
that any of these materials may be made in the same 
area. The results are described in terms of the 
time required to initiate crystallization at a giv
en reaction temperature. Control of the factors 
which can influence the crystallization time are 
discussed in terms of "time table selectors" and 
"species selectors". Once a metastable species has 
preferentially crystallized, i t can transform to a 
more stable phase. For example, when synthesis 
conditions are chosen to produce zeolite A, the 
rate of hydroxysodalite formation is dependent on 
five variables. These variables and their effect 
on the conversion of zeolite A to hydroxysodalite 
are described mathematically. 

Review of the literature and existing patents indicates that 
the state of the art restricts the formation of a given zeolite to 
a specific batch composition range (1-9). Convention also implies 
that the use of triangular coordinate graphics to depict mole per
cent Na2O, SiO2 and A l 2 O 3 in the batch indicates which species of 
zeolite wi l l form. Figure 1 represents a composite of patented 
batch compositions for the synthesis of zeolites A, X and Y. It 
should be noted that batch composition ranges shown for the differ
ent zeolites never overlap. Although this concept has been used 
in the past, i t does not reliably predict results. This is demon
strated by the experimental data plotted on Figure 2 which shows 
the composition ranges which can be used to prepare zeolite A 
(A-B-C-D), X (A-E-F-G) and mixtures of A and X in the same batch 
(H-I-J-K). These ranges not only overlap, they also extend into 
areas previously designated for preparing zeolite Y. The data on 

0097-6156/83/0218-0003$06.00/0 
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A I N T R A Z E O L I T E CHEMISTRY 

Figure 1. Patented batch compositions for the synthesis of zeo
l i t e s A, X» and Y. Coordinates expressed as mole percent. 
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Figure 2. Experimental batch compositions for the synthesis of 
z e o l i t e A, mixtures of A and X, and z e o l i t e X. Coordinates ex
pressed as mole percent. 
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6 INTRAZEOLITE CHEMISTRY 

Table I demonstrates that the conventional explanation for the 
overlap of ranges i n terms of batch oxide molar r a t i o s i s inade
quate and merely suggests recipes for preparing a given z e o l i t e . 

Experimental 

The reactants used for preparing the z e o l i t e batches were 
granular sodium aluminate (Na20-Al 203-3H 20-Fisher Scientific)» so
dium s i l i c a t e s o l u t i o n (Na 20-2.48Si0 2-19.94 H 20) and 50% sodium hy
droxide s o l u t i o n (mercury c e l l type, Diamond-Shamrock). 

The dry sodium aluminate was f i r s t dissolved i n 1.7 times i t s 
weight of water and then a l l 50% caustic requirements were added. 
The sodium s i l i c a t e s o l u t i o n was d i l u t e d with any water requirement 
not used to dissolve the dry sodium aluminate. Both solutions were 
heated to the desired reactio  temperature d the  th  hot sodiu
aluminate s o l u t i o n was
l u t i o n (less than 30 seconds)  a g i t a t i o n
agitated u n t i l the r e s u l t i n g gel broke down to a homogenous, creamy 
s l u r r y . 

The s l u r r y was divided into 300 gram portions, sealed i n poly-
methylpentene containers, and placed i n an oven. A l l reactions 
were conducted under s t a t i c conditions and temperatures were main
tained plus or minus 1 degree centigrade. Samples were removed 
from the oven at desired time i n t e r v a l s , then f i l t e r e d and washed 
repeatedly with hot deionized water and oven dried at 100 degrees 
centigrade. 

Time required to i n i t i a t e c r y s t a l l i z a t i o n was determined by 
analyzing the products using standard X-ray d i f f r a c t i o n techniques. 

Results and Discussion 

A better understanding of the reason for the overlap of ranges 
can be achieved i f one thinks of the oxide molar r a t i o s i n terms 
of c r y s t a l l i z a t i o n accelerators and decelerators. When one exam
ines Figures 3 and 4, i t becomes clear that the molar r a t i o s 
H 20/Na 20, Na 20/Si0 2 and S i 0 2 / A l 2 0 3 are i n t e r a c t i n g i n a manner 
which r e l a t e s the type of z e o l i t e formed to the reaction time nec
essary for the i n i t i a t i o n of c r y s t a l l i z a t i o n at a given tempera
ture. When t h i s time i s short, mixtures of z e o l i t e A and hydroxy
so d a l i t e are formed, but when the time i s longer, z e o l i t e A i s 
formed. When the time i s s t i l l longer, z e o l i t e X i s formed. When 
the time i s between that necessary f o r the formation of z e o l i t e A 
and that necessary f o r the formation of z e o l i t e X, then a combina
t i o n of z e o l i t e A and X i s formed. Table I I summarizes the r e l a 
tionship between c r y s t a l l i z a t i o n time and species w i t h i n the range 
of synthesis conditions which were studied. 

By combining published r e s u l t s with the present work, i t would 
appear that w i t h i n the range of synthesis conditions tested there 
i s a continuum between the species hydroxysodalite, z e o l i t e A, 
z e o l i t e X, and z e o l i t e Y. This concept i s depicted on Figure 5, 
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1. KOSTINKO Synthesis of A, X, and Y Zeolites 7 

TABLE I 
Eff e c t of Batch Composition on Z e o l i t e Synthesis at 100°C 

H 20/Na 20 Na 20/Si0 2 S i 0 2 / A l 2 0 3 

Time Required 
To I n i t i a t e 

C r y s t a l l i z a t i o n , 
Hours 

Z e o l i t e 
Formed 

15 1.6 1.5 0.5 HS 
15 1.6 2.0 0.5 A 
15 1.6 2.5 0.5 A + HS 
15 1.6 3.0 0.5 A + HS 
15 2.4 1.5 0.5 A + HS 
15 2.4 2.0 0.5 A + HS 
15 2.4 2.5 0.5 HS 
15 2.4 3.0 1.0 HS 
20 1.6 
20 1.6 
20 1.6 3.0 1.0 A 
20 1.6 7.3 2.0 A 
20 2.4 1.5 0.5 A + HS 
20 2.4 2.0 0.5 A + HS 
20 2.4 2.5 0.5 A 
20 2.4 3.0 0.5 A 
25 1.6 1.5 1.0 A 
25 1.6 2.0 1.0 A 
25 1.6 2.5 1.5 A 
25 1.6 3.0 2.0 A 
25 2.4 1.5 1.0 A 
25 2.4 2.0 1.0 A 
25 2.4 2.5 1.0 A 
25 2.4 3.0 1.0 A 
30 1.2 2.5 3.0 A + X 
30 1.2 3.3 6.0 X 
30 1.2 5.3 8.0 X 
30 1.2 7.3 8.0 X 
30 1.6 2.5 2.0 A + X 
30 1.6 5.3 3.0 A + X 
30 1.6 6.3 3.0 A + X 
30 1.6 7.3 5.0 A + X 

TABLE I I 
Relationship Between Time Required f or C r y s t a l l i z a t i o n 

and the Type of Z e o l i t e Formed 
Time Required To 

I n i t i a t e C r y s t a l l i z a t i o n , 
Hours at 100°C Z e o l i t e Species Formed 

0.5 A + HS 
0.5 - 3.0 A 
2.0 - 3.0 A + X 
3.0 - 12.0 X 

greater than 12.0 Y 
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8 INTRAZEOLITE CHEMISTRY 

H20 
NogO 

30 IOO*C REACTION TEMPERATURE 

2.5 r 

2.0 

1.5 

z 
1.0 

0.5 

A 

A 
<2& 

A 
2Xk 

ixx @ @ ^ @ @ 

@ @ @ @> 4 

(J)-ZEOLITE A 

/K -ZEOLITE A AND X MIXTURE 

(K)-ZEOLITE X 

:< —HOURS REQUIRED TO INITIATE CRYSTALLIZATION 

J i I l I I L J l L 
2 3 4 5 6 7 8 

SiOg/Algps 

Figure 3. Effect of batch composition on the synthesis of zeolites 
A and X. 
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1. KOSTINKO Synthesis of A, X, and Y Zeolites 9 
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Figure 4. Ef f e c t of batch composition on the synthesis of zeo
l i t e s A and X. 
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1. KOSTINKO Synthesis of A, X, and Y Zeolites 11 

where the dashed l i n e s are suggested by the test r e s u l t s and the 
s o l i d l i n e s represent the previously established r e l a t i v e c r y s t a l 
l i z a t i o n times f o r these z e o l i t e s (3, 4̂  £, 10, 11). The e x i s 
tence of a continuum between these species i s supported by the 
following: 

1. The r e l a t i v e p o s i t i o n of the species formed with respect 
to time required for c r y s t a l l i z a t i o n has previously been estab
l i s h e d . 

2. Mixtures of z e o l i t e A and X have been prepared i n the same 
batch. 

3. Z e o l i t e A remaining i n i t s mother l i q u o r and reacted for 
extended periods of time w i l l convert int o hydroxysodalite (12). 

4. Overextended c r y s t a l l i z a t i o n periods usually r e s u l t i n a 
decrease i n the S i 0 2 content of z e o l i t e Y (9). 

5. Figures 6, 7 an
can change with time. Bot
s o d a l i t e and the conversion of z e o l i t e X to z e o l i t e A can be e a s i
l y seen i n t h i s three hour time sequence. 

The reaction time necessary for c r y s t a l l i z a t i o n at a given re
action temperature can be con t r o l l e d i n a va r i e t y of ways, but the 
major way of c o n t r o l l i n g r eaction time i s by adjusting the water to 
sodium oxide molar r a t i o of the reaction mixture. The reaction 
time necessary to form these z e o l i t e s i s d i r e c t l y proportional to 
the water to sodium oxide molar r a t i o used. For example, when the 
synthesis conditions indicate that the water to sodium oxide molar 
r a t i o f o r making z e o l i t e A i s between 15.1 and 20.1; for making a 
combination of z e o l i t e X and z e o l i t e A i t should be between 25:1 
and 35:1. Therefore, to synthesize z e o l i t e A i n a reaction mixture 
having a sodium oxide to s i l i c a molar r a t i o and a s i l i c a to alumina 
molar r a t i o where normally z e o l i t e X would be formed, one would de
crease the water to sodium oxide r a t i o . 

This r e l a t i o n s h i p between the water to sodium oxide molar 
r a t i o and the type of z e o l i t e formed was not previously known. For 
example, U.S. patents issued to Mi l t o n (1, 7), show a water to so
dium oxide molar r a t i o of from 35 to 200 for the production of zeo
l i t e A and a water to sodium oxide molar r a t i o of from 35 to 60 for 
the production of z e o l i t e X. I f anything, t h i s would imply that 
the reaction mixture for preparing z e o l i t e A should have a higher 
water to sodium oxide molar r a t i o than the reaction mixture f o r 
preparing z e o l i t e X. In U.S. patent 3,119,659, the water to sodi
um oxide molar r a t i o f or the production of z e o l i t e A i s from 30 to 
60. None of the above examples show that the water to sodium oxide 
molar r a t i o should be higher for making z e o l i t e X than for making 
z e o l i t e A. 

Another way of c o n t r o l l i n g the reaction time necessary for 
c r y s t a l l i z a t i o n at a given temperature i s by adjusting the sodium 
oxide to s i l i c a molar r a t i o of the reaction mixture. The reaction 
time necessary to form these z e o l i t e s i s inversely proportional to 
the sodium oxide to s i l i c a molar r a t i o used. The eff e c t of sodium 
oxide to s i l i c a molar r a t i o i s l e s s pronounced than that of water 
to sodium oxide molar r a t i o . 
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12 I N T R A Z E O L I T E C H E M I S T R Y 

Figure 6. Effect of reaction time on zeolite phase transformation. 
Keys to symbols indicate species detected after 1 hour. 
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1. KOSTINKO Synthesis of A, X, and Y Zeolites 13 

Figure 7. Ef f e c t of reaction time on z e o l i t e phase transformation. 
Keys to symbols indi c a t e species detected a f t e r 2 hours. 
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14 INTRAZEOLITE CHEMISTRY 
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Figure 8. Ef f e c t of reaction time on z e o l i t e phase transformation. 
Keys to symbols i n d i c a t e species detected a f t e r 3 hours. 
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1. KOSTINKO Synthesis of A, X, and Y Zeolites 15 

Adjusting the s i l i c a to alumina molar r a t i o of the reaction 
mixture also a f f e c t s the reaction time necessary for c r y s t a l l i z a 
t i o n at a given reaction temperature, but t h i s e f f e c t i s less than 
the e f f e c t of sodium oxide to s i l i c a molar r a t i o , which i n turn i s 
much l e s s than the e f f e c t of water to sodium oxide molar r a t i o . 
The reaction time necessary to form these z e o l i t e s i s d i r e c t l y 
proportional to the s i l i c a to alumina molar r a t i o . 

Four a d d i t i o n a l factors can also contribute to a l i m i t e d 
s h i f t i n the time required for c r y s t a l l i z a t i o n . These are the 
rate at which the sodium aluminate s o l u t i o n i s added to the sodium 
s i l i c a t e s o l u t i o n (13), anion a c t i v a t i o n (14, 15, 16), the source 
of S i 0 2 (17), and the reaction temperature (10). I t has been 
found that the e f f e c t of these variables i s most pronounced when 
synthesizing higher S i 0 2 / A l 2 0 3 r a t i o z e o l i t e s , such as X and Y. 
Their e f f e c t on the synthesi
and sometimes n e g l i g i b l e

These seven factors which determine the time required for 
c r y s t a l l i z a t i o n can be divided i n t o timetable selectors and species 
sele c t o r s . Rate of addition, anion a c t i v a t i o n , source of S i 0 2 and 
reaction temperature can a l l be considered "timetable selectors". 
In e f f e c t , they e s t a b l i s h a timetable which s p e c i f i e s a minimum 
reaction time for each of the species HS, A, X and Y (Figure 5). 
The batch composition factors H 20/Na 20, Na 20/Si0 2 and S i 0 2 / A l 2 0 3 

play a d i f f e r e n t r o l e and can be considered as "species selectors" . 
Once the timetable has been established, these factors govern 
which species w i l l c r y s t a l l i z e from the batch. Their control over 
the minimum time required for c r y s t a l l i z a t i o n allows one to s l i d e 
up and down the timetable and s e l e c t i v e l y produce HS, mixtures of 
A and HS, A, mixtures of A and X, X, etc. They are used to adjust 
the time required to i n i t i a t e c r y s t a l l i z a t i o n so that i t w i l l 
match a p a r t i c u l a r z e o l i t e i n the pre-established timetable. A l 
though timetable selectors can only change reaction time, species 
selectors can change both the species formed and reaction time. 
When preparing these z e o l i t e s , t h i s dual e f f e c t must be considered. 
Any v a r i a t i o n from the desired batch composition can present prob
lems i f the test i s designed to react for a fi x e d period of time. 
Variations which slow down the reaction could produce a z e o l i t e 
which has poor properties simply because i t has not completely 
c r y s t a l l i z e d . I f one has v a r i a t i o n s which speed up the reaction, 
one could produce a mixture of z e o l i t e phases. 

Thus, the reaction time necessary for c r y s t a l l i z a t i o n at a 
given temperature can be increased by increasing the water to sodi
um oxide r a t i o ; decreasing the sodium oxide to s i l i c a molar r a t i o ; 
increasing the s i l i c a to alumina molar r a t i o ; adding the sodium 
aluminate to the sodium s i l i c a t e at a slow rate of addition; using 
raw materials which contain no " a c t i v a t i n g " anions; using an i n 
active source of S i 0 2 ; and reacting the batch at a low temperature. 
The type of z e o l i t e formed depends on the t o t a l e f f e c t of the 
water to sodium oxide molar r a t i o and a l l of the ad d i t i o n a l factors 
mentioned above. 
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I f one assumes that these d i f f e r e n t c r y s t a l species are mere
l y metastable intermediates i n the continuum HS-A-X-Y, the S i 0 2 

content of the p r e c i p i t a t e d amorphous precursor would specify the 
s t a r t i n g p o s i t i o n i n the continuum. The reaction environment would 
then d i c t a t e which species, with S i 0 2 / A l 2 0 3 r a t i o <. to that of the 
precursor, w i l l c r y s t a l l i z e . Whenever the temperature i s s u f f i 
c i e n t , the free energy r e l a t i o n s h i p between these z e o l i t e s w i l l 
permit any of them to form. 

The metastable form which p r e f e r e n t i a l l y c r y s t a l l i z e s could 
then transform to a more stable phase ( i . e . z e o l i t e Y •+ z e o l i t e X 
or z e o l i t e A hydroxysodalite). Nucleation and growth rates 
would then become the l i m i t i n g factors i n determining how long 
t h i s would take. For example, when synthesis conditions are chosen 
to produce z e o l i t e A, the rate of hydroxysodalite formation i s de
pendent on f i v e v a r i a b l e s
conversion of z e o l i t e A

Batch H 20/Na 20 - Lower values accelerate the reaction 
Higher values dampen the reaction 

Batch Na 20/Si0 2 - Higher values accelerate the reaction 
Lower values dampen the reaction 

Batch S i 0 2 / A l 2 0 3 - Lower values accelerate the reaction 
Higher values dampen the reaction 

Reaction Temperature - Higher values accelerate the reaction 
Lower values dampen the reaction 

Reaction Time - Longer times produce more hydroxysodalite 
Shorter times produce l e s s hydroxysodalite 

Rate of a d d i t i o n , source of S i 0 2 and low l e v e l s of anion a c t i v a t o r s 
had l i t t l e influence w i t h i n the synthesis conditions tested. 

S t a r t i n g with any given set of z e o l i t e A synthesis conditions, 
one may control the amount of hydroxysodalite formed by properly 
manipulating these v a r i a b l e s . I t should be noted that more than 
one factor can vary at the same time. I f t h e i r v a r i a t i o n produces 
compensating e f f e c t s , i . e . lower Na 20/Si0 2 r a t i o and lower H2O/ 
Na 20 r a t i o , i t i s possible that they w i l l cancel each other out and 
produce no detectable change i n the r e s u l t s . 

Examples of how these variables a f f e c t the conversion of 
z e o l i t e A to hydroxysodalite are shown on Table I I I . Regression 
analysis of data r e l a t i n g these f i v e variables to the amount of 
hydroxysodalite found i n z e o l i t e A batches gives the following 
equation: 

% HS - e ( x 2 ) 

where e = 2.7183 and x = A(H 20/Na 20) + B ( S i 0 2 / A l 2 0 3 ) + C(Temp/10) 
-D(Temp/10)2 + E (Temp/10)3 - F(Time) 2 + G(Time) 3 - H(H 20/Si0 2) 
-I(H 20/Na 20 x S i 0 2 / A l 2 0 3 ) - J(H 20/Na 20 x Temp/10) 
-HC(H20/Na20 x Time) + L(Na 20/Al 20 3) + M(Na 20/Si0 2 x Temp/10) 
- N ( S i 0 2 / A l 2 0 3 x Temp/10) + 0(Temp/10 x Time) 
+P(H20/Na20 * Na 20/Si0 2) - Q 

Continued on page 18. 
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1. KOSTINKO Synthesis of A, X, and Y Zeolites 17 

TABLE I I I 

Control of Hydroxysodalite Formation 

H 20 Na 20 SiQ 2 Rx Temp, Rx Time, XRD, 
Na 20 S i 0 2 A1 20 3 °C Hours % HS 

15 1.6 2.0 100 0.5 0 
1.0 10 
1.5 27 

25 1.6 2.0 100 0.5 0 
1.0 0 

Eff e c t of H 20/Na

20 2.4 2.0 100 0.5 4 
1.0 9 
1.5 15 

20 1.6 2.0 100 0.5 0 
1.0 2 
1.5 2 

Effe c t of Na 20/Si0 2 on hydroxysodalite formation 

20 2.0 2.0 100 0.5 3 
1.0 5 
1.5 8 

20 2.0 3.0 100 0.5 0 
1.0 0 
1.5 4 

Eff e c t of S i 0 2 / A l 2 0 3 on hydroxysodalite formation 

20 2.4 2.0 100 0.5 4 
1.0 9 
1.5 15 

20 2.4 2.0 80 0.5 0 
1.0 0 
1.5 0 

Eff e c t of temperature on hydroxysodalite formation 

The e f f e c t of time on hydroxysodalite formation can be seen i n a l l 
of the examples shown above. 
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Temp = degrees Centigrade; Time = hours; H 20, Na 20, S i 0 2 , A1 20 3 = 
moles 
A 0.2671 G 0.0020 M - 0.0861 
B = 0.7907 H = 0.0279 N = 0.0284 
C = 70.0131 I = 0.0312 0 = 0.0353 
D = 7.9198 J s 0.0294 P - 0.0202 
E - 0.2997 K s 0.0040 Q - 207.25 
F = 0.0432 L 0.0372 

Mul t i p l e C orrelation C o e f f i c i e n t = .994 
Standard Error of the Estimate - ± 2.6% 

Given a set of synthesis conditions and s u f f i c i e n t reaction 
time to produce hydroxysodalite, pure z e o l i t e A can be obtained by 
decreasing the reaction time u n t i l the % HS approaches 0  I f the 
reaction time i s f i x e d
and achieve the same r e s u l t
fects the conversion of z e o l i t e A to hydroxysodalite, when a l l 
other v a r i a b l e s are held constant, appears on Figure 9. 

In summary, the p a r t i c u l a r z e o l i t e species or mixture of spe
cies which c r y s t a l l i z e s can be cont r o l l e d and i s predictable with
i n the synthesis conditions studied. This control can be achieved 
by applying the concept of a continuum between the species 
HS-A-X-Y, u t i l i z i n g the timetable selectors to e s t a b l i s h a fixed 
frame of reference, and using the species selectors to s e l e c t i v e l y 
produce a desired z e o l i t e . Once the desired species has c r y s t a l 
l i z e d , i t i s then possible to regulate and predict i t s conversion 
to the species which precedes i t i n the continuum. 

(OO-i 
9 0 -

HYDROXYSODALITE 

80 

70 

• 50 H 
N 40 

30 

20-

10-

H 2 0 / N a 2 0 * 25 

N a 2 0 / S i 0 2 * 2.4 

Si0 2 /AI 2 0 3 * L5 

Rx TEMP. « 98°C 

ZEOLITE A 
~ i — i — r — i — i — i — i — r — i — i — r ~ r — i 
4 5 6 7 8 9 10 II 12 13 14 15 16 

REACTION TIME, HOURS 

Figure 9. Effect of time on the conversion of z e o l i t e A to 
hydroxysodalite. Values are calculated using % HS equation. 
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2 
Synthesis and Characterization of a New Zeolite 
of the Offretite Type 

MARIO L. OCCELLI and ANTHONY J. PERROTTA 
Gulf Research & Development Company, Pittsburgh, PA 15230 

An offretite-typ
in the tetramethy
-silica-water system by the formation of a hydrogel 
of composition: Al 2O 3 :13.OSiO 2 :2.ORb 2O:9.0[(CH 3) 4 

N]2O;38OH2O. Crystallization of the gel at tem
peratures ranging from 95° to 150°C gives crystals 
characterized by a BET surface area of 380-420 m2/g 
and pore volume of 0.22-0.24 cc/g. The typical 
crystals composition (on a dry basis) is A l 2 O 3 : 
8.7SiO2:0.9Rb2O:0.085[(CH3)4N]2O. Crystal proper
ties have been investigated by X-ray powder d i f 
fraction, sorption, SEM, infrared, and thermal 
analysis techniques. (Rb,TMA) offretite appear to 
crystallize as irregular, rod-like particles having 
a high thermal stabili ty . The oxidative decomposi
tion of TMA cations occur in two steps at 300°C and 
430°C causing the appearance of new bands in the OH 
stretching region. Rb-Offretite sorbs 1.17 mmole/g 
n-butane and 1.01 mmole/g isobutane at 26°C. Their 
isosteric heat of sorption are nearly independent 
of coverage and amount of 9.2 and 12.3 Kcal/mole, 
respectively. 

Offretite is a hexagonal zeolite f i rs t discovered by 
Professor Gonnard(1) in 1890 in amygdaloidal basalt at Mount 
Semiouse near Montbreson, France. Offretite has been synthesized 
by Rubin,(2) and Aiello and Barrer(3) from aluminosilicate 
hydrogels in a TMA (tetramethylammonium)-KOH-NaOH mixed base 
system. Aiello and Barrer noted that this zeolite can be grown 
from gels in the presence of KOH-TMAOH but not in the presence of 
NaOH-TMAOH. Sand(4) has shown that offretite can be synthesized 
without TMA-OH from NaOH-KOH solutions. The synthesis of offre-

0097-6156/83/0218-0021$06.00/0 
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22 INTRAZEOLITE CHEMISTRY 

t i t e c r y s t a l s always included the presence of potassium ions u n t i l 
f a i r l y recently when Barrer and Sieber(5) were able to c r y s t a l l i z e 
t h i s z e o l i t e from a LiOH-CsOH-TMAOH containing hydrogel. I t i s 
the purpose of t h i s paper to describe the PerrottaC6) synthesis of 
a new z e o l i t e of the o f f r e t i t e type c r y s t a l l i z e d from a potassium 
fr e e , a l u m i n o s l l l c a t e hydrogel i n the presence of Rb-TMA ions. 

Experimental 

Rubidium-TMA-offretite was c r y s t a l l i z e d from a A^C^-SiC^-
Rb20-TMA0H %<> gel prepared from high p u r i t y grade reactants. 
Aqueous rubidium c h l o r i d e , aluminum n i t r a t e , and TMA hydroxide 
solutions were mixed i n a polypropylene beaker and then slowly 
added to s i l i c a s o l (LUDOX-AS, 30 wt% SIO2) under vigorous s t i r r 
i n g . The r e s u l t i n g hydrogel  allowed t  cold t
temperature for a few
polypropylene b o t t l e . Th  c r y s t a l  separate
l i q u o r by cent r i f u g a t l o n and subsequently washed with d i s t i l l e d 
water. The c r y s t a l s were dried i n a i r at 100°C. (H,Rb) o f f r e t i t e 
was obtained by ion exchanging the calcined, TMA-free, Rb-offre
t i t e with a 0.5 M NH4NO3 s o l u t i o n at 80°C for 4 hr. Decomposition 
of the ammonium ions was obtained by heating i n a i r at 550 °C over
night. 

A Perkin-Elmer TGS-2 thermogravimetric system(7) was used to 
measure sorption of normal and isobutane. A schematic diagram of 
t h i s apparatus i s shown i n Figure 1. The microbalance, equipped 
with temperature control and weight monitor u n i t s , i s connected to 
a vacuum system which consists of an o i l d i f f u s i o n pump backed up 
by a mechanical pump. Included i n the vacuum system are a Texas 
Instrument P r e c i s i o n quartz s p i r a l pressure gauge, a Veeco 
ionization-type vacuum gauge and a Varian VacIon pump. The cata
l y s t sample was suspended i n a sample pan surrounded by a platinum 
resistance heater. This heater was controlled by a temperature 
program c o n t r o l l e r . The weight change of the cat a l y s t during an 
experiment was monitored by a balance control unit and recorded by 
a Hewlett-Packard 7100B recorder. The s e n s i t i v i t y of the micro-
balance was ±0.2 ug. 

DSC and TGA measurements were carr i e d out using a DuPont 1090 
thermal analyzer using high p u r i t y nitrogen or oxygen as purge 
gases and heating rates of 10°C/min. The thermal s t a b i l i t y of the 
c r y s t a l s was investigated by observing c r y s t a l l i n i t y changes i n 
samples heated i n the temperature range of 540-980°C for a period 
of 4 hr. A l l powder d i f f r a c t i o n measurements were obtained on a 
Picker X-ray diffractometer at a scan rate of l°/min using mono
chromatic Cu-K r a d i a t i o n . Scanning electron micrographs (SEM) 
where taken with a JEOL (Japanese Electron Optic Laboratory) 
JSM-35 instrument. Infrared measurements were performed on a 
NICOLET 7000 FTIR spectrometer. Samples were pressed at 1500 atm 
into t h i n , s e l f supporting wafers approximately 1 i n . i n diameter. 
The wafers were then mounted i n an o p t i c a l c e l l . The IR c e l l 
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allowed the thermal treatment i n vacuo of the samples up to 400 °C 
and d i r e c t loading of pyridine vapors. Pyridine was sorbed at 
25°C on wafers that had been heat treated at 400°C for 1 hr. 
Degassing of the pyridine loaded samples was conducted at d i f f e r 
ent temperatures and t h e i r IR spectra recorded. 

Results and Discussion 

Synthesis The in v e s t i g a t i o n of the A l ^ : Si0 2:Rb 20: ( [ C ^ ] ^ 
N) 20:H 20 system has shown the existence of three d i f f e r e n t crys-^ 
t a l l l n e phases. Representative synthesis data i s shown i n 
Table I . A l l phases were formed below 120°C and obtained i n a 
5-30 day c r y s t a l l i z a t i o n period. At low TMAOH and s i l i c a concen
t r a t i o n ( S i 0 2 / A l 2 0 3 * TMAOH/AI0O3 * 5.0-6.0), the phase RbAlSi04« 
1.3H20 c r y s t a l l i z e s fro
s i l i c a and the TMA ion
appears. The x-ray diffractogram f o r t h i s phase i s shown i n 
Figure 2. A further Increase i n the s i l i c a , rubidium, and TMAOH 
content at constant alumina concentration results i n the c r y s t a l l i 
zation of a new sodalite-type phase. The X-ray data of t h i s new 
sod a l i t e species, with the computed c e l l constant, are given i n 
Table I I . The c e l l dimension of 8.94 A i s s l i g h t l y larger than the 
c e l l dimension of hydroxysodalite which i s 8.86 A.(8) 

Quality (Rb,TMA) o f f r e t i t e c r y s t a l s are best obtained from 
hydrogels of composition: A1 20 3:12.0SiO 2:2.0Rb 2O:9.0([CH 3] 4N) 20: 
360HoO. Crystals are characterized by a BET surface area of 
360-420 m2/g and a nitrogen pore volume of 0.20-0.24 cc/g. The 
scanning electron micrographs i n Figure 3, show that (Rb,TMA) 
o f f r e t i t e c r y s t a l l i z e s as ro d - l i k e p a r t i c l e s , i r r e g u l a r i n shape, 
frequently containing very small amounts of an u n i d e n t i f i a b l e 
phase. As i n z e o l i t e A(9) and Y,(10) the c r y s t a l l i z a t i o n reaction 
i s a u t o c a t a l y t i c i n nature• In fact a small addition of seed 
c r y s t a l s y i e l d s a s i g n i f i c a n t decrease i n c r y s t a l l i z a t i o n time. 
As expected, f a s t e r c r y s t a l l i z a t i o n times can also be induced by 
increasing c r y s t a l l i z a t i o n temperature, (see Table I ) . Typical 
composition of the c r y s t a l l i z a t i o n product i s : Al2.03:8.6 S i 0 2 : 
0.95 Rb 20:0.071([CH3) 4N) 20. The high S i 0 2 / A l 2 0 3 r a t i o observed 
(8.0 < SiOn/Al 20 3 £ 9.1) may be responsible f o r the excellent 
thermal s t a b i l i t y e x i b i t e d by these c r y s t a l s . After c a l c i n a t i o n 
i n a i r at 870 °C for 4 hr they retained ~80% of t h e i r o r i g i n a l 
c r y s t a l l i n i t y (see Figure 4). A s i m i l a r l y prepared sample of 
(Na,K,TMA) o f f r e t i t e retained only a 34% c r y s t a l l i n i t y when 
treated i n a s i m i l a r manner• A i e l l o and Barrer(3) have shown that 
during (Na,K,TMA) o f f r e t i t e c r y s t a l l i z a t i o n , an increase i n the 
K/(K+Na) r a t i o r e s u l t s i n an increase i n the s i l i c a l e v e l of the 
c r y s t a l s . A larger c a t i o n l i k e rubidium may i n d i r e c t l y promote 
the higher S i 0 2 content exhibited by t h i s Rb-zeolite of the o f f r e 
t i t e type because i t encourages the less bulky S i to isomor-
phously substitute for the Rb -A10 2~ combination i n the o f f r e t i t e 
l a t t i c e . 
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Table I 
THE AlgC^-SiOg-RbgCM [CH3l^N^ 0-H20 SYSTEM 

t Phases 
Gel Composition T(°C) Days Present 

Al 2O 3:5.0 SiO 2:2.0Rb 2O:5.5([CH 3] 4N) 2O:250 H 20 

Al 2O 3:5.0 SiO 2:2.0Rb 2O:5.5([CH 3] 4N) 2O:260 H 20 

Al 2O 3:12.0 SiO 2:2.0Rb 2O:8.5([CH 3] 4N) 2O:360 H 20 

Al 20 3:13.0 SiO 2:2.0Rb 2

Al 2O 3:13.0 SiO 2:2.0Rb 2O:9.0([CH 3] 4N) 2O:360 H 20 

Al 2O 3:13.0 SiO 2:2.0Rb 2O:9.0([CH 3] 4N) 2O:360 H 20 

Al 2O 3:14.0 SiO 2:2.0Rb 2O:9.0([CH 3] 4N) 2O:380 H 20 

Al 20 3:16.5 Si0 2:4.0Rb 2O:11.0([CH 3] 4N) 20:510H 2O 
* Seeded (1 g Rb - o f f r e t i t e c r y s t a l s per 870 g of g e l , dry b a s i s ) . 

Table I I 
X-RAY DATA FOR TMA-Rb SODALITE 

d (A) d (A) 
Observed Calculated hKl 

6.33 6.32 110 
4.46 4.47 200 
3.66 3.65 211 
3.15 3.16 220 
2.82 2.83 310 
2.58 2.58 222 
2.23 2.235 400 
2.10 2.108 330 
1.90 1.898 332 
1.75 1.753 501 
1.63 1.631 521 
1.58 1.580 440 
1.54 1.533 530 
1.49 1.490 442 
1.45 1.451 532 

d Q - 8.94 A 

» 5 r , s $ -
RbAlSiO^ 
1.3 H20 

O f f r e t i t e 
Type 

O f f r e t i t e 
Typ

Type 

9 0 - Type 

9 0 1 7

120 4 

90 25 

95 27 

O f f r e t i t e 
Type 

Offr e t i t e + 
Sodalite 
Sodalite+ 
O f f r e t i t e 
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TMA-K-Na-OFFRETITE 

\J w 

TMA-Rb-OFFRETITE 

jJ 
4 3 39 36 31 27 23 19 15 11 

" 1 1 . i i i _ 
2 0 (DEGREES) 

Figure 2. 
X-Ray dlffractograms for (Rb,TMA) offretite and (Na,K,TMA) offretite. 
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Figure 3. 
Scanning electron micrographs for (Rb,TMA) o f f r e t i t e 
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540 650 760 870 980 
ACTIVAT ION TEMPERATURE (°C) 

Figure 4 . 
The thermal s t a b i l i t y of (Rb» TMA) ( so l id l ine ) and (Na, K» TMA) 
(broken l ine ) o f f r e t i t e c ry s t a l s . The c r y s t a l l i n i t y of the samples 
dried at 250 °C /4 hrs was a r b i t r a r i l y taken as 100%. 
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Thermal Analysis The DTA p r o f i l e f or (Rb,TMA) o f f r e t i t e i n 
Figure 5 shows the existance of three w e l l defined peaks repre
senting dehydration and decompositions of TMA cations. The endo
t h e l i a l dehydration i s e s s e n t i a l l y completed at 220°C. The oxida
t i v e decomposition of TMA ions occurs i n two steps at 330 and 
435°C res p e c t i v e l y . The exchangeable TMA ions i n the large, main 
channels are probably decomposed at the lower temperature and the 
nonexchangeable TMA ions, entrapped i n the gmelinlte cages, decom
pose at the higher temperature .(11) The thermogravimetric curve 
i n Figure 6 correlates w e l l with the DTA p r o f i l e i n Figure 5 and 
shows that sorbed and z e o l i t i c water contribute a 13.0 wt% l o s s . 
The weight loss between 220 and 500°C i s due to the breakdown of 
i n t r a c r y s t a l l i n e TMA ions. The remaining weight change (1.2 wt%) 
represents the dehydroxylation of the OH-groups generated during 
the thermal decompositio  ions  weigh
was 3.64 mg. When heatin
2.1 wt% was l o s t due to the oxidation of otherwise r e s i d u a l carbon 
deposits. 

Sorption Measurements Sorption isotherms f o r normal and 
isobutane were obtained on a sample of R b - o f f r e t i t e which had been 
calcined i n a i r at 550°C overnight. The curves i n Figures 7 and 
8, together with the Clausius-Clapeyron equation, were used to 
measure i s o s t e r i c heats of sorption. At a coverage of 
~0.4 mmoles/g, AH • 7.47 Kcal/mole for n-butane. By increasing 
the sorbate loading to 0.79 mmoles/g the heat of sorption i n 
creased s l i g h t l y (to 8.5 kcal/mole) i n d i c a t i n g the lack of p r e f e r 
e n t i a l sorption centers i n R b - o f f r e t i t e c r y s t a l s . For Isobutane 
the AH was 10.2 kcal/mole. 

At 26°C (P/Po s 0.4) the equilibrium loading for n-butane i s 
1.17 mmoles/g. This loading does not d i f f e r g reatly from the 
isobutane equilibrium capacity (1.01 mmoles/g) suggesting that 
these R b - o f f r e t i t e c r y s t a l s are probably free from s a l t occlusion 
and/or stacking f a u l t s . 

Infrared Analysis As described by Wu et al.(11) TMA decom
po s i t i o n i n o f f r e t i t e c r y s t a l s can be followed by observing the 
decrease i n Intensity with temperature of the TMA ion bands and by 
the concomitant appearance of new bands i n the OH stretching 
region (see Figures 9 and 10). The IR spectra of (Rb,TMA) o f f r e 
t i t e at d i f f e r e n t temperatures i s shown i n Figure 9. The band at 
3741 cm i s due to terminal Si-OH groups. The appearance of a 
new band at 3615 cm"1 i s due to OH groups generated during TMA 
decomposition at 400°C. The p r o t i c nature of these hydroxyls was 
confirmed by t h e i r i n t e r a c t i o n with pyridine (see Figure 11). In 
the pyridine loaded sample, the band at 3615 cm disappears while 
new adsorption bands due to chemisorbed pyridine are generated i n 
the 1400-1650 cm""1 region (see Figure 12). Upon heating i n vacuo 
at 400°C for 1 hr, these new bands disappear and the band at 
3615 cm""1 i s restored (see Figures 11 and 12). The spectra given 
i n Figure 9 Includes the spectra of a (Rb-TMA) o f f r e t i t e sample 
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i 1 1 1 r 

- j i i i 1 1 
100 200 300 400 500 600 

TEMPERATURE, C (CHROMEL/ALUMEL) 

Figure 5. 
DTA p ro f i l e for (RbJMA) o f f r e t i t e and (Na,K,TMA) o f f r e t i t e in 
oxygen. Sample weight: 9.8 mg. Heating rate : 10 °C/min. Oxygen 
flow rate : 55 CC/min. 
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I i ' • ' i 1 1— * , 
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WAVENUMBERSfcm"1) 

Rgure 9. 
Infrared absorption bands in the OH-Stretching region for 
(Rb,TMA) o f f r e t i t e heated in vacuo at 100(a), 200(b), and 
400 ° C ( c ) . The spectra of (H,Rb) o f f r e t i t e i s shown for 
comparison purposes 
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i I I i I l J i I 
3 8 0 0 3 6 0 0 3 4 0 0 3 2 0 0 3 0 0 0 

W A V E N U M B E R S ( c m - 1 ) 

Figure 11. 
Infrared spectra of Rb-o f f ret i te before and after room 
temperature sorption of pyr id ine . Outgassing temperatures: 
(a) 100, (b) 200, (c) 400 °C. Curve (d) refers to the 
Rb-of f ret i te crysta ls used 
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_ i i i i I 
1700 1600 1500 1400 1300 

WAVENUMBERSCcnT1) 
Figure 12. 
Var iat ion of IR band intens i ty of chemisorbed pyr id ine . Outgassing 
temperatures: (b)100 °C (c)400 °C. Curve (a) refers to the 
calcined Rb-of f ret i te crysta ls used. 
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which has been calcined at 550°C overnight, NH^ exchanged, oven 
dr i e d , and then heated i n a i r at 500°C for 4 hr. This spectra 
shows that bv replacing Rb ions with protons, new bands at 3650 
and 3560 cm""1 appear while the Si-OH band remains f a i r l y constant 
at 3741 cm . The a c i d i c strength of these bands i s evident by 
t h e i r strong i n t e r a c t i o n with pyridine which i s mostly retained 
even a f t e r desorbing i n vacuo at 400°C for 1 hr (see Figure 13). 

z 

— i i t — i — 
1 7 0 0 1 6 0 0 1 5 0 0 1 4 0 0 

W A V E N U M B E R S {cm" 1 ) 

Figure 13. 
Infrared spectra of (H,Rb) o f f r e t i t e before and after 
room temperature sorption of pyr id ine . Outgassing 
temperatures: (b) 25, (c) 100, and (d) 400 °C. Curve (a) 
refers to the (HRb) o f f r e t i t e crysta ls used 
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The spectra i n Figure 9 i s somewhat d i f f e r e n t from the spec
t r a of o f f r e t i t e c r y s t a l s synthesized i n the NaOH-KOH-TMAOH mixed 
base system, Wu et al . ( 1 1 ) , i n addition to our observed band at 
3615 cm" , reported the appearance of a c i d i c bands at 3690 and 
3550 cm" • In contrast, Mlrodatos et al.(12) reported the appear
ance of only one, weakly a c i d i c band at 3660 cm". The TMA 
content and the concentrations of d i f f e r e n t charge compensating 
cations may be responsible for these differences. 
Conclusions 

The i n v e s t i g a t i o n of the alumina-silica-rubidium-TMA system 
has shown the existence of three d i f f e r e n t c r y s t a l l i n e phases. 
From an hydrogel of composition A1 20 3:13.0SiO 2:2.0Rb 2O:9.0 
[(CH3)^N]2O:360H2O a new z e o l i t e of the o f f r e t i t e type c r y s t a l 
l i z e s as i r r e g u l a r , r o d - l i k
surface area of 380-42
and good thermal s t a b i l i t y to ~870°C. The oxidative decomposition 
of TMA ions generates a c i d i c OH groups which vibrate at 3615 cm" . 
The exchange of rubidium with ammonium ions produce new hydroxy Is 
which vibrate at 3650 and 3560 cm" . Rb - o f f r e t i t e sorbs almost 
equimolar amounts of normal and isobutane suggesting that these 
c r y s t a l s are probably free of s a l t occlusion and/or stacking 
f a u l t s . 
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3 
Zeolite Modification—Direct Fluorination 

BRENT M. LOK, F. P. GORTSEMA, CELESTE A. MESSINA, H . RASTELLI, 
and T. P. J. IZOD 
Union Carbide Corporation, Tarrytown Technical Center, Tarrytown, NY 10591 

Dilute fluorine
zeolites at near-ambien
pressure. Most of the resulting materials retain 
very high crystallinity even after 600°C postcal-
cination for two hours. Both framework infrared 
spectra and X-ray powder diffraction patterns 
clearly show structural dealumination and st a b i l i 
zation. The hydrophobic nature of the fluorine
-treated and 600°C-calcined material is shown by a 
low water adsorption capacity and selective ad
sorption of n-butanol from a 1 vol.% n-butanol
-water solution. Fluorination also changes the 
catalytic activity of the zeolite as measured by 
an n-butane cracking method. 

Over the past thirty years, zeolite science has grown into a 
major branch of chemistry. A large number of new zeolite mater
ials have been made by both direct hydrothermal synthesis and by 
post-synthesis modification. This has led to a large number of 
new applications in such diverse fields as catalysis, adsorption 
and ion exchange. In synthesis alone, over one hundred new 
zeolites have been produced. These are divided into two major 
classes: ones with low silicon to aluminum ratios (Si/Al<10) and 
ones with high silicon to aluminum ratios (Si/Al>10). The low 
silicon to aluminum ratio zeolites have hydrophilic surfaces, a 
large number of exchangeable cations and acid sites with moderate 
to high strength. On the other hand, the high silicon to aluminum 
ratio zeolites have an organophilic surface, a relatively small 
number of exchangeable cations and a relatively small number of 
acid sites with high strength. 

Many low silicon to aluminum ratio zeolites can be structur
ally modified to have a high silicon to aluminum ratio and, thus, 
in many respects, behave like a high silicon to aluminum ratio 

0097-6156/83/0218-0041$06.00/0 
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zeolite. The known methods of synthesis of these materials in
clude mineral or weak organic acid extraction of acid-stable 
zeolites such as clinoptilolite (1) and mordenite (2-7J, hydro-
thermal treatment (8̂ -9) and reaction with organic complexing 
agents (EDTA)(10) or acetylacetone (11) or chromic salts (12). 
Very recently, zeolites have also been modified by chlorine (13) 
and chlorine-related compounds at high temperature (14, 15). Hie 
known modification methods can be further classified as either 
liquid or vapor phase treatments. The acid washing, organic com
plexing agent extraction and chromic salt treatments f a l l into the 
f i r s t class while the steaming and the chlorine and related com
pounds reactions belong to the second class. 

Fundamentally, a l l the modification methods follow the same 
principle, that i s , to remove structural aluminum. After the 
removal, a structural defec
accepted hypothesis is
hydroxyl nest (1). It has been further hypothesized that under 
the proper conditions, a s i l i c a molecule would be inserted into 
the vacant site and, thus, anneal the structural defect (16). 
The source of the s i l i c a can be either the treating reagent (14) 
or the zeolite sample its e l f through rearrangement of s i l i c a from 
another part of the framework or from a s i l i c a impurity within 
the sample. (Note that in the chromic salt case, chromia rather 
than s i l i c a is claimed to be inserted in the structure.) Because 
of the dealumination and the s i l i c a insertion, the treated samples 
are usually found to have a higher framework silicon to aluminum 
ratio and a higher thermal stability than the untreated materials. 
Furthermore, hydrophobic surface properties usually result from 
substantial dealumination (7). 

We believe the use of a direct gaseous phase fluorination 
process for modifying the surface and structure of zeolites to be 
a new process (18)• The literature does contain references to 
the use of hydrogen fluoride (20, 22, 23), boron trifluoride (21, 
24), aluminum monofluoride (sic) (19) and s i l i c a difluoride (sic) 
(19) to treat the surface of a zeolite to obtain higher catalytic 
activity. However, the use of fluorine gas to modify both sur
face and structure has not been reported before. The purpose of 
this paper is to report results of fluorination of zeolites and 
to describe the process involved in such a treatment. Detailed 
results on fluorine-treated zeolites and their unusual properties, 
both adsorptive and catalytic, w i l l be discussed in forthcoming 
papers. 

Experimental 

Treatment Conditions 

Table I l i s t s the zeolite samples used in this study along 
with their chemical composition and source of manufacture. Either 
ammonium ion-exchanged or acid-washed zeolites were employed to 
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avoid the formation of cation fluorides in the pore system. Both 
precalcined and uncalcined samples were used. The results indi
cate that the properties of treated products are similar regard
less of their calcination state. 

Table I 
CHEMICAL COMPOSITION AND SOURCE OF VARIOUS MATERIALS TESTED 

Chemical Compositions (wt %) Mole Ratio 
Zeolite Al20^ Si02 Naj2£ (NH4)70 Si/Al M/Al NH^/Al Source 

LZ-105a 4.28 90.2 2.86 17.9 1.10 This lab 
LZ-105*> 3.73 95.0 0.03 - 21.6 0.01 - This lab 
H-zeolon 10.9 89.3 0.17 - 7.0 0.03 - Norto
Erionite c 18.6 77.2 

((Na+K) 2 ) 
Erionite a 18.8 78.8 0.98 2.2 3.53 0.06 0.23 This lab 
NH4, 
TMA-Q 17.1 72.0 0.04 7.9 3.58 - 0.91 This lab 

NH4, K-L 19.5 68.8 3.6 8.1 3.0 0.20 0.81 This lab 

NH4YC 
(K20) 

NH4YC 20.6 74.8 0.14 4.3 3.09 0.01 0.41 This lab 

a. 20 wt % alumina bonded. 
b. Acid washed and 20 wt % alumina bonded. 
c. Mild steaming followed by NHj exchange with hot NH4C1 solution. 
d. Mild steaming and NH4C1 exchange repeated. 

The powder sample, in 5 to 20 gram quantities, was placed in 
a Teflon container. Then, to remove the bulk water, the sample 
was evacuated at 60°C in a stainless steel reactor chamber 
(volume - 50 dm3) equipped with a thermocouple, a pressure gauge, 
three gas inlets and a vacuum outlet. The three gas inlets were 
used to introduce fluorine, nitrogen and oxygen. The desired 
amount of fluorine gas (0-20 volume %) was introduced after the 
reactor chamber had f i r s t been f i l l e d with a predetermined amount 
of nitrogen and oxygen. The total gas pressure in the reactor 
was always slightly lower than one atmosphere pressure for safety 
reasons. The concentration of a particular gas was measured in 
pressure percent by means of a pressure gauge and then converted 
to volume percent by assuming the ideal gas law. The sample was 
kept in the reactor chamber in contact with fluorine for a speci
fied period and then the reactor chamber was evacuated and, sub
sequently, flushed with nitrogen gas. During the treatment pro
cess, the reactor was maintained at ambient or 60°C. However, 
the actual sample temperature, as measured by a thermocouple in 
contact with the powder sample, was found to be much higher than 
the reactor temperature due to the exothermic nature of the 
fluorination reaction. To desorb fluorine and related gases, 
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samples were either post-activated at 150°C under vacuum or 
flushed with dry nitrogen for ten minutes. The treated samples 
were optionally postcalcined at 600°C for 2 hours and stored in 
zipper-seal plastic bags and kept in a desiccator. 

Table II l i s t s the treatment conditions. 
Table II 

FLUORINE TREATMENT CONDITIONS 
Treatment Conditions 

F % O % 
2 2 Duration Temp F 2Content e 

Sample # Zeolite Vol % Vol % (min) (°C) Type (wt %) 

1 LZ-105a 10 2 10 60 Severe N.A. 
2 LZ-105b 5 5 15 60 Sever 2 . 4 * 
3 H-zeolon 
4 H-zeolon 
5 H-zeolon 1 09 45 25 Mild N.A. 
6 Erionite 0 5 5 5 60 Severe 4.6 
7 Erionite d 5 5 5 60 Severe N.A. 
8 NH4, TMA-Q 5 5 5 60 Severe 4.4 
9 NH4# K-L 5 5 5 60 Severe 4.8 
10 NH4, Y c 2 09 5 60 Mild N.A. 
11 NH4, Y c 

NH4YC 
2 09 15 25 Mild 2.2 

12 
NH4, Y c 

NH4YC 1 0* 15 25 Mild N.A. 

a. 20 wt % alumina bonded. 
b. Acid washed and 20 wt % alumina bonded. 
c. Mild steaming followed by NHj exchange with hot NH4C1 solution. 
d. Mild steaming and NH4C1 exchange repeated. 
e. F 2 content analyzed after fluorination. 
f. F 2 content analyzed after 600°C calcination and 2 1/2 hr. sox-

hlet extraction subsequent to fluorination. 
g. Samples treated in a flow-through reactor with premixed F 2 - N 2 

mixture. 
N.A. - Not analyzed. 

Characterization 

For sample characterization, a Philips X-ray diffractometer 
employing Cul^ radiation was used over a 26 range of 4° to 56° at 
a scan rate of 2 degrees/min. I. R. spectra were obtained from 
0.5 in. diameter KBr pellets (for framework spectra) and self-
supported wafers (for hydroxyl region spectra). Two concentra
tions were usually employed in KBr pellets: 0.25 mg sample per 
350 mg KBr and 1 mg sample per 350 mg KBr. Spectra were recorded 
with a Nicolet model 7199 FT-IR spectrometer. Gas phase adsorp
tion studies on treated samples were carried out using a McBain-
Bakr gravimetric adsorption system with quartz springs. Samples 
were activated at 350°C, lxlO" 4 torr for about 16 hours before 
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the adsorption measurement. A binary liquid (1 vol % n-butanol 
in water) shake test (25) was conducted by mixing 0.5 g of the 
sample with 5 cm3 or 0.25 g of the sample with 2.5 cm3 of the n-
butanol-H20 solution in a glass v i a l . The slurry was well shaken 
mechanically for one and a half to two hours. The mother liquor 
was analyzed by gas chromatography. A delta hexane loading test 
(26) was used as one of the measurements of surface hydrophobicity 
and organophilicity. Water was adsorbed onto the sample at near 
saturation pressure (̂ 20 torr) and ambient temperature. Then, 
when the water adsorption reached equilibrium, 50 torr of n-hexane 
vapor was introduced. The additional amount adsorbed is termed 
the delta hexane loading. 

Finally, the catalytic activity was measured by a 2 mole % n-
butane cracking method described in detail on another paper (27). 

Results 

To illustrate the dealumination and structure stabilization 
in treated zeolites, severely treated and postcalcined ones are 
chosen as examples. The degree of dealumination, nevertheless, 
can be controlled by varying the treatment conditions. 

X-Ray Diffraction 

For LZ-105 (28), there is very l i t t l e observable change in 
the X-ray spectra before and after treatment. Full retention of 
crystallinity is evident. However, reduction in intensity for 
the peak at 29 = 24.4° is noted. Such an intensity change is also 
very prominent in the spectrum of fluoride s i l i c a l i t e , a s i l i c a 
polymorph synthesized in the presence of a fluoride salt (29). 

For H-zeolon, erionite and NH4Y, there are noticeable changes 
in both peak intensity and peak positions, especially for those 
treated under severe conditions (Figures la, b,c). The substan
t i a l increase in peak intensities for low angle peaks observed in 
the X-ray spectra of fluorine treated H-zeolon, erionite and 
NH4Y is also found in the X-ray spectra of the hydrothermally 
treated samples (9). In addition to the intensity changes, a l l 
the X-ray peaks for the fluorine-treated samples are slightly 
shifted to higher 26 values compared to the untreated materials. 
Shifts to higher 26 values usually imply a decrease in unit c e l l 
size associated with dealumination and structure stabilization. 
Similar peak shifts have also been observed for high temperature-
steamed samples (9)• 

For both NH4,K-L and NH4, TMA-ft, the X-ray diffraction 
spectra (Figure Id, e) indicate that both zeolites retain most of 
their crystallinity after fluorine treatment and 500°C calcina
tion. Except for some minor changes in peak intensity for 
fluorine-treated NH4,K-L, there is no evidence of peak intensity 
and position change as found for other treated zeolites. After 
600°C calcination in air, a further loss of crystallinity is seen 
for fluorine-treated NH4,K-L. However, NH4,TMA-fi loses virtually 
a l l crystallinity. 
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Figure 1. 
X-Ray d i f f r ac t i on spectra of f luor ine - t reated zeo l i tes 
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I. R. Spectra 

Framework Region (400 cm""1 - 1600 cm"1) 

It is well known in the literature (30) that a shift of 
certain I. R. bands to higher wave numbers is evidence of dealum
ination. Since LZ-105 has a relatively high Si/Al ratio (Si/Al -
21.6), the shifts of band positions are small. In addition to 
the band position shifts in fluorine-treated LZ-105, sharpening of 
peaks at 628 and 587 cm"1 occurs, indicative of structure s t a b i l i 
zation. For a l l the 600°C-calcined fluorine-treated H-zeolon and 
NH 4 Y zeolites, band position shifts and band sharpening are prom
inent in the I. R. framework spectra as shown in Figures 2a and 
2b, respectively. These samples show as much as 20 cm up-shift 
in the 1078, 799 and 637 cm"1 band  fo  H-zeolo d 1059 cm"1 

band for NH 4 Y zeolite
the shifting and splitting
at 594 and 571 cm"1 and 669 and 658 cm"1 and the appearance of 
multiple bands in the region of 800 cm"1 to 700 cm"1 are observed 
for the fluorine-treated H-zeolon. A doublet near 1200 cm"1 and 
shoulders at 795 and 485 cm"1 appear in the fluorine-treated NH 4 Y 
spectrum. These prominent changes strongly confirm that substan
t i a l dealumination and structure stabilization occur for H-zeolon 
and NH 4 Y zeolite after fluorination and calcination. 

The spectrum for the 600°C-calcined fluorine-treated erionite 
sample shows substantial shifts in band positions, but band shar
pening is less obvious. The bands at 1082, 792, 578, 470 and 438 
cm"1 are shifted to 1098, 814, 585, 477 and 444 cm"1, respective
ly, after fluorine treatment and 600°C calcination. The large 
shifts observed are evidence of dealumination. The splitting of 
the 1082 cm"1 band into a doublet located at 1098 and 1085 cm"1 

and some degree of band sharpening imply structure stabilization 
for fluorine treated erionite. 

Finally, I. R. spectra for fluorine-treated and then 500°C-
calcined N H 4 , K-L and NH4,TMA-Q (Figures 2c and 2d) show an up
shift of band positions, but loss of spectral resolution. Thus, 
the I. R. results indicate that the two zeolites undergo struc
tural dealumination by fluorine treatment and subsequent calcina
tion, but both show no evidence of structure stabilization. 

OH Region (3100 cm"1 - 3900 cm"1) 

Before treatment, acid-washed LZ-105 shows two distinct 
bands in the OH region I. R. spectrum: one at 3745 cm and the 
other at 3615 cm"1. The former is attributable to OH groups on 
terminal zeolite surfaces or amorphous impurity material. The 
3615 cm"1 band is believed to be related to the Bronsted acid 
sites in LZ-105. After fluorination and 600°C calcination, both 
the 3615 and 3745 cm"1 bands disappear. 
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Figure 2. 
Framework i n f r a r e d spectra of f l u o r i n e - t r e a t e d z e o l i t e s 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



3. LOK ET AL. Zeolite Modification by Fluorination 49 

In the H-zeolon case, two different types of hydroxy1 groups 
are found in the zeolite (Figure 3a). One band at 3745 cm"1 

splits after fluorination into two bands: one s t i l l at 3745 cm"1 

with much lower intensity and the other at 3713 cm"1. Then upon 
calcination at 500°C, the two peaks become one peak at 3745 cm"1 

with a substantially reduced intensity. The other hydroxyl group 
band at 3624 cm"1 decreases in intensity after fluorination and 
then completely disappears after calcination at 600°C. 

Similar observations of reduced intensity for the fluorine-
treated sample and nearly complete elimination of bands for the 
treated and 600°C-caicined sample are found for erionite and NH4Y 
(Figure 3b). Since fluorine-treated NH4,K-L and NH4,TMA-ft lose 
crystallinity upon 600°C calcination, the OH region spectra were 
taken after 500°C calcination. Both show substantial reduction in 
intensity for Bronsted
3630-3680 cm"1) and som
band. 

McBain-Bakr Adsorption 

Oxygen Adsorption at -183°C 

The adsorption of oxygen is used here as another measure of 
total crystallinity (Table III). LZ-105, H-zeolon, erionite, 
NH4,TMA-fl, NH4,K-L and NH4Y a l l show 10-20% loss in their total 
oxygen capacities. There are at least two explanations for such 
a reduction. First, the total pore volume is lowered because the 
total crystallinity after fluorination decreases slightly. Second, 
the fluorine treatment results in the entrapment of fluoride com
pounds such as MF, A I F 3 , A1F 2(0H), A1F(0H)2# etc. in the pore 
systems. 

Water Adsorption at 25°C 

The adsorption of water is used in this study as one of the 
measures of surface hydrophobic!ty. As the data in Table IV 
show, the fluorine-treated and subsequently calcined LZ-105, H-
zeolon, erionite and NH4Y a l l have low water capacity as compared 
to their untreated counterparts. The reduction in water capacity 
(>50 vol % at 4.6 torr) is appreciably greater than the reduction 
in oxygen capacity (<20 vol % at 100 torr). Such a large reduc
tion in water capacity is explained by the surface hydrophobicity 
(loss of surface and structural OH groups) as a result of fluorin
ation. The increase in delta hexane loading as shown in Table IV 
also indicates an increase in organophilic sites for the fluorine-
treated zeolite. Note that the decrease in delta hexane loading 
for fluorine-treated erionite is anomalous, but is probably re
lated to the change in pore and cage size by fluoride salts. 
(Note erionite is the only small pore zeolite treated.) 
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Figure 3. 
Hydroxy! region infrared spectra of f luor ine - t reated 
zeo l i tes 
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In contrast, the 500°C-calcined fluorine-treated NH4,K-L and 
NH4, TMA-fi show about the same capacity loss (̂ 15 vol %) for water 
(at 4.6 torr) as for oxygen (at 100 torr). Therefore, these two 
zeolites apparently did not develop hydrophobicity after fluorina
tion. 

1 Vol % n-Butanol-Water Shake Test 

A simple shake test with aqueous 1 vol % n-butanol solution 
has been developed to test the selective adsorption of organic 
molecules over water molecules by a hydrophobic and organophilic 
adsorbent (26)• Table V gives the results for several fluorine-
treated zeolites and their untreated counterparts. The data 
clearly indicate that fluorine treatment of LZ-105, H-zeolon and 
NH4Y materials substantiall
butanol over water. 

1 

3 

6 

8 

9 

10 

Table III 
OXYGEN ADSORPTION AT -183°C 

Sample # Zeolite 

LZ-105° 
LZ-105a 

H-zeolon 
H-zeolon, 
Erionite 
Erionite b 

NH4,TMA-Q 
NH4,TMA-ft 
NH4,K-L 
NH4,K-L 
NH4Yb 

NH4Yb 

X/m (cm3/100g) 
100 Torr Near 

Description (P/Po=0.13) Saturation 

Untreated 12.1 12.6 
Treated 9.3 9.3 
Untreated 17.7 19.0 
Treated 15.9 20.0 
Untreated 18.3 19.8 
Treated 15.1 17.3 
Untreated 13.1 23.0 
Treated 10.5 14.5 
Untreated 15.3 19.3 
Treated 13.1 18.3 
Untreated 21.3 27.1 
Treated 17.2 24.2 

a. 20 wt % alumina bonded. + 

b. Mild steaming followed by NĤ  exchange with hot NH4C1 solution. 
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Table 
WATER L0ADI1 

Sample # Zeolite Description 

LZ-105* Untreate
1 LZ-105a Treate

H-zeolon Untreated 
3 H-zeolon Treated 

Erionite b Untreated 
6 Erionite 1 5 Treated 

NH4,TMA-Q Untreated 
8 NH4,TMA-Q Treated 

NH4,K-L Untreated 
9 NH4,K-L Treated 

NH4Yb Untreated 
10 NH4Yb Treated 

AT 23°C 
X 3 /m(cm /lOOg) 

4.6 Torr Near 
(P/Po=0.22) Saturation AHexane 

16.0 20.7 -0.2 
3.5 15.1 +1.1 

14.8 20.4 -0.12 
7.2 18.6 -0.45 

14.3 28.4 -12.2 28.4 
17.4 23.2 -14.2 24.8 -23.2 30.6 0.2 
8.4 25.6 1.6 

a. 20 wt % alumina bonded. 
b. Mild steaming followed by NHj exchange with hot NH4C1 solution. 

n-Butane Cracking Test 

The results for the n-butane cracking test expressed in terms 
of pseudo-first-order rate constants are tabulated in Table VI. 
Fluorinated water-washed and fluorinated calcined samples were 
also tested. Water washing promotes removal of entrapped solu
ble fluoride compounds. The calcination was carried out on LZ-105 
and erionite samples treated under relatively severe conditions. 
As the data in Table VI show, the catalytic activity of the fluor
inated zeolites can be either drastically increased or decreased 
depending on the treatment conditions and post-fluorination treat
ment. Varying the treatment conditions should allow the catalytic 
activity of a zeolite to be modified as desired. 
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Table V 
SHAKE TEST RESULTS 

n-Butanol Concentration 
wt Of Solutio Initial Final %n

Sample Sampl
# Zeolite <g> (cm) (g/10 ) (g/10 ) 

Untreated 
LZ-105a 0.25 2.5 0.81 0.17 79% 

1 Treated 
LZ-105a 0.25 2.5 0.81 0.15 81% 
Untreated 
H-zeolon 0.25 2.5 0.81 0.81 0 

3 Treated 
H-zeolon 0.25 2.5 0.81 0.47 42% 
Untreated 
erionite b 0.50 5.0 0.81 0.91 -12%c 

7 Treated 
erionite b 0.50 5.0 0.81 1.00 -23%c 

Untreated 
NH4Yb 0.50 5.0 0.81 0.75 7% 

10 Treated 
NH4Yb 0.50 5.0 0.81 0.51 37% 

A l l samples were calcined at 600°C after fluorination, before 
shake test. 
a. 20 wt % alumina-bonded. 
b. Mild steaming followed by NHJ exchange with hot NH4CI solution. 
c. Negative sign indicates selective water removal. 
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Table VI 
n-BUTANE CRACKING ACTIVITIES 

n-Butane cracking activity (pseudo f i r s t 
order rate constant KAj(cm3/g.min) 

Sample # Zeolite Untreated F2-treated washedd Calcined e 

2 LZ-105a 26 21 70 0.9 
4 H-zeolon 135 7.8 - -5 H-zeolon 135 247 - -7 Erionite 0 22 12.5 17.4 1.6 
8 NH4#TMA-0 156 232 191 -9 NH4#K-L 3.1 0.7 1.4 -11 NH4Yb 36.8 45.3 - -12 NH4Yb 

a. Acid-washed and 20 wt % alumina-bonded. 
b. Mild steaming followed by NHj exchange with hot NH4C1 solution. 
c. Mild steaming and NH4C1 exchange repeated. 
d. Water-washed after fluorination. 
e. 600°C-calcined after fluorination. 

n-Butane cracking test performed at 500°C, 2 mole % n-butane in 
He, 50 cm3/min flow rate, 10 min analysis and sample wt 0.5 - 5 
grams. 

LZ-105, H-Zeolon, Erionite and NH4Y 

Dealumination and Structure Stabilization 

The results obtained from X-ray diffraction and framework 
I. R. spectroscopy are very similar to high-temperature steaming 
results (9)• The common features include changes in peak intensi
ties and shifting in peak positions as seen by X-ray diffraction 
and band shifting and sharpening as seen by I. R. framework spec
tra. Both X-ray peak intensity changes (increase of low 20 peak 
intensity) and I. R. band shifts to higher wave numbers are evi
dence of dealumination. Likewise, both X-ray peak position shifts 
to higher 26 values and I. R. band sharpening are signs of struc
ture stabilization. 

Hydrophobicity 

Substantial increase in hydrophobicity is found in fluorine-
treated and subsequently 600°C-calcined samples. Such an increase 
in hydrophobicity is reflected directly in the water adsorption 
data, delta hexane loading and n-butanol shake test results. The 
OH region I. R. spectra for these treated materials also show sub
stantial to total loss of hydroxyl groups. The treated erionite 
sample, however, fails to show either an increase in delta hexane 
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loading or selective removal of n-butanol. These results probably 
can be better explained by a decrease in pore size due to the 
formation of fluoride salts after fluorination rather than by a 
lack of surface hydrophobicity. 

NHA, TMA-fl and NHA,K-L 

The results indicate that both NH4,TMA-Q and NH^K-L are de-
aluminated upon fluorination. Strong supporting evidence comes 
from framework I. R. data where the shifts in band position to 
higher wave numbers are as much as 20 cm"1. However, there is no 
evidence of structure stabilization. Also McBain water adsorption 
data give no indication of surface hydrophobicity. Therefore, i t 
is likely that structure defects are formed in these two zeolites 
as a result of dealuminatio

n-Butane Cracking Activities 

Careful study of the Table II treatment conditions and the 
Table VI n-butane cracking activity data leads to the following 
generalizations. A high n-butane cracking activity can be 
achieved by a "mild" fluorination process. On the other hand, a 
low n-butane cracking activity can be achieved by a "severe" 
fluorination process. However, the terms "mild" and "severe" 
should be defined according to the structure type. For example, 
the 1% fluorine and 45 minute-treated H-zeolon has a much higher 
n-butane cracking activity than the untreated one. On the other 
hand, the 5% fluorine and 30 minute-treated-H-zeolon lost most of 
its activity. Therefore, for H-zeolon, the latter treatment con
ditions are termed "severe". However, the "mild" conditions for 
H-zeolon are no longer "mild" for a less stable structure type, 
i.e., Y zeolite. Finally, a drastic loss in catalytic activity 
can be achieved by "severe" treatment followed by high-temperature 
calcination. The increase in catalytic activity after fluorina
tion can be explained by the increase in silicon to aluminum 
ratio, by the formation of defect sites, by the formation of 
Lewis acid sites such as A1F3, A1F2(0H) and A1F(0H)2 compounds and 
by the effect of fluoride as a promoter. However, i t is not like
ly that the increase in catalytic activity is due to promotion by 
an adsorbed gaseous phase or by water-soluble fluorides, since the 
n-butane cracking test is run after one hour calcination in helium 
at 500°C and since the water washed fluorine-treated samples gen
erally show an increase in activity. 

Possible Reactions 

The following simplified reactions are proposed: 

1. During treatment: 

F 2 + A102 (zeolite)^r> A1F3 + A1F2(0H) + A1F(0H)2 1) 
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H 2 ° 

F 2 + S i 0 2 (zeolite)^ g g > S i 0 2 + HF + 0F 2 + HOF 2) 

F 2 4- $Si-OH > 7Si-F + HF + 0F 2 + HOF 3) 

2. During 600°C post-treatment c a l c i n a t i o n : 

Structure and surface reaction -
7Si-F + 7 S i - 0 H > £ Si-0-Si£ + HF 4) 
>Si-OH + >Si-OH > 7 S i - 0 - S i ~ + H 20 5) 

Reactions 1 and 3 could also occur at high temperature i f f l u o r i n e 
e x i s t s . 

3. Dealumination an

\»/ w \|/ 
S i Si S i 
l i i 
O OH F 
| F or HF 

>Si-0-Al-0-Si£ n-r > jSi-OH HO-Si£ + 7Si-F F-Si£ 
| H 2 ° 
0 OH F 
1 1 1 
S i Si S i 
/|v /|\ AS 

I I I 

+ Intermediates + A1F3 + A1F2(OH) + A1F(OH)2 of I and I I 6) 

S i 
I 

0 

Intermediates | 
of I or II + SiO > JSi-O-Si-O-Si^ + HF or H2O 7) 

S i 
/\\ 

Reaction 7, which involves s i l i c a i n s e r t i o n , probably occurs at 
elevated temperatures since structure s t a b i l i z a t i o n i s observed 
mainly a f t e r high-temperature c a l c i n a t i o n . 

Conclusion 

In t h i s paper, data have been presented to show that z e o l i t e s 
can be modified by d i r e c t f l u o r i n a t i o n at ambient conditions with 
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a dilute fluorine-in-air stream. The rate of reaction and resul
tant properties, including dealumination, structural stabiliza
tion, surface hydrophobicity and catalytic activity, are dependent 
on the zeolite framework topology and composition, the treatment 
conditions and the post-treatment conditions. Under "severe" 
treatment conditions, some of the zeolites show a high degree of 
dealumination, which with subsequent structure stabilization, 
leads to surface hydrophobicity and reduction in catalytic activi
ty. Under "mild" treatment conditions, the catalytic activity of 
a zeolite can be almost doubled. It is our belief that the fluor
ination process adds flexibility in the choice of materials, hy-
drophilic to hydrophobic, catalytically inactive to very active, 
to be used in adsorption and catalysis and introduces another 
dimension into zeolite modification chemistry. 
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Inorganic Cation Exchange Properties of Zeolite 
ZSM-5 
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The discovery o
development of catalyst
process applications in petroleum refining, petro
chemical manufacture and synthetic fuels. In order 
to further elucidate the structural characteristics 
and the basic chemical nature of this most inter
esting material the ion exchange characteristics 
have been studied for a wide spectrum of cations 
using a variety of morphological and compositional 
forms of the zeolite. The results of this study 
have shown the ion selectivities to be considerably 
different from those of the conventional synthetic 
zeolites A, X and Y. Up to the limit of cation 
size capable of penetration of the ZSM-5 pore 
opening, the selectivity for inorganic cations 
was primarily dependent upon base ion size rather 
than charge. These cation selectivities are ex
plained in terms of electrostatic forces and pore 
dimensions of the zeolite and are related to the 
shape selective catalytic and adsorptive proper
ties of catalysts made from ZSM-5. 

The unique nature of ZSM-5 as a catalyst and as a zeolite has 
been well documented (1-3), as shown by the wide spectrum of 
chemistry i t can catalyze as well as the wide range of morpholo
gies and composition in which i t can be synthesized. In addition, 
ZSM-5 exhibits ion exchange properties that, in some cases, are 
very different from other zeolites. Results from the study of 
these ion exchange characteristics have been used effectively in 
developing optimal methods for conversion of ZSM-5 into catalytic 
forms and in supplying information concerning the zeolite struc
ture not discernible by other techniques that could lead to more 
active, selective and stable catalysts. 

0097-6156/83/0218-0059$06.00/0 
© 1983 American Chemical Society 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



60 INTRAZEOLITE CHEMISTRY 

The structure of ZSM-5 has been determined by Kokotailo et 
al . (4). Its framework contains a novel configuration of linked 
Si0 2 and Al 203 tetrahedra as groups of five-membered rings. The 
skeletal diagrams of the (010) and (100) faces of a ZSM-5 unit 
cell are shown in Figures la and lb revealing the two channel 
structures. The e l l i p t i c a l 10-membered ring apertures, shown in 
Figure l a , are the entrances to the straight channels which run 
parallel to [010 ]. The nearly circular 10 membered ring apertures, 
shown in Figure lb, are the entrances to the sinusoidal channels 
which run parallel to [100 ]. 

ZSM-5, in the as synthesized form, is not readily susceptible 
to ion exchange due to the hindrance from bulky quaternary cations 
and occluded organic materials which are believed to be located in 
the channel system. Incoming and outgoing ions a l l have to pass 
through the channels and aperture  t  complet  th  io  exchang
process. Therefore, i
information, these bulky organic  replace y 
smaller cations such as Na+ or NH 4

+. The method of removal of the 
organics used in this study was by thermal treatment although 
chemical treatment is also an effective mode of removal. 

Although ZSM-5 has been synthesized with Si02/Al203 of almost 
unbounded limits, in this study we investigated materials with 
Si02/Al 20 3 of 40 to 200. It should also be noted that even at the 
lowest Si0 2/Al 20 3, the cation exchange capacity of ZSM-5 is only 
0.75 meq/g as compared to 4 to 7 meq/g for zeolites A, X and Y and 
3 to 5 meq/g for most cation exchange resins. The extremely high 
Si0 2/Al 203 ZSM-5 materials are less desirable for use in ion ex
change studies due to practical difficulty in obtaining accurate 
elemental analysis at such low levels. 

Experimental 

ZSM-5 Zeolite Synthesis 

A l l the ZSM-5 zeolites were synthesized by reacting an alum-
inosilicate gel containing Na and tetrapropylammonium cations. 
The detailed procedure is described elsewhere (3). The samples of 
varying Si0 2/Al20 3 ratio were obtained by adjusting the s i l i c a to 
alumina ratio in the starting reaction mixture. A l l zeolite 
samples were highly crystalline ZSM-5 as determined by x-ray 
diffraction. Chemical compositions of the ZSM-5 samples were 
determined by conventional chemical analysis and are shown in 
Table I. Some typical morphologies of ZSM-5 crystals are pre
sented in Figure 2. 

Pure Ionic Forms of ZSM-5 

The "as synthesized" ZSM-5 contains tetrapropylammonium and 
sodium ions in its pores and structure. The total cation to Al 
site ratio is generally greater than one indicating salt occlu-
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F i g u r e l b 
S k e l e t a l D i agram o f t h e (100) - Face o f t h e 
ZSM-5 U n i t C e l l t o Show t h e N e a r l y C i r c u l a r 

A p e r t u r e s of t h e S i n u s o i d a l C h a n n e l s 
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Figure 2 
Micrograph of 0.02M and 2ji ZSM-5 Cr y s t a l s 
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sions, primarily organic salts. Occluded organic salts as well as 
TPA cations, which are larger than the pore opening of ZSM-5, im
pedes ionic movement during the ion exchange process, therefore, 
prior to any ion exchange experiments, the bulky TPA ions and 
occluded material were removed and a pure cationic form was used 
as the base form for ion exchange. The pure ammonium or sodium 
form can be prepared by a 500°C calcination of Mas synthesized" 
ZSM-5 in an ammonia atmosphere followed by repeated ammonium or 
sodium ion exchange. The exchanged products have excellent cry
stallinity and a cation to Al ratio of about one. The composition 
of the various sodium ZSM-5 samples used in this work is presented 
in Table I. 

TABLE I 
Composition

Si0 2/Al 20 3 40 70 70 70 206 140 140 

Cation Form Na Na Na Na Na Na NH4 

Composition 
(mole ratio) 
A1 20 3 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
Si0 2 40.4 75.4 71.0 77.5 206 142 142 
Na20 0.901 0.945 0.991 0.925 1.053 0.983 0.01 
N20 0.048 0.056 0.067 0.075 0.092 0.040 1.08 

(Na+N)/Al 0.95 1.00 1.06 1.00 1.08 1.02 1.09 
Crystallinity,% 95 90 100 95 105 100 90 

Ion Exchange 

The data for the ion exchange isotherms were obtained from 
batch experiments conducted in a constant temperature agitated 
system utilizing tightly sealed polypropylene bottles. Conven
tional chemical analyses were used to obtain the cation distribu
tion data in both zeolite and exchange solution phases. Most of 
the exchanges were carried out at ambient temperature for 24-72 
hours. Preliminary tests had shown that equilibrium was essen
t i a l l y reached within a few hours. 

Results and Discussion 

Ion Exchange Isotherms 

Equilibrium exchange of some typical monovalent and polyval
ent cations were studied mainly at 25°C, with a few cases at 75°C, 
to show the effect of temperature on the equilibrium. A l l the re
sults are presented in the form of ion exchange isotherms, Figures 
3 to 11. In these figures, the ordinate, Zx, is the equivalent 
fraction of the ingoing ion X in the zeolite phase and the abscis
sa, Sx, is that of the exchange solution phase. The equivalent 
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f r a c t i o n s Zx, Sx can be defined more e x p l i c i t l y as follows: 

Zx = e <3u^ valents of X i n z e o l i t e 
gram-atoms of A l i n z e o l i t e 

S x _ normality of X i n s o l u t i o n 
total normality of cations i n so l u t i o n 

This type of graphical presentation points out .not only the ease 
of ion exchange but any si e v i n g action of the z e o l i t e caused by 
the s i z e of exchanging ions. 

Since NH4ZSM-5 i s the precursor of aci d ZSM-5 c a t a l y s t s , the 
NH4+-Na+4 exchange of ZSM-5 has been extensively studied to deter
mine the best condition
change was performed o
the organic c a t i o n , TPA, and occluded organic s a l t s remain i n the 
c r y s t a l s t r u c t u r e , only two-thirds of the o r i g i n a l sodium was re
moved as shown i n Figure 3. On the other hand, a l l sodium ions 
were removed with ease from a pure sodium form of ZSM-5 i n which 
the TPA ions have been thermally decomposed and replaced with 
sodium ions. The TPA ion and the occluded organic s a l t s apparent
l y provided s u f f i c i e n t s t e r i c hindrance to prevent the movement of 
the ingoing NH4"*" ions and/or the remaining outgoing Na"1* ions. 

Three pure NaZSM-5 samples with Si02/Al203 r a t i o s of 40, 70 
and 140, r e s p e c t i v e l y , were used i n the NH4 +-Na + exchange studies. 
The isotherm (Figure 4) shows that N H 4 4 " s e l e c t i v i t y i s equal i n 
a l l three cases. In h i s study of the ion exchange of Linde X and 
Linde Y z e o l i t e s , Sherry reported (5) d i f f e r e n t s e l e c t i v i t y f o r 
these two z e o l i t e s which are i s o s t r u c t u r a l but d i f f e r i n g i n t h e i r 
Si0 2/Al 203 r a t i o s , 2.46 and 5.33, r e s p e c t i v e l y . He has also found 
s e l e c t i v i t y reversals i n the K +-Na +, Rb+-Na+ and Cs+-Na isotherms 
of X but not i n Y z e o l i t e . He at t r i b u t e d these changes i n selec
t i v i t y to the d i f f e r e n t d i s t r i b u t i o n of exchange s i t e s among three 
d i f f e r e n t c r y s t a l l o g r a p h i c locations i n z e o l i t e s X and Y. The 
lack of s e l e c t i v i t y change i n ZSM-5 samples could be an i n d i c a t i o n 
of homogeneity i n func t i o n a l s i t e s and/or that they are equally 
accessible to the NH4 ions studied. 

Increasing the exchange temperature has a negative e f f e c t on 
the s e l e c t i v i t y of NH4+ f o r NaZSM-5 as shown i n Figure 5. This 
f a c t has s i m p l i f i e d the manufacturing procedure f o r ZSM-5 contain
ing c a t a l y s t s eliminating the need f o r heating the exchange sol u 
t i o n s . This negative temperature e f f e c t i s quite s u r p r i s i n g . I t 
has been common practice to increase the extent of N H 4 4 " exchange 
i n f a u j a s i t e by r a i s i n g the temperature of the exchange s o l u t i o n . 
The negative temperature e f f e c t has been reported once previously 
by Vansant and et al. (6). 
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Figure 3 
The NH 4

+-Na + Exchange Isotherms of ZSM-5 at 25°C 

(1) Pure Na Form, Organics Removed 
(2) As Synthesized 
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The N H 4

+ - N a + Exchange I s o t h e r m o f ZSM-5 o f 
V a r y i n g S i C ^ / A l ^ C ^ R a t i o s a t 25°C 
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Figure 5 
The Dependence of ZSM-5 S e l e c t i v i t y on the 

Temperature of E q u i l i b r a t i o n of NH4 +-Na + Exchange 
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Most highly siliceous zeolites are stable toward acidic 
solutions. Mordenite has been treated with dilute to moderately 
acidic solutions to convert i t into the hydronium (H30+) form 
without damaging the zeolite structure (7) . We found that NaZSM-5 
can also be efficiently exchanged into the hydronium form with 
acid or hydronium ion exchange resins (8). The H30+-Na+ exchange 
isotherm is shown in Figure 6. The hydronium ion is highly pre
ferred over Na+ by ZSM-5. In addition, the H30+-Na+ exchange has 
been found to be reversible by sodium back exchange of hydronium 
ZSM-5 without any sign of hysteresis in the back exchange iso
therm. 

Cs + is one of the largest inorganic cations and has been used 
to measure the sieving action of zeolites or multiple pore open
ings. The Cs+-NH4

+ isotherm  show  i  Figur  7  did  indi
cate the presence of an
concluded that a l l the cations in ZSM-5 are located in channels 
and cavities with openings at least 3.4A, the bare ionic diameter 
of the cesium ion. The selectivity of NH4ZSM-5 for Cs + is high 
and complete replacement of NH4

+ is readily achieved. 

Another interesting aspect of the Cs+-NH4
+ exchange isotherm 

(Figure 7) is that two samples of ZSM-5 of different crystal sizes 
(0.02y and 2y, respectively) were used. There is no significant 
difference in selectivity indicating that the experimental equil
ibration time is sufficient to eliminate any kinetic effects in 
the ion exchange and that Cs + does not inhibit ion movement even 
in very large crystals. 

The K+-NH4
+ and Li +-NH 4

+ isotherms have also been determined 
as shown in Figure 8. Both K + and L i + as well as Na+ are less 
preferred than NH4

+ in ZSM-5. The overall selectivity ranking of 
these alkali metals and NH4

+ i s : 

Cs+>NH4
+>K+>Na+>Li+ 

The divalent cations studied in more detail were Cu, Zn and Ni. 
Their isotherms are shown in Figure 9, 10 and 11. A l l sodium ions 
were replaced by these divalent ions and their selectivity 
sequence was: 

Cu + +>Zn + +>Ni + + 

Selectivity Correlation 

The ion exchange properties of zeolite ZSM-5 are of interest 
for several reasons. The high Si02/Al203 ratio of this material 
means low ion exchange capacity and the ion selectivity patterns 
of this unique, siliceous zeolite should be quite different from 
those of low Si0 2/Al 20 3 zeolites such as Linde A and synthetic 
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Figure 6 
Hydronium (H 30 +) Ion Exchange Isotherm of 

NaZSM-5 at 25°C 
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O Small Crystal (0.02 - 0.05p) 

Figure 7 
E f f e c t of C r y s t a l S i z e on the Cs+ -NH4+ Ion 

Exchange Isotherm of ZSM-5 at 25°C 
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Figure 8 
Ion Exchange Isotherms of Some A l k a l i Metal 

Ions with NH4ZSM-5 at 25°C 
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Figure 9 
Cu 2 +-Na + Exchange Isotherm of ZSM-5 at 25 0C 
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faujasites. Relative ion exchange selectivity of ZSM-5 zeolite 
for various cations has been obtained and expressed as the separa
tion factor, a,which is defined as: 

a = z s B B A 

Where a is the separation factor of ion A over ion B and Ẑ , Zfi, 
S^ and S B are ionic fractions of xA and B in the zeolite and solu
tion phase, respectively. The (*Na of ZSM-5 for a variety of cat
ions obtained with an equi-molar equilibrating solution (Sx=Sfla= 
0.5) at 25°C, are listed together with the hydrated and unhydrated 
radii of the respective ions in Table II. The majority of the a* a 

values in Table II were extracted from the isotherms reported 
earlier. Several more
and L a 3 + were obtained i
spectrum of ions (9). 

Within the monovalent ion series, the selectivity is directly 
proportional to the bare ionic radius, i.e., the larger the bare 
ionic radius the higher the selectivity. The selectivity sequence, 

Cs+>H30+>NH4+>K+>Ag+>Na+>Li+ 

is similar to that of Linde Y (9) and mordenite and also polysty
rene based resin with fixed sulfonate groups (10), but i t is quite 
different from that of Linde X (7) which i s , 

Ag +»Na+>K +>Cs +>Li + 

The selectivity pattern of zeolites X and Y can be explained 
using Eisenman's model of electrostatic energy interaction (11) as 
pointed out by Sherry (12) and is applicable to ZSM-5 as well. In 
ZSM-5, as in any other zeolite, the functional group of fixed 
negative charge is the A104-tetrahedra. As a f i r s t approximation, 
the electrostatic energy of the ion site interaction for a 
specific Si02/Al203 ratio can be calculated using internal ener
gies derived from the Coulomb's law for widely spaced sites 
thusly: 

F = (1) 
6 1 Y +

 + r 

where 
F ^ = Electrostatic energy in K cal. per mole 
Y+ m Radius of the cation in Angstroms 
Y*" = Radius of the anion in Angstroms 
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TABLE II 
Separation Factor (a* ) of ZSM-5 at 25°C Na 

Ions (x) 
Na 

(Sx«SNa.0.5) Ionic a
o 

Radii (A) 
b 

Hydrated 
Radii (&) Monovalent 

Cs 
H30 18 1.5 (2.82)
NH4 13 1.48 3.31 
K 5.2 1.33 3.31 
Ag 3.3 1.26 3.41 
Na 1.0 0.95 3.58 
Li 0.6 0.60 3.82 

Divalent 
Ba 0.24 1.35 4.1 
Ca 0.07 0.99 4.2 
Mg 0.11 0.65 4.4 
Cu 2.33 0.72 4.2 
Zn 1.63 0.74 4.3 
Ni 0.59 0.70 4.04 

Trivalent 
Al Low 0.50 4.75 
La 0.22 1.15 4.52 

Zeolite: Precalcined at 1000°F for three hours in N2 

Solution: 0.1N mixed salt solution of chlorides. In case of 
Ag+, nitrates was used instead. 

a. Electrolyte Solutions, Robinson and Stokes (1959), p. 461. 
b. E. R. Nightingale, Jr., J. Phys. Chem., 63, 1381 (1959). 
c From molecular diameter of water. 
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Therefore, an open and more siliceous zeolite, such as ZSM-5, will 
provide a very weak anionic field strength. The weakest field 
pattern is the one in which selectivity increases with increasing 
ionic radius of the monovalent ions considered. If the hydration 
energy of the cation is considered, then the least hydrophilic 
ions are the most preferred ones in the weak field. Cs ion is 
one of the largest and least hydrated inorganic cations and has 
been found to be highly preferred by ZSM-5. Polyvalent cations, 
in ZSM-5, have much lower selectivities than most monovalent ions. 
The trend is the higher the valence of the cation, the lower its 
selectivity in ZSM-5. This trend is interesting because i t is 
just the opposite of that of many organic cation exchange resins 
(10) and zeolites of lower Si0 2/Al20 3 ratio, i.e., faujasite, 
zeolite A and etc. The low selectivity of polyvalent ions in 
ZSM-5 could be attribute
f i r s t is that the larg
comes the predominate term in a weak electrostatic matrix such as 
ZSM-5. The other is that the low density of the A104-tetrahedral 
sites offer spatial limitations in accommodating ions of higher 
valency. Even for a ZSM-5 with 40 Si02/Al 20 3, the A104-tetrahe-
dron is only one out of the twenty tetrahedra in the structure. 
The interaction between A104-sites is weak indeed providing that 
the A104- sites are randomly distributed throughout the structure. 
It is also d i f f i c u l t to describe the coordination of a polyvalent 
cation to such widely spaced negative sites. 

Conclusion 

This study has brought out some unique ion exchange charac
teristics of the zeolite ZSM-5. Since the catalytic characteris
tics and the unexpected chemistry ZSM-5 promotes are well known, 
these ion exchange characteristics should not be totally unex
pected. It is through studies such as this as well as catalytic 
studies that our knowledge of this unique zeolite wi l l increase 
toward a fuller understanding of the overall chemistry of ZSM-5. 
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5 
Aluminophosphate Molecular Sieves: A New 
Class of Microporous Crystalline Inorganic 
Solids 

STEPHEN T. WILSON, BRENT M. LOK, CELESTE A. MESSINA, 
THOMAS R. CANNAN, and EDITH M. FLANIGEN 
Union Carbide Corporation, Tarrytown Technical Center, Tarrytown, NY 10591 

A novel class of crystalline, microporous alu
minophosphate phase
sents the f irst class of molecular sieves with frame
work oxide compositions free of silica. The new 
class of materials encompasses some fourteen reported 
three-dimensional microporous framework structures, 
and six two-dimensional layer-type structures. The 
three-dimensional structures include structural ana
logues of the zeolites sodalite and erionite-offre
t i te . The novel phases can be synthesized hydro-
thermally in the presence of organic amines and 
quaternary ammonium templates. The template is en
trapped or clathrated within the crystallizing alu
minophosphate network. After thermal decomposition 
of the template the three-dimensional molecular 
sieves have the general composition of Al2O3•1.0± 
0.2 P2O5. The various structures exhibit intracry-
stalline adsorption pore volumes from 0.04 to 0.35 
cm3/g, and pore sizes from 0.3 to 0.8nm. The alumi
nophosphate frameworks are hydrophilic. 

The aluminophosphate molecular sieves represent a new class 
of microporous inorganic solids with the potential to be as useful 
and as scientifically challenging as the aluminosilicate zeolites. 
These molecular sieves are the latest chapter in the history of 
framework oxide molecular sieves, a history which began with the 
discovery of the naturally occurring mineral zeolites. These min
eral zeolites stimulated the very successful research that led to 
the preparation of synthetic zeolites. As this research progressed, 
ever more s i l ica-r ich frameworks were synthesized, culminating in 
the essential Al-free microporous s i l i ca polymorphs, such as sili-
calite. These latter materials preserve the molecular sieving 
property of the zeolite but lose the ion-exchange capabilities as 
Al is removed from the framework. 
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Background 

S i l i c o n and aluminum, of course, are not unique i n t h e i r 
a b i l i t y to form t e t r a h e d r a l l y coordinated oxide networks. The 
element phosphorus, at the r i g h t of s i l i c o n i n the p e r i o d i c t a b l e , 
frequently assumes tetrahedral coordination with oxygen. With 
phosphorus i n the +5 oxidation state as phosphate, aluminum phos
phate possesses many s t r u c t u r a l s i m i l a r i t i e s to s i l i c a : 1) AIFO4 

i s i s o e l e c t r o n i c with S i 2 0 A . 2) The average of the i o n i c r a d i i of 
A1 3 +(0.39A) and P 5 +(0.17A) i s 0.28A, very close to the i o n i c radius 
of Si* +(0.26A) (1). 3) AlPO* and S i 0 2 form isomorphic dense 
phases with A l 3 + a l t e r n a t i n g with P 5 + i n a tetrahedral oxide net
work. There are dense phases of A1P0* corresponding to seven 
s t r u c t u r a l forms of S i 0 2 : a - and B-quartz; a - , and y-tridymite; 
and o- and B - c r i s t o b a l i t  (2)

These s t r u c t u r a l analogie
one stimulus f o r examining aluminophosphates as a p o t e n t i a l source 
of microporous frameworks. A second stimulus was the extensive 
aluminophosphate synthesis l i t e r a t u r e , and, i n p a r t i c u l a r , the 
ease of hydrothermal synthesis. Several metastable hydrated net
works have been synthesized. For example, two forms of A1P0**2 
H 20 are known, metavariscite and v a r i s c i t e . These have structures 
composed of a l t e r n a t i n g A l and P, with A l e x h i b i t i n g octahedral 
coordination and P, tetrahedral coordination (3,_4). The two 
waters of hydration occupy c i s p o s i t i o n s i n the coordination 
sphere of A l . Metavariscite contains 4-, 6-, and 8- rings of 
a l t e r n a t i n g alumina octahedra and phosphate tetrahedra. The par
t i a l removal of the waters of hydration from metavariscite or 
v a r i s c i t e i s r e v e r s i b l e but complete removal r e s u l t s i n s t r u c t u r a l 
collapse. In a d d i t i o n to these hydrated forms of A1P0*, the dense 
phase AlP0<»vs can also be synthesized hydrothermally. 

Synthesis 

The choice of a synthesis regime was followed by the selec
t i o n of a synthesis strategy that included the use of the same 
types of templating agents so u s e f u l i n the synthesis of h i g h - s i l 
i c a z e o l i t e s and the s i l i c a molecular sieves. The synthesis pro
cedure developed t y p i c a l l y consists of f i r s t combining equimolar 
amounts of a r e a c t i v e hydrated alumina, such as boehmite, and 
phosphoric acid i n water. An aluminophosphate g e l i s formed, to 
which i s added the templating agent R, an organic amine or a quat
ernary ammonium s a l t . This mixture i s digested quiescently i n the 
preferred temperature range of 125-200°C. A c r y s t a l l i n e product i s 
formed which i s worked up using procedures t y p i c a l of z e o l i t e syn
thesis • 

These c r y s t a l l i n e products are the aluminophosphate molecular 
sieves. The large number of d i f f e r e n t structure-types, as deter
mined by X-ray d i f f r a c t i o n , made i t necessary to assign each new 
structure-type a number. Thus the family of A1P0 4 molecular sieves 
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was born. About 20 three-dimensional structures have been 
reported, of which 14 are microporous. These 20 include st r u c 
ture analogs of three z e o l i t e s : e r i o n i t e (AlPO^-17), s o d a l i t e 
(A1PO<.-20), and analcime (AlP0 4-24). Some of the novel structures 
are AlP0*-5, -11, -14, -18, -31, and -33. The AlP0*-5 structure 
has been solved by sin g l e c r y s t a l methods. Six two-dimensional 
layer-type structures have also been observed. 

Despite the remarkable s t r u c t u r a l d i v e r s i t y i n the AIPO4 fam
i l y , the product compositions are very s i m i l a r : 

x R • A I 2 O 3 • 1.0±0.2 P 2 0 s • y H 20, 
where R i s an amine or quaternary ammonium ion. Each product as 
synthesized consists of a c r y s t a l l i n e framework composed of essen
t i a l l y equimolar amounts of A I 2 O 3 and P 2 O 5 . The organic R and the 
H 20 are trapped or clathrated w i t h i n the framework. The presence 
of R i n t a c t w i t h i n the
C/N r a t i o of the s t a r t i n
sent the amounts needed to f i l l the microporous voids w i t h i n the 
neutral A1P0* framework. The voids are freed of both organic and 
H 20 by c a l c i n a t i o n at 400-600°C. 

Product X-ray Analysis and Morphology 

Four AIPO4 molecular sieves, 5, 11, 17 and 20, t y p i f y the 
range of structure-types, pore sizes and pore volumes observed f o r 
the family as a whole. The f i r s t two are novel structure-types 
while the l a s t two appear to be s t r u c t u r a l analogs of z e o l i t e s . 
X-ray powder d i f f r a c t i o n data f o r these four materials are given 
i n Table I. 

AlP0 4-5 was the f i r s t A1P0* molecular sieve synthesized. I t 
was immediately noted that i t s X-ray d i f f r a c t i o n pattern (Figure 
1) was unique and represented a novel structure. The pattern i s 
quite simple and i s e a s i l y indexed i n the hexagonal system. This 
sample i s w e l l c r y s t a l l i z e d and was made with tetrapropylammonium 
cation (Pri»N+) as template. I t also e x h i b i t s an A1:P r a t i o of 1.OL 
The scanning electron micrographs of a t y p i c a l AlP0*-5 made with 
Pr* lN + show b a r r e l - l i k e growth aggregates with platy growth steps 
(Figure 2). These aggregates are approximately 10-20ym across. 
When viewed end-on these b a r r e l s have a d i s t i n c t l y hexagonal 
cross-section and some of the barrels appear to be hollow. There 
also appear to be a few s i n g l e c r y s t a l hexagonal prisms. The 
scanning electron micrographs i n Figure 3 show si n g l e c r y s t a l s of 
A I P O 4 -5 , also made with Pr^N"1". These are large hexagonal prisms, 
approximately 50ym i n diameter and 150ym long. The structure of 
AIPO4-5 was determined using a c r y s t a l from t h i s preparation (5). 

The X-ray powder d i f f r a c t i o n pattern of AIPO4-II (Figure 4) 
i s also unique and represents a novel structure. Although the 
structure has not been determined, i t appears to possess lower 
symmetry than hexagonal. This sample made with di-n-propylamine 
has an A1:P r a t i o of 1.0. The scanning electron micrographs of a 
t y p i c a l AIPO4-H (Figure 5) show large growth aggregates composed 
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Table I 

Typical X-ray Powder Diffraction Data for A1P0* Molecular Sieves 
and Zeolites in Figures (Major Lines Only) 

AlPQit-5 AlPOn-ll 

d<A) I d(A) I AW I 
11.8 100 10.85 34 3.59 11 
6.84 11 9.31 49 3.38 13 
5.93 28 6.66 16 3.34, 
4.50 66 5.64 30 3.13 1 1 5 
4.24 63 4.32 50 3.11 / 3.97 94 4.23 100 2.84' 10 
3.43 3
3.08 2
2.97 22 3.83 67 2.39̂  t 14 
2.60 19 3.62 10 2.37 f 
2.40 13 

AlPOv -17 Erionite (15) A1P04-20 Zeolite HS (16 

d(A) I d<A) I d<A) I d<A) I 
11.55 100 11.41 100 6.33 51 6.28 80 
9.12 41 9.07 11 4.46 44 4.44 30 
6.63 39 6.61 73 3.99 16 3.97 5 
6.24 13 6.28 5 3.63 100 3.63 100 
5.75 62 5.72 16 3.16 25 3.13 5 
5.34 33 5.34 14 2.83 18 2.81 60 
4.93 20 - 2.59 18 2.56 80 
- - 4.595 8 - - 2.37 30 
4.53 67 4.551 12 2.24 4 2.09 80 
4.33 93 4.322 67 2.10 5 • -4.15 50 4.156 24 - 1.99 5 
3.95 15 - - 1.903 4 1.888 9 
3.82 34 3.813 37 - 1.81 30 
3.74 39 3.746 65 1.752 10 1.737 40 
3.52 55 3.570 24 
3.38 35 3,402 4 
- 3.303 39 
- - 3.276 25 
3.26 20 3.271 25 
3.11 20 3.106 12 
2.92 17 2.923 12 
- - 2.910 10 
2.87 29 2.860 60 

«- - 2.839 50 
2.81 68 2.812 52 
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Figure 2. 
SEM of A1P0.-5 Made With Pr.N+. 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Figure 3. 
SEM of A1P0.-5 Single Crystals. 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Figure 5. 
SEM of A1PCL-11 Made With n-Pr0NH. 

In Intrazeolite Chemistry; Stucky, G., et al.; 
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of small prisms. The aggregates vary in size from 25 up to 150pm 
across and often assume a wheat-sheaf habit. The individual 
prisms are approximately l-2um in length. 

A comparison of the X-ray powder diffraction patterns of 
A1P0*»-17 and a typical sedimentary erionite (Figure 6) suggests a 
framework structure analogy. Although there are some variations 
in relative intensities, many of the major lines match quite 
closely in d-spacings. There are differences, however, and these 
may be due to ordering of the Al and P in the A1P0&-17 framework 
and the quite different extra-framework constituents in the two 
compositions. The adsorption properties of AlPO/,-17 are consis
tent with an erionite-type structure and neutron powder diffrac
tion data confirm this framework structure (6). The scanning 
electron micrographs of A1P04-17 made with quinuclidine (Figure 7) 
show growth aggregates
single crystal hexagona
erionite also assumes an hexagonal habit. 

Comparison of the X-ray powder diffraction patterns of 
AlPOi,-20 and a TMA-sodalite (Figure 8) strongly supports a struc
tural analogy. The rather large line widths in the A1PO<,-20 pat
tern are due to the submicron crystallite size. Both compositions 
were made with the template, TMA, and both can be indexed in the 
cubic system. 

Organic Templates as Structure-Directing Agents 

The typical A1P0* synthesis gel contains four components: an 
alumina source, a phosphate source, water, and an organic amine or 
quaternary ammonium salt. The relative concentrations and, of 
course, the individual characteristics of these reactants are im
portant factors in the preparation of A I P O 4 molecular sieves. One 
factor is particularly evident, namely, without the organic no 
A I P O 4 molecular sieves are formed. The concept of a template in 
molecular sieve synthesis is not new 07,8). A template is a spec
ies which seems to exert a unique structure-directing influence 
during crystallization of the molecular sieve. The action of a 
template appears to have both electronic and steric components. 
In AlPOi, molecular sieve synthesis the steric component appears to 
dominate. 

The synthesis of A1PO*-20, -17, and -5 shows the range of 
structure-tempiate specificity observed with A1P04 molecular 
sieves. Only one template, tetramethylammonium (TMA), is known to 
make A1PO*-20. As shown earlier, the X-ray powder pattern of 
A I P O 4 - 2 O matches that of TMA-sodalite. Elemental analysis of 
A 1 P 01 , - 2 0 indicates approximately one TMA per sodalite cage. The 
framework structure of sodalite consists entirely of sodalite 
units packed together. Each sodalite cage is bounded by 4-rings 
and 6-rings. Figure 9 shows a scale model of the sodalite frame
work with TMA in one of the sodalite cages. In this and subse
quent models, each black segment represents an Al-O-P bond con*-

In Intrazeolite Chemistry; Stucky, G., et al.; 
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Figure 7. 
SEM of A1P0,-17 Made With Quinuclidine. 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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55 z 

Ui 

AIPO4-20 
0.24(Me4N)2O • A I 2 Q 3 ' 1.00 P 2 O 5 ' 1.9 H 20 

Na, TMA-SODALITE 
0.84 (MaiNfeO 0.31 HB2O 

A I 2 O 3 8.7SI02 ' 1.6 H 20 

12 20 28 36 44 52 56 

DEGREES 26, Cu K<* 

Figure 8. 
x-Ray Powder Diffraction Patterns of A1P0.-20 and 
TMA-Sodalite. 
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Figure 9 
Framework Model of Sodalite Structure Containing TMA. 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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necting an A l tetrahedron and a P tetrahedron, assuming that A l 
and P tetrahedra alternate throughout the structure. The TMA 
template f i t s snugly in s i d e the s o d a l i t e cage. An oxygen packing 
model would show the TMA completely surrounded by oxygens. The 
TMA had to be trapped by the c r y s t a l l i z i n g s o d a l i t e cages since i t 
i s much too large to enter the framework a f t e r c r y s t a l l i z a t i o n . 

AlP0i,-17 i s r e a d i l y synthesized with three d i f f e r e n t tem
plates: q u i n u c l i d i n e , cyclohexylamine, and neopentylamine. The 
X-ray powder patterns of each A I P O 4 - I 7 suggest an e r i o n i t e s t r u c 
ture-type. Elemental analyses of the three compositions as syn
thesized show approximately the same number of templates per u n i t 
c e l l (Figure 10). Assuming the same unit c e l l as e r i o n i t e , i . e . , 
36 tetrahedral oxide units (T0 2), there are approximately 4 tem
plate molecules per uni t c e l l . The framework structure of e r i o n 
i t e (Figure 11) consist f f column  runnin  p a r a l l e l 
to the c-axis. One colum
cages and double 6-rings  larg  cages,
i n t e r n a l dimensions 15.1A by 6.3A. Access to the large cages i s 
controlled by 8-rings whereas access to the c a n c r i n i t e cages i s 
controlled by 6-rings. There are two of these large cages per 
unit c e l l of e r i o n i t e . The elemental analysis of A1P0 4-17 i s con
s i s t e n t with 4 template molecules per uni t c e l l , or 2 per large 
cage. Scale models show that the templates, such as quinuclidine 
i n Figure 11, can only f i t i n the large cages, and that each cage 
can accommodate at most 2 templates. As i n A1PO*-20, the AlP0z.-17 
templates had to be incorporated w i t h i n the s t r u c t u r a l voids dur
ing c r y s t a l l i z a t i o n of the framework since they are too large to 
d i f f u s e through the 8-rings. I f one approximates the s p a c e - f i l l 
ing c a p a b i l i t y of each template on the basis of i t s carbon and 
nitrogen content, each template contributes approximately 30 C+N 
atoms per unit c e l l or 15 per cage (Figure 10). 

The rather s e l e c t i v e structure-template r e l a t i o n s h i p of 
A1PO*-20 and A1P04-17 contrasts with the large number of templates 
that make AlP0*-5 (Figure 12). Among these templates are quater
nary ammonium cations, primary amines, secondary amines, t e r t i a r y 
amines, c y c l i c amines, diamines, and alkanolamines. I n d i v i d u a l 
templates contain as many as 13 C+N atoms to as few as 5. There 
seems to be no common thread connecting these templates, not s i z e , 
not shape, not s o l u b i l i t y , and not pKb« 

AlP0 4-5 c r y s t a l l i z e s i n the hexagonal system with a=13.7A 
and c=8.5A (5). The unit c e l l contains 24 tetrahedral oxide units, 
12 A l and 12 P, with s t r i c t a l t e r n a t i o n of A l and P throughout 
the framework. Unlike the structures of A1P04-20 and A1P0 A-17, 
the AlPO/,-5 structure has no cages containing the trapped organic 
template (Figure 13). I t has a unidimensional pore system con
s i s t i n g of c y l i n d r i c a l channels bounded by 12-rings and running 
p a r a l l e l to the c-axis. The remainder of the structure consists 
of columns of 6-rings and columns of 4-rings, with each column 
axis p a r a l l e l to the c-axis (Figure 14a and b). The 6-ring c o l 
umns consist of i n d i v i d u a l 6-rings of a l t e r n a t i n g A l and P t e t r a -

In Intrazeolite Chemistry; Stucky, G., et al.; 
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TEMPLATE TEMPLATE/U.C* C+N/U.C. 

^sy* 4.1 33 

NH 2 4.1 29 

/ / N H 2 

—L-S 4.7 28 

BASED ON 36 T02/U.C. IN ERIONITE TYPE STRUCTURE 

Figure 10. 
Three Templates Make AlPO^-17 (Er ionite-Type) . 
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hedra, each ring in a chair conformation. Every tetrahedron pos
sesses one bond in a direction parallel to the c-axis. This bond 
can be designated up or down depending on its direction along the 
c-axis. Thus each 6-ring has an alternating up-down arrangement 
of tetrahedral atoms. Each 6-ring is bonded to the ring below i t 
by 3 bonds and similarly to the ring above i t . This bonding pat
tern is also found in the tridymite structure. The 4-ring column 
shows a similar bonding pattern. Each 4-ring is twisted into a 
boat-like conformation, and is bonded to a 4-ring above by 2 
bonds and to one below by 2 bonds. There is also strict up-down 
alternation of the tetrahedra in the 4-ring parallel to the 
c-axis. 

Since the AlP0<»-5 framework contains no cages and the pore 
structure is essentially a cylinder of uniform cross-section, the 
only steric requiremen
width not exceed ca. 8A
contains one of the largest templates that makes AlP04-5, tetra
propylammonium. The lack of framework charge means that the tem
plate nitrogen, positively charged or not, need play no role in 
determining the packing density of the various templates in the 
pore. The elemental analyses of eight AlP0*-5 products as syn
thesized illustrates the apparently steric nature of the template 
packing (Figure 15). The largest templates take up the most room. 
Three of these, tetrapropylammonium, tripropylamine, and tetra-
ethylammonium, occupy one unit c e l l length, about 8.5A. At the 
other extreme, Dabco, a particularly compact bicyclic, packs to 
give 1.8 templates per unit c e l l . Most of the templates show 
packing densities equivalent to about 8-10 C+N's per unit c e l l . 

Thermal Stability and Adsorption Properties 

The A I P O 4 molecular sieves show excellent physical proper
ties. Many are thermally stable and resist loss of structure at 
1000°C. Those studied for hydrothermal stability, including 
A I P O 4 - 5 , -11, and -17, show no structure loss when treated with 
16% steam at 600°C. The layer structures undergo structural col
lapse when the organic interlayer propant is removed thermally at 
200-400°C. 

The adsorption properties of selected A I P O 4 molecular sieves 
are summarized in Table II. A l l measurements were performed by 
standard gravimetric techniques on samples calcined at 500-600°C 
to remove the organic template. The different structure-types are 
arranged in order of decreasing pore size. Pore size was deter
mined by using so-called "plug gauge" molecules of known kinetic 
diameter (9). The ring size refers to the number of tetrahedral 
atoms (Al or P) in the ring that controls pore size. For the 12-
ring structures, AlP04-5 and AlP0z»-31, adsorption of neopentane is 
observed. The 10- or puckered 12-ring of A I P O 4 - I I adsorbs cyclo-
hexane but not neopentane. This pore size is similar to that of 
ZSM-5. Two of the 8-ring structures, A1P04-17 and A I P O 4 - I 8 , sorb 
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TEMPLATE TEMPLATE/U.C. C+N/U.C. 
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Figure 15. 
Template Packing in AlP0^-5 Structure. 
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butane but not isobutane. Two, AlPO^-14 and AlP0<»-33, sorb xenon 
but not butane, indicating a somewhat puckered 8-ring structure. 
Finally, the 6-ring structures of A1P0^-16 and AlP0^-20 adsorb 
only H 20. The pore volumes are the near saturation values, 0 2 at 
-183°C and H 20 at ambient temperature. 

Table II 

Adsorption Properties of A1P0/. Molecular Sieves 

A I P O a -

Pore Size, 
nm Ring Size 

Pore Vol., 
cm3/g 

0 2 H 20 
5 0.8 12 0.18 0.3 

31 0.8 12 0.09 0.17 
11 0.61 

puckered
17 0.46 8 0.20 0.28 
18 0.46 8 0.27 0.35 
14 0.41 8 0.19 0.28 
33 0.41 8 0.23 0.23 
16 0.3 6 0 0.3 
20 0.3 6 0 0.2 

The H 20 and 0 2 pore volumes of A1P04-17 compare very closely 
with the best of the mineral erionites (10), while the H 20 pore 
volume of A1P04-20 is comparable to the theoretical value for an 
unstuffed sodalite framework (11). In general, the H 20 pore vol
umes are usually greater than the 0 2 pore volumes, reflecting the 
presence of additional pore volume accessible to H20 but not to 
02. This additional volume is presumably reached through 6-rings. 
For example, the additional volume in the cancrinite cages of the 
erionite structure is accessible only to H 20. The model of the 
framework structure of AlPO^-5 (Figure 13) shows the large pore 
voids capable of adsorbing O 2 or H 2 O . The small voids, outlined 
by columns of twisted chains of 4- and 6-rings parallel to the 
c-axis (Figure 14a,b), adsorb H 2 O only. In AlPO^-5 these small 
voids apparently sorb about 0.12 cm3/g. 

The O 2 isotherms for these A1P0* molecular sieves are essen
ti a l l y Type I, typical of micropore f i l l i n g (12,13). In Figure 
16 the O 2 isotherms of AlP0*»-5, -11, -17 are compared with those 
of a typical zeolite, NaX, and a s i l i c a molecular sieve, s i l i c a -
l i t e . A I P O a-5 and -17 have saturation pore volumes of approxi
mately 0.2 cm /g similar to that of s i l i c a l i t e , while A I P O 4 - H 
has a relatively small O 2 pore volume (ca. 0.1 cm3/g). 

The H 2 O adsorption isotherms for AlPO^-5, -11, -17, and -20 
are shown in Figure 17. For comparison, the hydrophilic NaX and 
the hydrophobic s i l i c a l i t e are included. The isotherm shape for 
A1P04-11 and A I P Oa-17, like that of NaX and s i l i c a l i t e , is Type I, 
typical of micropore f i l l i n g . The isotherm shape of the AlPO^-20 
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i s Type IV, i n d i c a t i n g both micropores and appreciable t r a n s i t i o n 
pores. Although AlP0*-5 e x h i b i t s Type I adsorption f o r O2 and 
p a r a f f i n s , H 2 O sorption follows a Type V isotherm shape (12,13). 
This shape, unusual f o r a microporous s o l i d , has been observed on 
a l l AlPO*-5 materials studied regardless of synthesis. Water 
sorption at values of P/P 0 less than 0.2 i s unusually low, and 
there i s a large increase between P/P 0 = 0.2 and 0.4. More r e 
cently t h i s type of adsorption has been observed with H 2 O on 
A1P0*-31. Although s i g n i f i c a n t l y d i f f e r e n t i n pore volume (Table 
I I ) , AlP0*-5 and -31 share a s i m i l a r large pore s i z e , a fa c t o r 
which may be influencing H 20 sorption i n an unexpected way. 

The surface character of the AlPO* molecular sieves d i f f e r s 
from that of the s i l i c a molecular sieves even though both frame
work types are neutral with no extra-framework cations. The 
molecular sieve s i l i c a l i t  i  hydrophobi d th  AlPO* molecula
sieves are moderately h y d r o p h i l i c
to the i n t e r a c t i o n of the dipole o  the 20 molecule wit  the 
e l e c t r o s t a t i c f i e l d s of the anionic a l u m i n o s i l i c a t e framework and 
the balancing nonframework cations. The h y d r o p h i l i c i t y of the 
AlPO* materials i s apparently due to the difference i n e l e c t r o 
n e g a t i v i t y between Al(1.5) and P(2.1). Neither mechanism i s pos
s i b l e with s i l i c a molecular sieves. The AlPO* molecular sieves do 
exh i b i t l e s s a f f i n i t y f o r H 20 than the hydrophilic z e o l i t e s such 
as Type A and Type X. 

Summary and Conclusion 

AlPO* molecular sieves have been synthesized using a wide 
v a r i e t y of organic amine and quaternary ammonium cations. In 
each case the organic appears to behave as a templating agent d i r 
ecting structure formation. Each c r y s t a l l i n e product as synthe
sized contains the templating agent trapped w i t h i n s t r u c t u r a l 
voids. The wide v a r i e t y of templating agents has yielded almost 
as wide a v a r i e t y of structure types. Every framework st r u c t u r e , 
however, e x h i b i t s the same composition, with A l and P i n equi-
molar proportion. Each framework i s thus n e u t r a l with n i l i r o n 
exchange capacity. The various structure-types include a broad 
range of pore si z e s and volumes, as broad as that found among syn
t h e t i c z e o l i t e s . The AlPO* frameworks have excellent thermal and 
hydrothermal s t a b i l i t y . 

The d i v e r s i t y of pore si z e s coupled with the e s s e n t i a l l y 
cation-free framework make AlPO* molecular sieves p o t e n t i a l l y 
applicable i n separations of molecules and other adsorption a p p l i 
cations. A broad screening program i n a i r drying has shown many 
AlPO* molecular sieves with performance c h a r a c t e r i s t i c s s i m i l a r to 
those of Linde Type A and X. The hyd r o p h i l i c surface character 
has also been demonstrated i n the s e l e c t i v e removal of H 20 from 
solutions of 2-butanone containing 4 v o l . % H 20. The hydroxyl i n 
frared region (4000-3400 cm"1) fo r several AlPO* molecular sieves 
contains weak V Q H absorptions at 3680 cm" att r i b u t e d by P e r i (14) 
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to V(p-OH). This feature coupled with the hydrophilic surface 
character appears to account for the weakly acidic catalytic pro
perties observed in this new family of materials. 
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Crystal Structure of Tetrapropylammonium 
Hydroxide-Aluminum Phosphate Number 5 
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A new family of aluminophosphate molecular sieves with 
zeolite-like properties has potential as adsorbents, 
catalysts, and catalyst supports. Number 5 of the 
family (hexagonal, a 13.726, c 8.484Å, P6cc) contains 
alternating Al and Ρ atoms on the tetrahedral nodes of 
hypothetical framework #81. Non-connecting parallel 
channels spanned by 12-rings in the as-synthesized 
material contain tetrapropylammonium hydroxide species 
in a tripod-shaped conformation, which possibly acted as 
polar templates during crystallization. Removal of the 
TPA(OH) by calcination yields a one-dimensional channel 
theoretically capable of polar diffusion. Framework 
oxygens in the as-synthesized material show strong 
displacements analogous to those in high-cristobalite 
and high-tridymite: mean distances respectively 
uncorrected and corrected for displacement of oxygen 
from its centroid of electron density are: P-O 1.49 
and 1.53Å; Al - O 1.71 and 1.74Å. Uncorrected P-O-Al 
angles of 148 to 178° become more equal when adjusted 
for oxygen displacements. 
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A new family of crystalline molecular sieves(1, 2) having 
aluminophosphate frameworks was synthesized. Strict alternation 
of Al and P on the tetrahedral nodes yields neutral oxygens in 
contrast to the aluminosilicate zeolites, and non-framework 
cations are not needed for charge balance. Whereas a microporous 
s i l i c a ( s i l i c a l i t e , 3) with neutral oxygens is hydrophobic, the 
aluminophosphate sieves are moderatley hydrophilic. 

The precursor to the AlPO^ #5 molecular sieve crystallizes 
at 150 C from a hydrothermal system containing an aluminophosphate 
gel and tetrapropylammonium hydroxide. Its ideal chemical 
composition is TPAOH• 12AlP0if. Removal of the TPAOH by calcination 
at 400-600 C produces a molecular sieve for which absorption 
studies are consistent with unconnected pores bounded by 12-rings. 
The AlPOi* #5 sieve is thermally stable to 1000°C above which i t 
transforms to the AlPO^

Experimental 

The f i r s t synthetic crystals were very small hexagonal 
prisms. Electron diffraction patterns showed hexagonal symmetry 
with a ML3.7, £ ̂ 8.5&. Sections tilted around a* indicated a c. 
glide plane, but the systematic absences around ja were not 
determined. The X-ray powder pattern (Figure la) was completely 
indexed with the hexagonal c e l l (Table I). Later results have 
shown that the c e l l dimensions of an uncalcined AlPOi^ #5 sample 
vary slightly depending on the organic phase used in the 
synthesis. 

A later batch of large crystals range in size from hexagonal 
barrels to smaller hexagonal prisms. The i n i t i a l crystal 
structure analysis on a hexagonal barrel was complicated by much 
greater broadness of (00£) than (hkO) diffractions, as also was 
observed in X-ray patterns of several powders. Transmission 
electron micrographs of crushed fragments by G.D. Price of 
Cambridge University revealed no structural inhomogeneities, and 
i t is concluded that each large barrel consists of a stack of 
hexagonal plates. 

Single-crystal photographs yielded systematic absences 
consistent with P6/mcc or P6cc, and the latter was chosen because 
of the expected alternation of Al and P over tetrahedral nodes. 
A data set with 2°<26< 140° CuKa was collected for a barrel-
shaped crystal on an Enraf Nonius CAD4 dif fractometer with a 
3.5° variable-speed 9-28 scan to accommodate the broad 
diffractions. From 196 unique diffractions above background (2a) 
out of 2170 measured diffractions, the structure was solved 
independently by the Multan direct method and a search of 
hypothetical structures. The resulting framework (Figure 2) is 
#81 predicted by J.V. Smith(4). Refinement to R - 16% yielded 
the framework geometry, but the T-0 distances did not correspond 
satisfactorily to Al, P alternation, and the TPAOH was not 
located. Nevertheless the framework topology appeared correct, 
and the calculated powder pattern (Figure lb) was satisfactory. 
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Table I 

Observed and Calculated d-spacings f o r A1P0I+ #5 

26 d , obs c a l index 

7.457 11.844 11.876 100 
12.917 6.847 6.857 110 
14.917 5.933 5.938 200 
19.775 4.486 4.489 210 
21.090 4.209 4.213 002 

3.971 102 
22.434 3.959 3.962 211 

3.959 300 
24.803 3.58 3.590 112 
25.968 3.42

3.294 
3.072 212 

29.053 3.071 3.068 311 
30.071 2.969 2.969 400 
33.655 2.660 2.659 222 

2.592 321 
34.572 2.592 2.592 410 
37.020 2.426 2.427 402 
37.734 2.382 2.381 213 
47.768 1.903 1.903 512 

C e l l dimensions: a « 13.713 c * 8.427 y - 120° 

These data were c o l l e c t e d on a Siemens D500 diffractometer, 
using monochromatic CuKa r a d i a t i o n , 6 seconds count time and a 
0.01° 28 step s i z e . The receiving s l i t was 0.05° and the 
apertures were 0.3°. The data were processed using programs 
w r i t t e n at Union Carbide Corporation. 

Figure 2. 
Stereoplot showing branches l i n k i n g tetrahedral 
nodes of framework #81. 
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After careful search, a small hexagonal prism 30 urn across 
and 180 ym long with a sharp parallel extinction was found to 
give sharp diffractions throughout reciprocal space. It was 
attached to a glass fiber and sprayed with polyurethane to control 
the humidity. Diffraction intensities were collected with 
graphite-monochromatized CuKa radiation on a Picker diffractom-
eter. Centering of 20 diffractions (56°<26<65°; 1.54188) each 
the average of the 8 possible settings, gave a 13.7258(12), 
b 13.7253(13), c 8.4835(5)8, a 89.997(6), 3 90.010(6), 
Y 120.004(5)°. Intensities out to sin 8/Y - 0.58 were measured 
at fixed 8-28 scanning (2°/min) for a range of 2.0-2.2° with 
background measured for 25 seconds. Weighted averages(5) of 5112 
intensities yielded 404 unique diffraction intensities, 393 (20) 
with I _> 2a(I) were used for the structure refinement. A l l 
diffraction intensitie
(13,0,1) 92±28, (11,0,5

Refinement of the framework coordinates was difficult because 
of the acentricity and pseudosymmetry. A stable least-squares 
solution was obtained for the framework atoms in which the T-0 
distances indicate alternation of Al and P atoms. However, the 0 
atoms showed large displacements from the centroid, particularly 
0(2) for which a difference-Fourier map indicated three spearate 
peaks (Figure 3). Because there is no optical or X-ray evidence 
for symmetry lower than hexagonal, i t is assumed that there are 
microdomains with tilted tetrahedra, as proposed for high-
cristobalite(6) and high-tridymite(7). For convenience, the 
displacements of the oxygen atoms are approximated by ellipsoids. 

Residual electron density in the channels was not well enough 
defined to give a precise position for the TPA(OH) complex. The 
peaks were consistent with a tripod shape (Figure 4) in which the 
(OH) is suspended between the three feet of one tripod and the 
head of the next tripod to form a polar array. (Polar is used in 
the crystallographic sense for an axis whose properties are 
different depending on the direction of travel along the axis.) 
To f i t the 6-fold symmetry, the tripod is disordered between two 
orientations. Addition of fixed atomic positions for the TPA(OH) 
complex reduced the weighted R from 0.14 to 0.06, mainly because 
of changes in calculated intensities for low-angle intensities. 
Tables II and III give the atomic coordinates and interatomic 
distances. A listing of the observed and calculated 
structure factors i s available as supplementary material. 
Ordering information is given on any current masthead page of 
J. Am. Chem. Soc. 

The alternation of Al and P atoms over the tetrahedral nodes 
of framework #81 reduces the space group symmetry from P6/mcc to 
P6cc. A l l rings in framework #81 are of even number to 
accommodate the strict alternation of equal numbers of Al and P. 
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Table III 

Interatomic Distances (8) and Angles (°) 

centrold riding* 

P-O(l) 1.472(16) 1.501(16) 0(l)-P-0(2) 108.1(1.7) 
0(2) 1.456(25) 1.530(25) 0(3) 110.9(1.2) 
0(3) 1.492(18) 1.523(18) 0(4) 110.1(1.3) 
0(4) 1.525(16) 1.558(17) 0(2)-P-0(3) 107.9(1.7) 

mean 1.486 1.528 0(4) 109.3(1.5) 
0(3)-P-0(4) 110.5(1.3) 

Al-0(1) 1.729(19) 
0(2) 1.700(26) 1.760(26) 0(3) 104.2(1.2) 
0(3) 1.726(21) 1.752(21) 0(4) 108.6(1.2) 
0(4) 1.683(16) 1.707(16) 0(2)-Al-0(3) 112.8(1.4) 

mean 1.710 1.742 0(4) 110.3(1.4) 
0(3)-Al-0(4) 111.0(1.3) 

*oxygen riding on T atom P-0(1)-A1 150.2(0.7) 
0(2) 178.1(1.2) 
0(3) 148.8(0.7) 
0(4) 151.0(0.9) 

Figure 3. 
Difference-Fourier section through 0(2) showing 
perturbation from the ellipsoidal approximation 
(Figure 4) to the electron density. Contour 
levels at 0.12e/A : dashed, negative; continuous, 
zero-level and positive. 
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frameworks with odd numbers of tetrahedra i n rings are i n c o n s i s 
tent with a s t r i c t l y a l t e r n a t i n g AlPOt,. composition. The s t r i c t 
up down a l t e r n a t i o n of a l l tetrahedra i n the AlPOi* #5 structure 
causes a l l v e r t i c a l P-0-A1 bands to be aligned i n one d i r e c t i o n . 
This v e r t i c a l alignment may be the cause of the polar nature of 
the structure. 

The 6-fold axis i n AlPO^ #5 i s c r y s t a l l o g r a p h i c a l l y polar. 
The sequence of tripod-shaped TPA(OH) complexes down each channel 
i s also polar, and the concept of a polar template may be 
appropriate. Furthermore, the concept of polar d i f f u s i o n should 
be explored: at low temperature, polar molecules should adopt a 
s p e c i f i c o r i e n t a t i o n during d i f f u s i o n down a polar channel. 

Interp r e t a t i o n of the distances and angles i n the framework 
i n TPAOH-AlPOi* #5 i s complicated by the large displacements of the 
oxygens. Distances betwee  centroid f electro  densit  lo
(mean P-0 1.498, mean Al-
model f o r r i d i n g of th  oxyge ,
distances (mean P-0 1.538, mean Al-0 1.748) are consistent with 
those i n b e r l i n i t e , the AlPO^ analog of quartz (mean P-0 1.5168, 
mean Al-0 1.7398; 8). The wide range of bond angles (148 to 178°) 
between centroids i n TPAOH-AIPO^ i s reduced by the displacements 
of the oxygens. In p a r t i c u l a r , a displacement i n the (001) plane 
of 0.4A f o r 0(2) would reduce the Al-0(2)-P angle from 178° to 
about 150°. Hence i t appears that a l l the Al-O-P angles are near 
the 150 f o r the microdomain model(6), except at the boundary 
between microdomains. Such a r e s t r i c t e d range of angles near 150 
i s consistent with p a r t i a l covalency, as deduced f o r the AlPO^ 
form of quartz from charge-density refinements(9). 

The TPAOH complex f i t s neatly i n t o the channel when folded 
i n t o the t r i p o d configuration (Figure 4). This configuration i s 
quite d i f f e r e n t from the tetrahedral shape of the TPAF complex 

Figure 4. 
Stereoplot of channel and TPAOH complex with 
e l l i p s o i d a l approximation to the electron density 
(20% l e v e l ) . 
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in the precursor to fluoride-silicalite(10) and the spread-eagle 
shape found in the crystal structure of tetra-n-propyl ammonium 
bromide(11). Speculations about template action must take into 
account these geometrical possibilities consequent upon bond 
rotation. Further crystal structure work at low temperature w i l l 
be necessary to determine the detailed geometry of the TPAOH 
complex in AlPO^ #5. 
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7 
x-Ray Structural Refinements of Zeolite A and 
Silicalite 

J. J. PLUTH and J. V. SMITH 
The University of Chicago, Department of Geophysical Sciences, 
Chicago, IL 60637 

Dehydrated
-oxygen distances near 1.60 and 1.73Å consistent 
with earlier evidence from dehydrated Na- and K-A 
for alternation of Si and ~Al0.9Si0.1, and in 
complete disagreement with the 3:1 ordering model. 
All Sr and Ca atoms l i e near the centers of 6-rings 
in disagreement with earlier determinations of 
unanalyzed crystals in which one atom was placed 
in an 8-ring: perhaps this latter position 
corresponds to K scavenged during ion exchange. 
Approximately 4/5ths of the Sr and Ca project 
into the large cage, and 1/5th into the sodalite 
unit. The latter position is puzzling from a 
simple electrostatic model, and the effect of 
local charge unbalance from the Al0.9Si0.1 sub
stitution and cation vacancies is being investi
gated. Electron density at the center of the 
sodalite unit and at ~1.7Å along the triad axes 
is attributed to Al in a tetrahedron of oxygen 
species, disordered into two orientations. Such 
electron density is found in most varieties ex
changed with divalent cations, but not with mon
ovalent ones. Ion exchange with Rb gave complex 
results, and there was no evidence for zero 
coordination. A tetrapropylammonium fluoride 
complex was located at the channel intersections 
of a precursor to fluoride-silicalite. Each 
propyl group points down a channel towards another 
propyl group and there is insufficient room for 
a butyl group unless every other channel inter
section is unoccupied. The position of the TPAF 
group is consistent with a template model of 
crystallization. 

0097-6156/83/0218-0119$06.00/0 
© 1983 American Chemical Society 
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This review summarizes some highlights of recent X-ray 
structural analyses of varieties of zeolite A and of fluoride-
s i l i c a l i t e . 

Zeolite-A 

Because of the chemical implausibility of some speculations 
about zeolite A, high-precision X-ray analyses were made of de
hydrated crystals whose chemical composition was checked by 0 

electron microprobe analysis. Data were collected for the 24 A 
superstructure. A l l diffractions are consistent with space group 
Fm3c except for a few weak ones. Unpublished measurements by 
J.J. Pluth and G.D. Price of_a hydrated Na-A (i.e. as-synthesized) 
showed strict obeyance of Fm3c except for a very weak (111) 
diffraction, and the inconsistent diffraction f th  dehydrated 
crystals are attribute
of extra-framework cation  (1)

Framework The framework positions for the following de
hydrated varieties of zeolite A are consistent within the ex
perimental errors with alternation of Si and ~A1Q gSig ^ over the 
tetrahedral nodes for the particular batch of crystals"used for 
structure analysis: K- (2), Na- (3), Sr- (4), Ca- (5), Rb- (6), 
and AgH- (7). This confirms the original determination of Si/Al 
alternation for hydrated Na-A (8), and refutes the interpretation 
(9-12) of magic-angle-spinning-nuclear-magnetic-resonance data 
in terms of a 3:1 ordering scheme. The 4:0 alternation model has 
been reaffirmed by powder diffraction techniques (e.g. 13, 14; 
see detailed references in other papers of this symposium), and 
i t is quite certain that the 9 S i chemical shift of MASNMR de
pends on both the geometrical properties of an aluminosilicate 
framework and the types of extra-framework species as well as on 
the nearest tetrahedral neighbors (e.g. 15). Although the crystal 
structure of dehydrated Na-A was refined satisfactorily with 
cubic geometry, diffraction measurements at 4.5K and 296K have 
demonstrated rhombohedral geometry (11). An inversion to the 
cubic structure was found at 335K (16) , and the effect of the 
degree of dehydration on the inversion temperature should be in
vestigated. Single-crystal measurements at low temperature are 
in progress to determine the structural changes from cubic 
symmetry. 

Cation positions New refinements of dKA (2), dNaA (3) 
and dRb-exchanged A (6) have shown that a l l the exchangeable 
cations are within bonding distance of framework oxygens thus 
invalidating the concept of zero coordination (17). The prefix 
d means dehydrated. Complete exchange of Na by Rb was not 
obtained even after considerable experimentation, and scavenging 
of Ba was demonstrated by electron microprobe analysis. Crystals 
became amorphous before complete Rb exchange was obtained, even 
for basic conditions. 
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Interest now i s focused on the d i s t r i b u t i o n of the cations 
among the various possible s i t e s , and a complex model w i l l be 
needed. For an i d e a l framework A1^2si12°24 w i t n 8 s i x - r i n g , 3 
eig h t - r i n g and various w a l l s i t e s , a simple e l e c t r o s t a t i c model 
would lead to the following p r e d i c t i o n s : (a) s i x small divalent 
cations (e.g. Ca,Sr) should be associated only with the s i x - r i n g s , 
and project i n t o the large cage rather than the s o d a l i t e unit i n 
order to minimize cation repulsion, (b) twelve monovalent cations 
should occupy a l l eleven of the s i x - r i n g s and eight-rings while 
the remaining cation would be forced i n t o a one-sided coordina
t i o n opposite a four - r i n g . Interpretation of the experimental 
data i s complicated by the electron microprobe and X-ray 
d i f f r a c t i o n evidence for a framework composition near 
A 111.5 S i12.5°48-

New X-ray structur
show that the 5.7 Sr
the s i x - r i n g s . E a r l i e r X-ray evidence that one atom l i e s i n an 
eig h t - r i n g (18, 19) i s believed to r e s u l t from scavenging of K 
from impure s o l u t i o n , and the o r i g i n a l c r y s t a l s should be checked 
by electron microprobe a n a l y s i s . Although the Sr and Ca atoms 
are associated only with the s i x - r i n g s , about o n e - f i f t h of them 
(1.2 Sr, 1.2 Ca) project i n t o the s o d a l i t e unit rather than the 
supercage. Calculations are i n progress i n association with R. 
Catlow to test whether the observed cation d i s t r i b u t i o n i s re
lated to (a) perturbations of e l e c t r i c charge balance associated 
with s u b s t i t u t i o n of S i for A l i n the A I Q ^ S I Q ^ s i t e , or (b) 
in t e r - c a t i o n i n t e r a c t i o n s r e s u l t i n g from occupancy of only -6 
out of the 8 s i x - r i n g s i t e s , or both (a) and (b). 

The monovalent cations Na and K (Table I) occupy almost a l l 
of the s i x - and eig h t - r i n g s i t e s , and about two-thirds of an 
atom l i e s opposite a four-rin g . However the d e t a i l s are un
explained. For dKA, 0.15 and 0.5 K atoms respectively project 
from four-rings i n t o the s o d a l i t e unit (4S) and the supercage 
(4L) whereas 0.8 Na project only in t o the supercage. The Na 
atom i s small enough to l i e near the center of a s i x - r i n g , but 
the K atom i s considerably displaced with 1.5 atoms pointing 
into the s o d a l i t e unit (6S) and 6.3 atoms in t o the supercage 
(6L); the t o t a l of 7.8 K corresponds exactly with 7.8 Na i n the 
s i x - r i n g s and i s less than the t h e o r e t i c a l l i m i t of 8. 

Interpretation of the d i s t r i b u t i o n of Ag atoms (Table I : 
21-26) i s ambiguous from the c r y s t a l l o g r a p h i c viewpoint (26) and 
i t i s not p r o f i t a b l e to pursue here the controversy whether the 
Ag atoms form charge-exchange c l u s t e r s or a piece of metal. 

The NH^ cation also shows a complex d i s t r i b u t i o n (27), and 
there can be no doubt that i t w i l l be d i f f i c u l t to produce a 
convincing explanation of the d e t a i l s . One factor w i l l be s t e r i c 
hindrance between the 4S and 6S po s i t i o n s , and between the 4L 
and the 6L po s i t i o n s . 
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Table I Comparison of Site Occupancies and Coordinates 

Number of atoms in J sites 
Specimen 4S 4L 6S 6L 8 

dK-A3 0.15 0.5 1.5 6.3 3.0 
(x 0.176) (x 0.162) (x 0.230) 

dNa-A2 0.8 7.8 2.8 

21 
dAg-A (oxidized) 0.5 

(x 0.199 6 1 2 21) 
3.0 

dAg-A (375°C)2 2 

(x 0.173) ( 0.194 6 91) 

dAg-A (430°C) 2 2 

(x 0.178) (x 0.172) (x 0.207) 
dAg-A (430°C) 2 2 1.1 2.6 4.7 1.8 

dAg-A (400°C) 2 3 , 2 4 

(x 0.19) (x 0.173) (x 0.201) 
dAg-A (400°C) 2 3 , 2 4 2.1 •<-7.3̂  1.6 

(x 0.171) (x 0.191 3 1 2 

-<-8.0~> 
136) 

dAg-A (425°C) 2 3 , 2 4 3.6 
0.191 3 1 2 

-<-8.0~> 0.9 

24 
dAg-A (450°C) 

(x 0.168) 
3.5 

(x 0.191 0 1 2 

«-7.8-» 
148) 

C2H2.dAg-A25 

(x 0.168) 
2.6 

(x 0.189 0 1 2 

2.6* 
130) 
4.0 1.7 

dHAg-A26 

(x 0.165) (x 0.188) (x 0.240) 
dHAg-A26 0.7 1.1 5.5 0.9 

27 dNH.-A 4 

(x 0.170) (x 0.169) (x 0.192) 
27 dNH.-A 4 0.5 3.2 5.4 2.7 

dAgT£-A28 

(x 0.106) (x 0.258) 
dAgT£-A28 0.6 Ag 3.8 Agt 2.4 T£ 3.0 Tl 

(x 0.151) (x 0.188) (x 0.260) 

Based on pseudocell. 4 opposite four-ring; 6 near center of 
six-ring; 8 near center of eight-ring; S displaced into sodalite 
unit; L displaced into large cage. *also 0.6 Ag(l) at .134, 
.134, .134. talso 2.0 Ag(2) at .129, .129. .129. Atomic 
coordinates and displacement factors (x 10^) given for some 
positions. 
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Aluminum-oxygen complex An electron density peak has been 
observed at the center of the sodalite unit in dehydrated 
varieties exchanged with divalent cations (4^ .5, 29-36) but 
not with monovalent ones. Another electron density peak was 
observed near ±0.08, ±0.08, ±0.08 on the eight triad axes 
approximately 1.7A away from the origin peak for dSrA and dCaA 
(4, 5). The peaks for two separate crystals of dSrA (Figure 1) 
are fairly well defined, and can be explained by angular dis
order of two TÔ  tetrahedra related by inversion through a 
center of symmetry (Figure 2). The non-circularity of the peaks 
for 0* in Figure 2 may result from some angular misorientation 
caused by interaction with framework oxygens and strontium atoms. 
Because there is considerable evidence (37) for removal of Al 
from zeolite frameworks by various processes i t is assumed that 
the peaks correspond t
could not distinguish betwee
Because the aluminum-oxygen complex is not found in the as-
synthesized NaA zeolite, the n.m.r. evidence (38) for occluded 
aluminum compounds does not apply to the species found here for 
dehydrated varieties exchanged with divalent cations. Although 
an octahedral complex can apparently be ruled out because the 
electron density peaks for its 0 species should l i e along cubic 
[100] rather than tetrahedral [111] directions, an 2 7A1 n.m.r. 
study should be made: perhaps some of the angular deviation in 
Figure 2 might result from an octahedral complex in a disordered 
arrangement. 

Tetrapropylammonium fluoride s i l i c a l i t e 

The s i l i c a l i t e polymorph of Si02 (39) and the ZSM5 molecular 
sieve (40) have the same type of four-connected framework 
characterized by ten-ring channels which have four-fold inter
sections of the straight and zigzag channels (Figure 3). Re
finement of X-ray data for a twinned crystal of the TPAF-con-
taining precursor to fluoride-silicalite (41, 42) revealed 
electron density (Figure 4) consistent with one TPAF complex at 
each channel intersection (Figure 5). Each propyl group fjts 
neatly down aochannel, and the end carbon atom lies at 2.7A (C9 
to C9) or 3.1A (C3 to C6) from the end carbon atom of a propyl 
group of the next TPAF complex. It was not possible to replace 
each propyl group by a butyl group even with considerable twist
ing of the complex when account was taken of van der Waals bond
ing to framework oxygens. There would be sufficient room, of 
course, for occupation of every other channel intersection.by a 
TBAF complex. 

The crystallization of s i l i c a l i t e species containing 
tetrapropylammonium complexes is consistent with a template 
mechanism of crystallization (39). Nevertheless, caution is 
needed in proposing a specific template role for TPA because the 
zeolite LZ-105 (42) with apparently the same framework topology 
as s i l i c a l i t e can be synthesized in the absence of any organic 
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[ H O ] [HI] 

Figure 1. Electron density in (110) plane passing through the 
origin for two crystals of dSrA. Zero and negative contours, 
dot-dash and dash respectively. Contours at 0.2e/A , except 

°3 
for origin peak with 0.4e/A . 
(Reproduced from Ref. 4. Copyright 1982, American Chemical 
Society.) 

Figure 2. Stereoplot of sodalite unit and one of the AIO^* 
tetrahedral units in dSrA. Invert through the center to 
obtain the second orientation. Ellipsoids at 30% probability 
level. 
(Reproduced from Ref. 4. Copyright 1982, American Chemical 
Society.) 
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I—>y section at x = 0-5 

1 L J ^ • r t ! I 

0-55 0-75 0-95 

Figure 4. Difference-Fourier maps of electron density associated 
with non-framework atoms i n the precursor to f l u o r i d e -
s i l i c a l i t e : (a) section i n mirror plane at y 0.75; (b) 
section normal to mirror plane. The projections of the 
ref ined posi t ions of the atoms i n the TPAF complex areQ ^ 
projected onto the sect ions . Contours spaced at 0.2e/A 
Zero contour i s dot-dashed. 
(Reproduced from Ref. 4. Copyright 1982, American Chemical 

Society. ) 
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Figure 5. Stereoview of the refined positions of one TPAF 
complex and its relation to the surrounding portion of the 
si l i c a framework and end C atoms of adjacent complexes. The 
N atom lies near the origin of the four arrows at the upper 
left of Figure 4, and the C8 and C9 atoms l i e nearly in the 
center of a straight channel parallel to b. The C1-C6 atoms 
l i e in a mirror plane and the C1-C3 and C4-C6 limbs point 
along adjacent zig and zag portions of a zigzag channel. 
(Reproduced from Ref. 4. Copyright 1982, American Chemical 
Society.) 
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template or seed material. The role of butyl complexes In the 
synthesis of ZSM-11 i s speculative (42) u n t i l further data are 
published on the allowable range of c r y s t a l l i z a t i o n conditions, 
and u n t i l a detailed c r y s t a l structure analysis i s presented to 
augment the structural model (43) obtained from X-ray powder 
data. F i n a l l y , i t should be emphasized that the tetrapropyl-
ammonium complex i n the precursor to AlPO^-5 (J.M. Bennett et 
aL , this symposium) has a tripod shape quite different from the 
near-tetrahedral shape i n the precursor to fluoride s i l i c a l i t e . 
Hence any model for a template mechanism must take into account 
the change of shape consequent upon bond rotation. 
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8 
Neutron Diffraction Studies of Zeolite-A and 
Synthetic Faujasite 

A. K. CHEETHAM and M. M. EDDY 
University of Oxford, Chemical Crystallography Laboratory, 9, Parks Road, 
Oxford OX1 3PD, England 

A range of
by high resolution
the high flux beam reactor, ILL Grenoble. Thallium 
and silver derivatives of zeolite-A are cubic, Fm3c, 
and exhibit alternation of Si and Al. The sodium 
derivatives, however, are rhombohedral, space group 
R3c. Measurements on sodium ZK-4, with Si/Al = 
1.65, indicate that long range ordering of Si and 
Al is absent at this composition. Similarly, 
sodium zeolite-Y, with Si/Al = 2.61, also shows 
no apparent ordering of Si and Al, and has been 
refined in Fd3m. 

The resurgence of interest in the field of zeolite chemistry, 
which has been stimulated by the appreciation of their enormous 
potential as catalysts, has led to the application of several 
sophisticated physical methods in the study of their structural 
properties. Important advances have already been made using 
high resolution, solid state NMR (1,2) and electron micro
scopy (3), and in this paper we discuss the scope and limitations 
of neutron diffraction studies with powder samples, with some 
specific applications to zeolite-A and synthetic faujasite. 

While it is indisputable that single-crystal X-ray techniques 
will continue to provide the bulk of the definitive structural 
information on zeolites, neutron diffraction does have an import
ant role to play. First, neutrons are intrinsically more sensi
tive than X-rays to silicon, aluminium ordering since the 
neutron scattering lengths of Si and Al are significantly 
different; b s i. = 0.42, b A 1 - 0.35 (x 1014 m) (4). Second, and 
perhaps more important, the use of neutrons opens up the possi
bility of refining complex structures using powder data in combin
ation with the Rietveld profile analysis technique (5). This 
procedure has already been used to study a wide range of other 
inorganic systems including complex, low symmetry materials with 
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up to 100 variable parameters (6). The possibility therefore 
arises of determining the structure of zeolites that cannot be 
obtained in single-crystal form suitable for X-ray work. 

There are, of course, difficulties associated with the use 
of neutrons in this area; in particular,the high level of in
coherent (background) scattering that can arise from occluded 
water molecules in the zeolite cages. For this reason, our work 
so far has focused on dehydrated samples. Since this leaves 
approximately 50 percent of the unit cel l volume unoccupied, the 
scattering i s rather weak, a factor that is aggravated by the 
small neutron scattering lengths of Si, Al, and 0; counting times 
are therefore long. Nevertheless, the results presented below 
will demonstrate that significant progress has been made and some 
interesting discoveries have emerged from neutron work in this 
area. 

Experimental 

Al l the neutron data were collected on the high-resolution 
powder diffractometer, D1A, at the Laue-Langevin Institute, 
Grenoble. A neutron wavelength of approximately 2.9 1 was used 
for a l l measurements and a typical scan was obtained in 12 hours. 
Data from the bank of ten counters were collated using the 
programs of Hewat (7) and refined using the POWDER system (8) on 
the S.E.R.C.'s Interactive Computing Facility. The samples were 
kindly provided by Prof. J. M. Thomas (Cambridge). 

Results 

Thallium and Silver Zeolite-A The zeolite-A structure is 
constructed from simple aluminosilicate cubeoctahedra, connected 
to form a three-dimensional, cubic network by so-called 1double-
4f rings (Figure 1). This arrangement leads to the formation of 
large a-cages whose internal diameter is approximately 11 A. 
The chemical composition of the sodium derivative in its hydrated 
form is approximately Na^ 2Sii2 A 1i2°48' 2 7 H2°» a n <* t n e Si/Al ratio 
typically f a l l s in the range 1.0 - 1.1. 

Single-crystal X-ray results (9) point to strict alternation 
of Si and Al (the 4:0 ordering scheme) in accordance with 
Loewenstein's rules (10), but this model was recently 
challenged on the basis of 29si NMR measurements (1,2) and our 
discovery that the sodium derivative can be rhombohedral (11,12). 
However, the controversy has now been resolved and the correct
ness of the X-ray model reaffirmed (13,14). A consequence of the 
Si, Al ordering is that the lattice parameter of the cubic cell 
is ca. 24.6 L not 12.3 A as reported in earlier work, a feature 
reflected in weak superlattice reflections. The space group is 
Fm3c. 

Our neutron study of the thallium and silver derivatives was 
stimulated by two factors. First, Tl and Ag are excellent neutron 
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scatterers (b^i = 0.89, b^q = 0.60), thereby affording accurate 
determinations of the cation p o s i t i o n s . Second, they represent 
our attempts to obtain r e s u l t s , using powder techniques, 
approaching the p r e c i s i o n obtained with s i n g l e - c r y s t a l X-ray 
methods• 

The thallium-A sample was prepared by ion exchange (15) from 
a rhombohedral, sodium sample with S i / A l = 1.10. The neutron 
data show no h i n t of a rhombohedral d i s t o r t i o n , and the structure 
r e f i n e s to a f i n a l R-factor (based upon p r o f i l e i n t e n s i t i e s ) of 
11.3 percent using the model of Pluth and Smith (9): 

R p r = Z I y i ( o b s ) " c y i ( c a l c ) I 1 1 I y i ( o b s ) I 
where y^obs) and y^(calc) are the observed and calculated i n t e n 
s i t i e s , r e s p e c t i v e l y
a scale f a c t o r . The atomi
are given i n Table 1, and the observed and calculated p r o f i l e s 
are shown i n Figure 2. The bimodal d i s t r i b u t i o n of bond lengths 
i n the SiO/ and AIO^ tetrahedra confirms that S i and A l are 
s t r i c t l y a l t e r n a t i n g and are i n good agreement with the s i n g l e -
c r y s t a l X-ray r e s u l t s (Table 2). I t i s worth noting that we are 
comparing our r e s u l t s with a very precise X-ray determination and 
that, even quite recently, s i n g l e - c r y s t a l studies i n which S i , 
A l ordering was undetected have been reported (for example, 
reference 16). 

The thallium atoms, T l ( l ) and T l ( 3 ) , are found i n t r i g o n a l 
p o s i t i o n s on each side of the 6-ring (Figure 3), with the s i t e 
p r ojecting i n t o the large a-cage having the larger occupancy. 
The distances to the three 0(3) atoms are 2.715 A and 2.923 k f o r 
T l ( l ) and T l ( 3 ) , R e s p e c t i v e l y . Tl(2) i s located i n the 8-ring 
window at 2.982 A and 2.694 A from 0(1) and 0(2), r e s p e c t i v e l y 
(Figure 4). Difference Fourier c a l c u l a t i o n s c l e a r l y reveal a o 

fourth c ation s i t e , close to the center of the 6-ring at 2.256 A 
from 0(3) (Figure 3). This p o s i t i o n i s very close to that of the 
cation s i t e with the highest occupancy i n sodium z e o l i t e - A and 
must correspond to some unexchanged sodium, a conclusion affirmed 
by a n a l y t i c a l electron microscopy measurements. When the scat
t e r i n g length of Na (0.35) i s substituted f o r that of T l at t h i s 
s i t e , the t o t a l cation occupancy f o r the structure increases from 
0.72(3) to 0.91(3); the expected value based upon the S i / A l r a t i o 
i s 0.95(2). The sum of the occupancies of the s i t e s i n the 6-ring 
also increases to 0.69(3), compared with the t h e o r e t i c a l maximum 
of 0.67. In d e t a i l e d studies of ion-exchange at 25°C, 64 percent 
conversion of the sodium to the t h a l l i u m form was achieved; our 
r e s u l t s correspond to 66 percent conversion. The zero-coordinated 
Tl s i t e reported by F i r o r and Seff (16) was not found i n the 
present work. 

The above r e s u l t s augur w e l l for the e f f i c a c y of neutron 
d i f f r a c t i o n as a t o o l f o r studying z e o l i t e s . The s e n s i t i v i t y to 
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B 

Figure 1. 
The cubic (a ̂ 12.3 A) sub-cell of zeolite-A; Si(Al) 
and oxygen atoms are shown as large and small spheres, 
respectively. 

250 45 0 650 85 0 105 0 125 0 rvo T*TA 

Figure 2. 
The observed (dots), calculated (solid curve), and 
difference profiles for Tl zeolite-A in Fm3c; reflec
tion positions are also indicated. 
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TABLE I 
FINAL ATOMIC COORDINATES FOR 

T l ZEOLITE-A IN SPACE GROUP Fm3c 
Atom P o s i t i o n X Occupancy B(A 2) 

S i ( i ) 96(i) 0.0 0.0906(5) 0.1826(5) 1.0 0.11(11) 

A l ( i ) 96(i) 0.0 0.1852(5) 0.0884(6) 1.0 0.11(11) 

0(1) 96(i) 0.0 0.1069(2) 0.2468(4) 1.0 0.68(7) 

0(2) 96(i) 0.0 0.1486(3) 0.1503(3) 1.0 0.68(7) 

0(3) 192(j) 0.0532(2

T l ( l ) 64(g) 0.1301(3) 0.1301(3) 0.1301(3) 0.330(10) 3.10(45) 

Tl(2) 96 ( i ) 0.0 0.2273(3) 0.2273(3) 0.222(5) 3.10(45) 

Tl(3) 64(g) 0.0485(9) 0.0485(9) 0.0485(9) 0.053(4) 3.10(45) 

Na(l) 64(g) 0.1025(9) 0.1025(9) 0.1025(9) 0.307(26) 5.33(153) 

TABLE 2 
SILICON-OXYGEN AND ALUMINIUM-OXYGEN BOND 

LENGTHS (A) IN ZEOLITE-A, SPACE GROUP Fm3c* 

(a) Single c r y s t a l X-ray r e s u l t s on dehydrated Na zeolite-A: 

Si-O(l) 
Si-0(2) 

2X Si-0(3) 
Av. Si-0 

1.595(4) Al-O(l) 
1.586(4) Al-0(2) 
1.604(3) 2XAl-0(3) 
1.597 Av. Al-0 

1.723(4) 
1.717(4) 
1.741(2) 
1.731 

(b) Powder neutron d i f f r a c t i o n r e s u l t s on dehydrated T l 
zeolite-A: 

Si-O(l) 
Si-0(2) 

2X Si-0(3) 
Av. Si-0 

1.608(14) Al-O(l) 
1.628(14) Al-0(2) 
1.560(13) 2XAl-0(3) 
1.589 Av. Al-0 

1.702(14) 
1.755(14) 
1.726(13) 
1.727 

*E.S.D.fs are given i n parentheses. 
Reference 9. 
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O 0 © ( 3 3 3 3 0 ) 

D Q 
TL3 '0 O™ 

Figure 3. 
The location of T l ( l ) , Tl(3), and Na(l) close to the 
6-rings of the cubeoctahedra in Tl zeolite-A. 

Figure 4. 
The location of Tl(2) in the 8-ring in Tl zeolite-A. 
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S i , A l ordering i s c l e a r l y demonstrated and the a b i l i t y to detect 
unexchanged sodium i s reassuring. Zeolite-A, with i t s u n i t c e l l 
volume of 15,000 A3, represents perhaps the largest c e l l to be 
studied by neutron powder methods up to the present time, though 
structures i n v o l v i n g s u b s t a n t i a l l y l arger numbers of parameters 
have been refined. The detection of S i , A l ordering stems from 
the a b i l i t y to observe the weak s u p e r l a t t i c e r e f l e c t i o n s 
associated with the doubling of the u n i t c e l l , a feature made 
possible by the use of a very long neutron wavelength (2.98 A) i n 
these experiments; Figure 5 shows the 531 s u p e r l a t t i c e peak on 
the leading edge of the 600 substructure r e f l e c t i o n . When the S i 
and A l scatte r i n g lengths are inverted following convergence of 
the refinement to R p r = 11.3 percent, the R-factor increases to 
12.4 percent. There i s , therefore, some i n t r i n s i c s e n s i t i v i t y to 
S i , A l ordering, but i
d i f f e r e n t bond lengths

A corresponding Fm3c refinement of the s i l v e r z e o l i t e - A 
structure, using a sample with a S i / A l r a t i o of 1.02, has also 
been achieved. The f i n a l p r o f i l e R-factor i s 12.3 percent and 
a bimodal d i s t r i b u t i o n of Si-0 and Al-0 bond lengths i s again 
obtained, confirming once more the a l t e r n a t i o n of S i and A l . Our 
analysis of the cation positions i s not yet complete and we are 
examining the r e s u l t s f o r evidence of s i l v e r c l u s t e r s , as r e 
ported by Uytterhoeven and co-workers (17). 

Rhombohedral Sodium Zeolite-A Our neutron data on three 
samples of sodium z e o l i t e - A show cl e a r evidence f o r a rhombohedral 
d i s t o r t i o n of the structure that i s most apparent with S i / A l = 1.0. 
The l a t t i c e parameters are set out below (12): 

S i / A l Temperature a=b=c (A) a=B=Y (degrees) 

1.10 5 17.352 59.84 
1.02 290 17.365 59.82 
1.02 5 17.375 59.72 
1.00 290 17.392 59.62 
1.00 5 17.401 59.53 

Since we have demonstrated above that t h a l l i u m and s i l v e r 
d e r i v a t i v e s prepared from these rhombohedral samples are cubic 
with 4:0 ordering i n the a l u m i n o s i l i c a t e framework, i t i s reason
able to assume that t h i s d i s t r i b u t i o n must be present i n the 
sodium compounds. The structure can be described using space 
group R3c and our e f f o r t s have recently concentrated on obtaining 
good refinements with t h i s model. I f no constraints are applied, 
a f i n a l R-factor of 13.6 percent i s obtained using the 5K data 
( S i / A l - 1.0), but unfortunately the spread of Si-0 and Al-0 bond 
lengths i s larger than would seem chemically reasonable. 
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Essentially, the structure is undetermined with powder data since 
lowering the symmetry from cubic to rhombohedral increases the 
number of variable atomic coordinates from 15 to approximately 50, 
whilst a high degree of pseudosymmetry persists. A variety of 
constrained models has been tested, including one in which the 
SiO^ and AIO4 units were held rigidly tetrahedral using coordin
ates determined from a distance least-squares (DLS) analysis (18). 
This gave an Rpr-factor of 22 percent, confirming, as we already 
know from the cubic derivatives, that significant deviations from 
T<| symmetry do occur. We are currently writing a version of the 
profile analysis programs in which flexible constraints w i l l hold 
the structure within chemically reasonable limits using the 
procedure described by Waser (19). 

Sodium ZK-4 Ker
preparation of the zeolit
the Si/Al ratio can be as high as 3, and we have studied a sample 
with a Si/Al ratio of 1.65 (determined by 2 9 S i NMR) using a 
neutron wavelength of 2.98 A. The most striking feature of the 
neutron powder pattern is the apparent absence of the superlattice 
reflections arising from the Si, Al ordering; this is illustrated 
in Figure 6, where the 531 reflection, normally seen on the low 
angle side of the 600 (Figure 5), is now absent. A l l t|e data can 
now be indexed using a primitive cubic c e l l , a Q ̂  12.3 A, and we 
have carried out refinements in the space group Pm3m. Ironically, 
this is the space group originally proposed for zeolite-A at a 
time when i t was thought that the Si, Al distribution was random 
(21). Our results therefore imply that Si and Al are no longer 
alternating in ZK-4 when Si/Al ̂  1.65, even though local ordering 
in obedience to Loewenstein1s rules, is probably s t i l l present 
(high resolution, 2 9 S i NMR results (14,22) suggest that this is 
the case). This conclusion is consistent with the results of 
Monte Carlo calculations which predict that superlattice ordering 
wi l l be absent when the Si/Al ratio exceeds 1.70 (23). 

A good refinement of the data with R p r « 14.5 percent has 
been obtained in Pm3m (Figure 7). Most of the discrepancies be
tween the observed and calculated profiles stem from our inability 
to simulate the peak shapes for the low angle reflections, a 
problem that arises from the large vertical acceptance angle of 
the counters on the D1A diffractometer. Since we have now 
established that the superlattice is absent, this experiment could 
usefully be repeated with a shorter neutron wavelength. 

In the Pm3m description there is only one tetrahedral Si, Al 
site in the aluminosilicate framework, and our mean Si, Al-0 
bond length (1.642 A) is in good agreement with the weighted 
average of Si-0 and Al-0 bond lengths (1.653 A) at this Si/Al 
ratio. The neutron study also reveals that the site in the 8-ring 
window, occupied by Tl(2) in the thallium compound (see above) is 
unoccupied in ZK-4 because the sodium content is reduced as the 
Si/Al ratio increases. This structural feature has previously been 
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TWO THETA 

Figure 5. 
The 531 su p e r l a t t i c e r e f l e c t i o n on the low angle side 
of the 600 sub-structure r e f l e c t i o n i n T l ze o l i t e - A 
(observed and calculated models, as i n Figure 2). 

>_ 200 

_J I I L. 

Figure 6. 
The 531 su p e r l a t t i c e peak i s absent i n ZK-4 (compare 
with Figure 5). 
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Figure 7. 
The observed, calculated, and difference profiles of 
sodium ZK-4. 
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Figure 8. 
The observed, calculated, and difference profiles of 
sodium zeolite-Y. 
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suggested (24) i n order to account f o r the a b i l i t y of sodium ZK-4, 
but not sodium-A, to absorb long-chain hydrocarbons such as n-
hexane (20). On the other hand, our f i n a l difference Fourier 
maps reveal some occupancy of s i t e s i n the a-cage f o r which we 
have no f a c i l e explanation. This unexpected feature may be r e 
la t e d to the frequent observations of an extra l i n e i n the NMR 
spectra of ZK-4 that i s normally ascribed to me t a s i l i c a t e 
impurity (22). 

Sodium Zeolite-Y (Faujasite) The f a u j a s i t e structure i s 
constructed from the same cubeoctahedral u n i t s that form the 
basis of zeo l i t e - A , but i n t h i s instance they are connected 
through the 6-rings rather than the 4-rings. The c r y s t a l system 
i s again cubic, and Olsen (25) has demonstrated that S i and A l 
are ordered i n an a l t e r n a t i n
The sgace group i s Fd3
24.6 A. Samples with higher S i / A l r a t i o s have previously been 
examined by neutron d i f f r a c t i o n , but S i , A l ordering was not 
considered and the space group Fd3m was assumed (26). 

We have examined a sample with S i / A l = 2.61 and obtained a 
good refinement using the centrosymmetric space group and an 
apparently random S i , A l arrangement. The p r o f i l e R-factor 
converged to 13.3 percent and the observed and calculated neutron 
patterns are i l l u s t r a t e d i n Figure 8. The mean S i , Al-0 bond 
length, 1.64 A, i s once more i n good agreement with the expected 
value (1.639 A). As i n ZK-4, we can again argue that Loewenstein's 
rules could be observed without o v e r a l l S i , A l a l t e r n a t i o n at such 
high S i / A l r a t i o s . Refinements i n which the non-centric space 
group, Fd3, i s assumed give a better f i t (Rp r • 12.4 percent) than 
i n Fd3m, following an increase i n the number of v a r i a b l e atomic 
coordinates from 12 to 20, but y i e l d chemically unacceptable 
Si-0 and Al-0 bond lengths. We conclude that the higher symmetry 
des c r i p t i o n i s correct f o r our sample. The sodium d i s t r i b u t i o n 
i s i n good agreement with that of the previous neutron study, 
showing depletion of the s i t e S I 1 . 

Conclusions 

The r e s u l t s that we have obtained to date using neutrons are 
very encouraging and confirm that r e l i a b l e s t r u c t u r a l information 
can be derived from powder studies. The extension of the work to 
more complex z e o l i t e s i s c e r t a i n l y merited, although more 
sophisticated computational methods, f o r example the u t i l i z a t i o n 
of f l e x i b l e c o n straints, may be necessary. The l o c a t i o n of ex
changeable cations should be f e a s i b l e using Fourier methods and 
we can also look forward to studies i n which absorbed molecular 
species are probed. On the other hand, we should not overestimate 
the s e n s i t i v i t y of neutrons to S i , A l ordering, bearing i n mind 
that the difference between the neutron s c a t t e r i n g lengths of S i 
and A l i s modest, and the l o c a t i o n of small concentrations of A l 
i n low symmetry structures, f o r example ZSM-5, w i l l c l e a r l y be 
d i f f i c u l t . 
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9 
A High Resolution Silicon-29 N M R and 
Neutron Powder Diffraction Study of Na-A 
Zeolite: Loewenstein's Rule Vindicated 

J. M. BENNETT and C. S. BLACKWELL 
Union Carbide Corporation, Tarrytown, NY 10591 
D. E. COX 
Brookhaven National Laboratory

The structure of dehydrated Na-A zeolite has been 
re-examined by magic angle spinning 29Si-NMR and 
neutron powder diffraction techniques. This is in 
light of recent proposals by Bursill et al., that 
the Si:Al ordering is different from the simple 
alternating scheme generally accepted, and violates 
Loewenstein's rule. The 29Si-NMR chemical shifts 
observed for Na-A zeolite and a series of nitro-
geneous-A zeolites with varying Si:Al contents 
demonstrate conclusively that in the former each Si 
is surrounded by four Al and no Si near neighbors. 
This 4:0 ordering scheme is consistent with previous 
X-ray structure determinations and does not violate 
Loewenstein's rule. Neutron diffraction data 
confirm the results of Bursill et al. that Na-A 
zeolite has rhombohedral symmetry at 4.5K and 296K. 
However, there is a transition to the cubic 
symmetry at about 335K. Structural analyses at 
selected temperatures between 4.5K and 603K were 
carried out by Rietveld refinement of the neutron 
data. Above the transition, the results are in 
good agreement with recent X-ray single crystal 
refinements by Pluth and Smith. Below the 
transition, constrained refinement strongly 
indicates that ordering of Na atoms in partially 
occupied sites takes place, with a consequent 
lowering of the symmetry to at least R3c. There 
is no necessity for the 3:1 ordering scheme 
proposed by Bursill et al. to be invoked to account 
for this lowering of symmetry. 

0097-6156/83/0218-0143$06.00/0 
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Since the original determination of the crystal structure of 
Linde zeolite 4A (_1), the refinement of the structure of the 
hydrated variety in space group Fm3c with a unit c e l l edge of 
24.6A instead of space group Pm3m with a pseudo-cell edge of 
12.3A, (2) showed that the Si and Al alternate in the framework. 

Further accurate single crystal X-ray determinations of the 
structures of potassium and sodium zeolites by Pluth and Smith, 
(3» 4) contained alternating tetrahedra with mean tetrahedral 
cation-oxygen distances of about I.60X and 1.738, consistent with 
occupation by Si and Al respectively. 

In a series of recent papers the structure of zeolite A has 
been re-examined with particluar reference to the Si and Al 
ordering, and a different arrangment has been proposed,(5, j?,) 
based mainly upon results from three different techniques, elec
tron diffraction, C5, 7  8)
(5, 9) and is at varianc

Magic angle spinning (MAS) Si-NMR is a valuable tool for 
revealing details of the structural environment in silicates, 
aluminosilicates and zeolites(11, 12) and can give valuable infor
mation about the Si:Al distribution in any zeolite framework. It 
is essential i f the data are to be used for evaluation of Si:Al 
ordering that the 29Si-NMR lines be quantitative such that their 
respective areas are proportional to the number of Si atoms of 
each type. A correct assignment of the identity of each line to 
its Si type is also crucial. In the case of Linde A zeolite, 
which has a chemical Si:Al ratio of unity, i t was originally 
concluded from 29Si-NMR results that A1-0-A1 linkages are present, 
(_7, 8) in violation of Loewenstein*s rule. This finding was based 
upon the observation of a 2 9 S i chemical shift of -88.9 ppm which 
was assigned to an Si:Al ordering scheme of 3:1. A similar 
conclusion was reached on the basis of neutron powder diffraction 
experiments, which revealed a small rhombohedral distortion at 
290 K and 5 K, and were interpreted in terms of a 3:1 ordering 
scheme with R3 symmetry. (5) 

This rather unexpected result stimulated a number of other 
investigations, including the present one, with the conclusion 
that the 4:0 ordering scheme is correct.(13) In addition, the 
NMR and neutron diffraction data reported in reference(5) have 
been re-interpreted in favor of 4:0 rather than 3:1 order,(14, 15) 
and i t is concluded that the rhombohedral distrotion observed in 
the neutron pattern is strongly dependent upon the identity of the 
exchangeable cations. However, in an independent neutron study 
of Na-A zeolite(16), Adams and Haselden reported no evidence for 
such a distortion, and conclude that the symmetry must depend 
subtly upon the method of preparation. 

The present work was undertaken to investigate the structure 
of Na-A zeolite in more detail, particularly with respect to the 
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S i : A l ordering. 2 9Si-NMR experiments have been c a r r i e d out on a 
series of nitrogeneous-A z e o l i t e s and show c l e a r l y that the -88.9 
ppm s h i f t in Na-A z e o l i t e should be assigned to S i surrounded by 
four A l near neighbors. In addition, neutron powder d i f f r a c t i o n 
data have been c o l l e c t e d as a function of temperature between 4.5 
and 600 K, and these are also consistent with the 4:0 ordering 
scheme. S t r u c t u r a l analysis by the Rie t v e l d refinement technique 
(17) reveals that the rhombohedral symmetry is a consequence of 
ordering of the Na ions in 8-rings at a temperature of about 335K. 

Experimental 

NMR Experiments 2 9Si-NMR spectra were obtained on a Bruker 
CXP-200 s o l i d state high Dower and high r e s o l u t i o n spectrometer 
equipped with the Bruke
are reported r e l a t i v e t
better than can be j u s t i f i e d from the line-widths (about 2.5 ppm) 
in these materials. The sample spinning rate was usually between 
3 and 4 kHz, and no spinning side bands were observed. 

A t y p i c a l spectrum was acquired with Bloch decays excited 
by 4 usee pulses separated by 10 second recovery delays, and 
the data should give a reasonably quantitative estimate of the 
S i content. Previous work on other types of z e o l i t e s has 
demonstrated the importance of checking f o r complete r e l a x a t i o n i f 
the spectra are to be used f o r quantitative studies. 

The samples used were a standard Na-A z e o l i t e and f i v e 
nitrogeneous types of z e o l i t e A, or N-A.(18) The N-A z e o l i t e s are 
s i l i c e o u s analogues of z e o l i t e A, synthesized with tetramethyl-
ammonium cation. The S i : A l r a t i o varied from 0.94 (NaA) to 3.54 
fo r the most s i l i c e o u s N-A sample.t The r a t i o s were determined by 
wet chemical a n a l y s i s , and the structure type and absence of 
impurity phases were confirmed by X-ray powder d i f f r a c t i o n 
techniques. Adsorption measurements (oxygen, -183 C) showed a 
z e o l i t e A content of greater than 90%. 

Neutron D i f f r a c t i o n Experiments The sample of Na-A z e o l i t e 
used in the neutron d i f f r a c t i o n studies was prepared by the 
standard technique and had a S i : A l r a t i o s l i g h t l y greater than 
unity (1.06), corresponding to the composition Nag.9781^^3^0.97 
O4. The sample was dehydrated by slowly heating in a i r in a 
shallow d i s h up to 300°C, maintained at 300°C f o r 16 hours, 
r a p i d l y transferred to a desiccator and allowed to cool. This 
procedure does not y i e l d a completely anhydrous material. The 
sample was f i n a l l y loaded i n t o a c y l i n d r i c a l aluminum holder 
under an atmosphere of dry helium. 

tThese samples were furnished by Miss E.M. Flanigen's Group, 
Molecular Sieve Department, Engineering Products D i v i s i o n , 
Union Carbide Corporation, Tarrytown, New York 10591 
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Data were collected with 2. 385& neutrons from the (002) 
reflection of a pyrolytic graphite monochromator and an analyzing 
crystal at two different settings, at various times over a period 
of several months. The analyzing crystal yields a significant 
improvement in peak-to-background ratios. In both cases a pyro-
lytic graphite f i l t e r was used to remove higher order wavelengths. 
The angular step interval was 0.05°. 

Results and Discussion 
29Si-NMR. The 29Si-NMR chemical shifts observed for various 

samples are: 
Table I 

Si:Al ratio from 0.94 1.32 1.54 1.79 2.73 3.54 
29Si-NMR Chemical Shifts (6) 

chemical analysis 

Assignments 
Sioif 1* — -77.1 -77.2 
Q**(4:0) -89.6 -88.8 -89.4 -89.3 -89.2 
Ql+(3:1) — -93.6 -94.2 -94.4 -94.4 -94.6 
<f(2:2) — -99.2 -100.1 -100.3 -100.5 -101.0 
(f(l:3) -- -105.2 -106.0 -106.0 -106.2 -107.0 
Q**(0:4) — — — -111.5 -111.7 -112.5 
*ppm with respect to_TMS (tetramethylsilane) 
tthe assignment Siolj" in samples 2 and 3 is for an impurity phase. 

Na-A zeolite has a single sharp line at -89.6 ppm, in agreement 
with data from numerous previous investigations. The data for the 
N-A samples provide conclusive evidence with respect to the Si:Al 
ordering. If the Na-A resonance at -89.6 ppm were assigned to 3:1 
ordering as previously suggested,(7, 8) then the chemical Si:Al 
ratio of unity would require the presence of A1-0-A1 bridges, in 
formal violation of Loewenstein1s rule. With this assumption, the 
regular progression of 29Si-NMR resonances to high field upon 
removal of Al from neighboring tetrahedra allows the positions of 
the resonances of Si in the other configurations to be predicted. 
If the shift 6(3:1) is -89.6 ppm, and the decrease in shift for 
each Si substitution is taken to be 5.5 ppm on average, then one 
would expect 6(2:2) = -95.1, 6(1:3) - -100.6 and 6(0:4) = -106.1 
ppm. The latter would therefore be the largest shift observed. 
If, on the other hand, -89.6 ppm corresponds to the 4:0 configur
ation, the progression to 0:4 order would cover five peaks out to 
a 6(0:4) of -111.6 ppm. The data and the spectra in Figures 1-2 
show an orderly progression with the growth of Si-rich peaks and 
the decrease of Al-rich peaks. The appearance of lines at -111.5, 
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^3 6 * =3o =fe -feO -l'OO - l ' f l ) -1*1) 

PPM 

Figure 1. 
2 9Si-NMR MAS Spectrum from: 
A. NaA ( S i : A l - .94) C. N-A ( S i : A l » 1.54) 
B. N-A ( S i : A l - 1.32) 

Society Library 
1155 16th st. n. w. 

Washington, 0. C. 20031 
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t = £ 0 — ^ 8 5 — = t e — q f e — - i ' d o -1*20 - i ^ - ^ e o 

PPM 
Figure 2. 
29Si-NMR MAS Spectrum from: 
D. N-A (Si:Al « 1.79) F. N-A (Si:Al - 3.54) 
E. N-A (Si:Al - 2.73) 
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-111.7, and -112.5 ppm in samples D, E and F demonstrates the 
existence of the 0:4 configuration at 6—112 ppm, and i t therefore 
follows from the progression of l i n e s to low f i e l d that the l i n e 
at -89.6 ppm corresponds to the 4:0 configuration. Deconvolation 
of the peaks with a Dupont 310 Curve Resolver, measurement of 
t h e i r areas, and a c a l c u a l t i o n f o r S i : A l using the peak assignment 
as herein discussed y i e l d s S i : A l calculated values in good agree
ment with chemical a n a l y s i s . Thus Lowenstein's r u l e is not 
v i o l a t e d in Na-A z e o l i t e , and the NMR r e s u l t s are consistent with 
the previous X-ray studies. 

We believe the probable explanation f o r the unusual 2 9Si-NMR 
s h i f t in z e o l i t e A f o r the 4:0 configuration l i e s in geometrical 
and s t e r i c e f f e c t s . Early i n t e r p r e t a t i o n s of 6 ( 2 9 S i ) s h i f t s in 
z e o l i t e s have recognized only the e f f e c t of A l s u b s t i t u t i o n . I t 
is w e l l known that othe  factor  influenc  th  chemical 
s h i f t s . The structure
having a double-four-ring g ,  probably 
responsible f o r the unusual changes in 6 ( 2 9 S i ) in these materials. 
Moreover, the chemical s h i f t s f o r a given type of configuration, 
e.g. 0:4, show a general s l i g h t s h i f t towards greater s h i e l d i n g as 
a function of increasing S i content. A possible explanation f o r 
t h i s is that the general shrinkage of z e o l i t e u n i t c e l l s with 
increasing r a t i o s of S i : A l r e s u l t s in stronger Si-0 bonds and 
increased s h i e l d i n g (a secondary geometrical e f f e c t ) . 

Neutron D i f f r a c t i o n 

The neutron data c o l l e c t e d at 4.5K and room temperature show 
that the symmetry is no longer cubic, in agreement with B u r s i l l , 
et al.(5) .This is most c l e a r l y seen by inspection of the (880) 
r e f l e c t i o n , which is found to be asymmetric and considerably 
broadened with respect to the (12,0,0) r e f l e c t i o n . Although (12, 
0,0) in f a c t occurs in combination with (884), the l a t t e r has a 
n e g l i g i b l y small i n t e n s i t y and thus the true symmetry may be 
assumed to be rhombohedral, as confirmed by subsequent p r o f i l e 
a n a l y s i s • 

As the temperature is increased from 293 K, the (880) peak 
width decreases s t e a d i l y and a t t a i n s the r e s o l u t i o n - l i m i t e d value 
s l i g h t l y above 335 K, while the (12,0,0) peak width stays 
e s s e n t i a l l y unchanged. The rhombohedral d i s t o r t i o n derived from 
the peak positions is shown in Figure 3 as Aot, the deviation from 
the 90 angle of the face-centered u n i t c e l l . Above 315 K the 
d i s t o r t i o n is too small f o r least-squares f i t t i n g to two peaks, 
but f i t s to a s i n g l e peak showed d e f i n i t e broadening up to about 
335 K, which is therefore taken to be the t r a n s i t i o n temperature 
to the cubic phase in Figure 3. 

A c a r e f u l scan was performed at 367 K in order to check 
whether the cubic phase had Fm3c symmetry. The (600,442) peak 
showed a d i s t i n c t shoulder on the low angle side corresponding to 
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4 0 0 

TEMPERATURE (K) 

Figure 3. 
Rhombohedral distortion of Na-A zeolite as a function 
of temperature expressed as the deviation Aa from 90 
of the face-centered ce l l . The solid line is drawn 
as a guide to the eye. 
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the (531) p o s i t i o n w i t h i n an uncertainty of 0.05°. Thus the 
rhombohedral symmetry does not appear to be associated with 
ordering of the S i and A l ions. 

A d d i t i o n a l scans performed between 293-385 K showed that the 
t r a n s i t i o n was r e v e r s i b l e over t h i s range. However, a f t e r the 
sample was maintained f o r about two days at 603 K, a subsequent 
room temperature pattern showed considerably less broadening, with 
a deviation 6a of about 0.1 . 

Str u c t u r a l Analysis A l o g i c a l i n i t i a l choice f o r the 
rhombohedral space group is R3c (which is the highest symmetry 
rhombohedral sub-group of Fm3c). However, f o r ease of comparison, 
the face-centered rhombohedral space group R f3c is used with a_ 
- a and a = 90°. 1 K 

The 9b(i) s i t e s o
the 192(i) s i t e s s p l i t
i n t o a set of s p e c i a l 16(c) s i t e s and a general set, while the 
Na(3) 96(h) s i t e s s p l i t i n t o two sets of s p e c i a l 24(e) s i t e s and 
one general set. The number of va r i a b l e p o s i t i o n a l parameters 
thus increases from 15 to 51. This represents a formidable 
problem and therefore the s t r u c t u r a l analysis is reduced to 
refinement of the occupancies of the seven possible Na s i t e s in 
Rp3c, while a l l the other p o s i t i o n a l parameters are constrained 
by the higher symmetry of Fm3c. 

603 K Data were c o l l e c t e d at 0.05° i n t e r v a l s over the 
angular range 7-137 with the graphite analyzer in the (004) 
configuration. In the f i r s t stages of refinement, S i and A l were 
assumed to be ordered, but the atomic positions were constrained 
to Pm3m, the Na occupancies were allowed to vary, subject to the 
constraint that the t o t a l amounted to 0.97 atoms per formula u n i t . 
The r e s u l t s are l i s t e d in column 1 of Table II.' 

When the Pm3m constraints were removed, convergence was 
quickly obtained, with Rj » 0.086 and Ryp • 0.169. Although the 
decrease in R^p is quite small, there are some s i g n i f i c a n t s h i f t s 
in the parameters in reasonable agreement with the X-ray determin
atio n . 

The refined values of the parameters are l i s t e d under column 
2 of Table I I , together with the X-ray values. The p r o f i l e f i t , 
which includes contributions from 176 r e f l e c t i o n s , is shown in 
Figure 4, together with the difference p l o t . The only s t r i k i n g 
discrepancy between the neutron and X-ray values is in the p o s i t i o n 
of Na(3), which would correspond to a Na-0 near neighbor distance 
of about 4.7X instead of 2.4A and c l e a r l y lacks physical meaning. 

One a d d i t i o n a l set of refinements was performed to test the 
s e n s i t i v i t y of the neutron p r o f i l e technique to the ordering of S i 
and A l , which have s c a t t e r i n g amplitudes of 0.415 and 0.345x10 1 2 

cm respectively.(19) When the occupation f a c t o r f (defined as the 
f r a c t i o n of " r i g h t " atoms on S i and A l s i t e s ) was allowed to vary, 
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a value of 1.2(1)ft was obtained, with Ryp remaining at 0.169. A 
refinement with S i and A l f i x e d in the "wrong" s i t e s gave an Ryp 
of 0.171. 

367 K The f i n a l r e s u l t s f o r Fm3c with v a r i a b l e Na 
occupancies are l i s t e d in column 3 of Table I I . The esd's are 
noticeably higher than at 603 K, but otherwise there do not appear 
to be any systematic differences. In p a r t i c u l a r , the Na 
occupancies are e s s e n t i a l l y unchanged. 

Q296 K This data set was c o l l e c t e d over the angular range 
7-91 , and showed c l e a r signs of a d i s t o r t i o n , but no i n d i c a t i o n 
of any i n t e n s i t y at the (hh£) positions with t odd. 

In the f i r s t stages of refinement, the p o s i t i o n a l parameters 
were constrained to Fm3
at the X-ray values, bu
vary. Then the three sets of Na s i t e s were s p l i t into seven with 
R F3c symmetry, i . e . N a ( l l ) and Na(12) in 16(c) and 48(f) s i t e s , 
Na(21) and Na(22) in two sets of 48(f) s i t e s , and Na(31), Na(32) 
and Na(33) in a further set of 48(f) s i t e s and two sets of 24(e) 
s i t e s r e s p e c t i v e l y . The Na(21) and Na(22) occupancies changed 
from i n i t i a l values of 0.25 in each case to values of 0.59(8) and 
-0.09(8) re s p e c t i v e l y . The l a t t e r was therefore f i x e d at zero. 
In view of the large esd's f o r the Na(32) and Na(33) s i t e s , and 
a high c o r r e l a t i o n c o e f f i c i e n t of -0.96, these occupancies were 
constrained to be equal in the f i n a l cycles of refinement. 

We therefore conclude that there is strong evidence f o r 
i n t e r p r e t i n g the cubic-rhombohedral t r a n s i t i o n in terms of order
ing of Na(2) ions. The decrease in Ryp is small, but the ordered 
model contains only two a d d i t i o n a l parameters and the improvement 
in R^p is comparable to those which follow from r e l a x a t i o n of the 
more r e s t r i c t i v e constraints described above. 

4.5 K These data were c o l l e c t e d with the analyzer in the 
(004) p o s i t i o n over the angular region 5 - 135 . The occupancy 
of the Na(22) s i t e again refined to a small negative value, and 
was therefore set to zero in the f i n a l cycles of refinement. 
Some idea of the i n t r i n s i c complexity of the pattern can be 
gained from the f a c t that there are 625 r e f l e c t i o n s . The refined 
value of the rhombohedral angle a is 89.585(6) , in good agree
ment with the two-peak f i t to (880). 

Interpretation The re s u l t s obtained f o r the cubic phase are 
less accurate than but generally consistent with the si n g l e crys
t a l X-ray resu l t s . ( 4 ) The one obvious discrepancy i n v o l v i n g the 
po s i t i o n of the Na(3) ions appears to be an a r t i f a c t connected 

ttHere and elsewhere in the paper, the figure in parentheses is 
the esd referred to the least significant digit(s). 
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with the presence of water molecules in the channels as already 
mentioned. The neutron data also provide direct confirmation of 
ordering of Si and Al. The occupancy factors of the three sets 
of Na sites also agree well with the X-ray values, and do not 
change as a function of temperature in the range studied. 

In the rhombohedral region, the small distortion and high 
degree of overlap, the rather poor peak-to-background intensity 
ratio, and the large number of additional parameters lead us to 
conclude that a f u l l structure refinement would give ambiguous 
results. However, some progress in this direction has been 
achieved with a simple model involving ordering of Na ions on 
sites with rhombohedral R3c symmetry but otherwise no relaxation 
of Fm3c positional constraints on any of the framework atoms. 

The most important conclusion is that the cubic-to-rhombohe
dral transitions is associate
is basically no change
among the three types of ring in the zeolite structure below the 
transition temperature. There is roughly one Na ion for each of 
the 6-rings and 8-rings, with the remainder statistically 
distributed over the 4-rings. However there is ordering of Na(2) 
into two of the four positions associated with an 8-ring which are 
equivalent in Fm3c but not in RF3c (Figures 5a and 5b). 
Complete ordering of Na(2) on one of these two sites can be 
achieved within space groups RF3c or RF32, but not RF3 (Figures 
5c, 5d and 5e). 

Comparison of the positional parameters above the transition 
with those obtained at 296 K and 4.5 K reveals some rather large 
differences and these parameters can be regarded as only approxi
mate, nevertheless, i t is worth noting that the average Si-0 and 
Al-0 bond lengths are 1.60 and 1.738 at 296 K, and 1.62 and 1.70& 
at 4.5 K, in reasonable agreement with those obtained in the cubic 
phase. 

Conclusion 

There are thus two main conclusions to the present study of 
NaA. The 29Si-NMR data demonstrate unequivocally that the order
ing scheme for Si and Al is 4:0 and the neutron diffraction data 
show that the rhombohedral symmetry observed at room temperature 
and below can be attributed to ordering of Na(2) ions with R3c 
symmetry. The transition to cubic symmetry occurrs at about 335K. 
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10 
New Approaches to the Structural 
Characterization of Zeolites: Magic-Angle 
Spinning N M R (MASNMR) 

J. M. THOMAS, J. KLINOWSKY, S. RAMADAS, and M. W. ANDERSON 
University of Cambridge, Department of Physical Chemistry, Cambridge 
CB2 1EP, England 

C. A. F Y F E and G. C. GOBBI 
University of Guelph, College o
Graduate Work in Chemistry, Guelph

The advantages and successes achieved by the appli
cation of 29Si and 27Al high-resolution solid state 
NMR to the study of zeolites are briefly reviewed. 
In particular the ease with six-fold coordination of 
either Si or Al is distinguished from tetrahedrally 
coordinated analogues is illustrated. 29Si MASNMR 
can readily distinguish crystallographically distinct 
Si(OSi)4 groups in highly siliceous solids such as 
silicalite; it enables the framework Si/Al ratio to 
be quantitatively and conveniently determined; it 
yields the number of neighbouring Al atoms bound to 
a central S i , via oxygen, and this, in turn, throws 
light on Si,Al ordering. Specific ordering schemes 
can thus be proposed for zeolites X and Y covering 
a range of Si/Al ratios. 29Si MASNMR measurements 
on zeolite ZK-4 confirm that the 29Si spectrum of 
zeolite A points to there being strict alternation 
of SiO4 and AlO4 tetrahedra in this framework when 
the Si/Al ratio is unity. 27Al MASNMR shows that 
the Al present in silicalite is bonded tetrahedrally 
and possesses an isotropic chemical shift close to 
that of Al in ZSM-5. A few results, and the struc
tural conclusions to which they lead of 133Cs-, 
71Ga- and 17C- MASNMR are also presented. 

Physicists have long been aware of the power and usefulness 
of high-resolution solid-state NMR. Even prior to the develop
ment of cross-polarization, in the early to mid-seventies, it 
was clear that, by recording the nuclear magnetic resonance 
spectrum when the sample was spun at the magic angle (5** M 1 ) to 
the magnetic f ie ld , chemical shifts could be readily identified 

0097-6156/83/0218-0159$06.50/0 
© 1983 American Chemical Society 
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(1) using sol id samples. This meant that structural information, 
akin to that routinely inferred from solution (1H and 13c NMR) 
measurements by organic chemists, could now be derived from 
spectra obtained with polycrystal1ine and non-crystal 1ine speci
mens . The chemi cal shi ft values are characteristic of crystal -
lographically and chemically distinct envi ronments. An admi rable 
summary of the advances achieved in the study of non-zeolitic 
sol ids using MASNMR, with nuclei other than 2°Si and 2 7 A 1 , has 
been given recently by Andrew ( 2 ) , the discoverer of the technique. 

On the basis of the pioneering work of Lippmaa et aj[ (3) on 
29si MASNMR, and that of Engelhardt et al_ (k) on 29$ i NMR of 
si 1icate solutions, it became apparent that *9$i chemical shifts 
are sensitive to the substituents present in the second coordina
tion sphere. Correlations between chemical shi ft and structure 
were established, and
structural studies of
aluminosi1icates. A wide variety of zeoli tic sol ids has by now 
been investigated (6-18) using 2 ^ S i , 27A1 and several other 
nuclei. The degree of structural insight achievable with MASNMR 
is exceptional, since it probes the immediate envi ronment of a 
particular nucleus (provided it has a finite magnetogyric ratio) 
more or less i rrespective of whether the sample i tself is 
crystal 1ine or amorphous. A measure of the practical value of 
this approach'is reflected by the fact that most of the major 
commercial manufacturers and users of aluminosi1icates have 
recently undertaken MASNMR studies for research and development 
purposes (12, 19). The scepticism expressed in some quarters as 
to the validity of the approach seems to have evaporated, and the 
techniques of *9Si and 2'A1 MASNMR have now gained general 
acceptance. ~q 

From the outset, it was clear that Si MASNMR resonances 
were, to some degree, structure-sensitive. The correlation 
charts of Lippmaa et al (5, 9) and our own (7, 10) show a range 
of values at which a ̂ 3si nucleus in a particular envi ronemnt 
(Si(0A1)^_ (OSi) with n = 0, 1, 2, 3, or k) was expected to 
resonate: ?his point emerges clearly from Table 1. In this 
respect MASNMR is similar to IR, UV and Raman and solution NMR 
spectroscopies for which there are comparable charts that are 
constructed, as in 29si MASNMR, sol id-state spectroscopy, largely 
on the basis of accumulated practical experience, rather than on 
theoretical calculations. ?q 

Although good MASNMR " $ i spectra may be obtained at ('H) 
frequencies of 90, 200, 250 and 300 MHz, we have found (17) the 
advantages that accrue from uti1izing the highest fields to be 
most valuable. Improvements in sensitivity alone justify the 
recording of spectra under these condi tions. 

Studies of Faujasitic Zeoli tes (Zeolites X and Y) 
The general usefulness and novelty of Si, and, to a lesser 
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TABLE 1 

29 
Ranges o f ^ S i MASNMR Chemical S h i f t s f o r Z e o l i t i c Alumino 
s i l i c a t e s (TMS as r e f e r e n c e ) 

Primary 
Coordination Notation Results of the 

T a l 1 i n - B e r l i n 
Group 3» b 

Results of the 
Guelph-Cambridge 

Group c» d» e 

Al 
0 

AlOSiOAl 
0 

Al 

Si(4A1) - 8 3 to - 8 7 - 8 0 to - 9 0 . 5 

Al 
0 

AlOSiOAl 
0 

Si 

S i ( 3 A 1 ) - 8 8 to - 9 4 - 8 8 to - 9 7 

Al 
0 

SiOSiOAl 
0 

Si 

Si(2A1) - 9 2 to - 9 9 - 9 3 to -102 

Al 
0 

SiOSiOSi 
0 

Si 
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degree, 27A1, MASNMR in the study of zeoli tes is perhaps best 
i1lustrated by ci t ing the results obtained with and conclus ions 
drawn from faujasitic zeolites (8, 9, 11, 17). When we embarked 
on these studies they were intended to serve both as a test of 
the validity of the MASNMR approach and as a vehicle for probing 
hitherto uncharted depths in the structural and analytical 
chemistry of zeolites. Our studies proceeded independently of, 
and essentially simultaneously with, those of Engelhardt et al. 
Our results concur in al1 major respects: they also agree in 
most principal respects with those of subsequent studies (12). 

The advantages in selecting faujasitic zeolites merit 
enumeration here. 

(i) First, the Si/Al ratio may be altered (by suitable choice 
of conditions of growth) in smal1 increments between the 
extrema of 1.
— the topolog
(T = Si/Al) in tetrahedral coordination — remains 
unchanged, This enables the spectral characteristics 
to be monitored as a function of Si/Al ratio, thereby 
permitting a test of the sensitivity of a given 2 9s i 
envi ronmental resonance upon compos i t ion. 11 al so throws 
1ight on the question of Si,A1 ordering (see below) as 
this is reflected in the intensity ratios of the respec
tive Si(nAl) peaks (n = 1, . . . k being the number of 
Al's tetrahedrally 1 inked, via oxygen, to a central Si). 

(ii) Second, the enigmatic, and catalytically important 
process of ultrastabi1ization in which zeolite Y is 
converted (20) by suitable heat treatment, to an ultra-
stable form, may be directly investigated. 

(i i i) Thi rd, the consequences of vapour phase dealumination, 
effected by using gaseous SiCl^, and to a less effective 
degree by gaseous PCI^, may be explored. 

(iv) Simple, but useful, point-charge calculations of electro
static repulsions (between " A l * + M ions wi thin the 
aluminosi1icate framework) are readily carried out (11) 
with the faujasite structure since, in this structure, 
unlike those of many others, zeolites and porotecto-
silicates, there is only one type of tetrahedral site. 

(v) Zeol i t i c gallosi1icates possessing the faujasi te 
(as well as the sodalite and analcite) structure may 
be readily prepared so that, in principle, by recording 
the appropriate 2 9 s i , 2?A1 and ?'Ga MASNMR spectra 
information may be obtained pertaining to Si,A1 and 
Si,Ga ordering schemes. 

Some of our results have been presented and interpreted 
elsewhere others are s t i l l in the course of assessment. A few 
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t y p i c a l s p e c t r a , a l o n g w i t h computer-simulated analogues (based 
on Gaussian peak shapes) a r e shown in F i g u r e 1, from which i t 
is seen t h a t t h e r e is a gradual e v o l u t i o n in the p a t t e r n o f the 
peaks. The 4:0 peak ( i . e . S i ( O A l ) , o t h e r w i s e d e s i g n a t e d SI(4A1)) 
dominates a t low S i / A l ; indeed a t S i / A l = 1.0, t h e r e is but a 
s i n g l e peak, c e n t r e d a t -84.0 ppmw.r.t. t e t r a m e t h y l s i l a n e (TMS). 
These f a c t s d i s c l o s e t h a t t h e r e is s t r i c t S i , A l a l t e r n a t i o n in 
z e o l i t e X o f co m p o s i t i o n 1.0 and, t h a t Loewenstein's r u l e (21) 
which f o r b i d s the o c c u r r e n c e o f A1-0-A1 l i n k a g e s in t e t r a h e d r a l l y 
bonded a l u m i n o s i 1 i c a t e s is obeyed. Many o t h e r c o n c l u s i o n s a l s o 
stand o u t . They a r e as f o l l o w s : 

29 
(a) Whenever two o r more r e s o l v a b l e S i ( n A l ) peaks o c c u r in S i 

MASNMR s p e c t r a ( w i t h n_ ? z e r o ) , i t is p o s s i b l e t o compute 
q u a n t i t a t i v e l y fro
the a l u m i n o s i 1 i c a t
framework) p r o v i d e d t h a t Loewenstein's r u l e is obeyed. As 
t h i s r u l e is obeyed, i t f o l l o w s t h a t each Si-O-Al l i n k a g e 
in a S i ( n A l T s t r u c t u r a l u n i t s is e q u i v a l e n t t o A l / 4 atoms 
so t h a t the S i / A l r a t i o in the t e t r a h e d r a l l y bonded a n i o n i c 
framework is g i v e n by: 

k 
( S i / A l ) 0 Q = I I c - / a i \ / £ 0.25 I C . / a i \ 

2 9 S i MASNMR n=0 S« ( ^ A 1 > / n - 0 H S ' ( ^ A ° 
29 

where ^51 ( n A l ) s t a n c * s ^ o r t n e i n t e n s i t y f o r the peak in 
which a c e r f t r a l S i atom is surrounded by nAl and (4-rO S i 
atoms v i a oxygen l i n k a g e s . T h i s e q u a t i o n is e x c e p t i o n a l l y 
u s e f u l and r e l i a b l e (9, 11). I n t e r a l i a , i t enables a 
d i r e c t d e t e r m i n a t i o n o f the framework S i / A l r a t i o , 
unencumbered by u n c e r t a i n t i e s i n t r o d u c e d (as they i n v a r i a b l y 
a r e in wet chemical and o t h e r n o n - d i s c r i m i n a t o r y t e c h n i q u e s ) 
by the presence o f e i t h e r occluded aluminous c a t i o n s , 
d e t r i t a l s i l i c a and o t h e r i m p u r i t i e s such as s i l i c a - a l u m i n a 
g e l s o r c r i s t o b a l i t e . N e i t h e r X-ray f l u o r e s c e n c e nor 
neutron a c t i v a t i o n a n a l y s i s , because each is g l o b a l , in the 
sense t h a t i t encompasses a l l the atoms present i r r e s p e c t i v e 
o f t h e i r s t a t e o f chemical c o m b i n a t i o n , possesses the d i s 
c r i m i n a t o r y a n a l y t i c a l power o f 29si MASNMR. 

(b) I n f o r m a t i o n about S i , A l o r d e r i n g in the a l u m i n o s ? 1 i c a t e 
framework, emerges from the q u a n t i t a t i v e v a l u e s o f the 
Si (nAl) i n t e n s i t i e s (such as those shown in F i g u r e 1). I t 
t r a n s p i r e s t h a t the tendency t o o r d e r is l e s s pronounced the 
hi g h e r t h e v a l u e o f the S i / A l r a t i o . By matching the com
puted i n t e n s i t i e s f o r a p o s s i b l e o r d e r i n g scheme w i t h those 
observed t a k i n g due r e c o g n i t i o n o f o t h e r c o n s t r a i n t s , such 
as u n i t c e l l repeat d i s t a n c e s and c r y s t a l l o g r a p h i c space 
group, we may a r r i v e a t p l a u s i b l e o r d e r i n g schemes f o r a 
g i v e n S i / A l r a t i o . Thus, w h i l e both o r d e r i n g schemes a r e 
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Si/A) 

-80 -90 -100 -110 

Figure 1. 
A s e l e c t i o n o f the h i g h r e s o l u t i o n 2 ^ S i MASNMR s p e c t r a 
o f s y n t h e t i c NaX and NaY a t 79-80 MHz. The l e f t - h a n d 
columns show the observed s p e c t r a , those on the r i g h t 
are the computer-simulated analogues, wi th the decon-
v o l u t i o n drawn as d o t t e d 1ines. S i ( n A l ) peaks a r e 
i d e n t i f i e d by the £ above the peak. 
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c o m p a t i b l e w i t h S i MASNMR s p e c t r a , we fav o u r the model 
shown in F i g u r e 2(a) over t h a t in F i g u r e 2 ( b ) , as the former 
r e t a i n s t r a n s l a t i o n a l p e r i o d i c t y between s o d a l i t e cages A 
and C o r B and D whereas the l a t t e r does not. 

As the S i / A l r a t i o i n c r e a s e s f u r t h e r the tendency f o r 
o r d e r i n g o f the S i and A l in the framework d i m i n i s h e s pro
g r e s s i v e l y . There a r e even i n d i c a t i o n s t h a t , beyond S i / A l 
o f ca 2.0, a random model ( s u b j e c t t o the p r o v i s o o f 
Loewenstein's r u l e ) is a p p l i c a b l e . In t h i s c o n n e c t i o n i t 
is noteworthy t h a t , in a sample o f 17-year o l d s y n t h e t i c 
f a u j a s i t e which had c r y s t a l l i z e d out a t room termperature 
from a n u t r i e n t a l u m i n o s i 1 i c a t e g e l prepared by Dr. C. V. 
McDaniel o f the W. R. Grace S c o . , no s t r o n g p r e f e r e n c e 
f o r a w e l l - d e f i n e d , S i / A l r a t i o ( r e p r e s e n t i n g ' i n t e g r a l ' 
v a l u e s o f S i and
( F i g u r e 3 ) . 

(c) MASNMR s p e c t r a y i e l d i n f o r m a t i o n p e r t a i n i n g t o the c o o r d i n a 
t i o n o f A l in z e o l i t e s s i n c e the s h i f t s c o r r e s p o n d i n g 
t o 4- and 6- c o o r d i n a t i o n a r e w i d e l y s e p a r a t e d from one 
another (see F i g u r e 4 ) . T h i s f a c t is turned t o good 
advantage in m o n i t o r i n g the progress o f d e a l u m i n a t i o n o f 
z e o l i t e s e i t h e r by exposure t o S i C l , vapour (22, 23) o r 
by hydrothermal treatment. I d e n t i f y i n g the c o o r d i n a t i o n o f 
Al in t h i s way is a much more s e n s i t i v e t e c h n i q u e than o t h e r 
a v a i l a b l e methods such as those based on s h i f t s in A1K3 
X-ray e m i s s i o n l i n e s (24) or on XPS measurements (25). 

(d) Our knowledge o f the atomic rearrangements t h a t take p l a c e 
d u r i n g the process o f u l t r a s t a b i 1 i z a t i o n o f z e o l i t e Y (see 
r e f s 14, 20) has been g r e a t l y e n l a r g e d by the a p p l i c a t i o n 
o f 29si and *7A1 MASNMR. F i g . 5 shows how i t has proved 
p o s s i b l e t o monitor the changes in the environment o f S i 
and the c o o r d i n a t i o n o f A l d u r i n g the course o f dealumina-
t i o n . S i m i l a r , but l e s s d r a matic changes have been observed 
in s t u d i e s o f the d e a l u m i n a t i o n o f mordenite by exposure t o 
S i C l ^ (26). The b u i l d up o f a s i x - c o o r d i n a t e d aluminium is 
seen c l e a r l y when mordenite is s u b j e c t e d t o prolonged 
exposure t o Si CI. a t h i g h temperature. L i k e w i s e , when PCI-
vapour is used (27) in p l a c e o f S i C l ^ ( f o r the d e a l u m i n a t i o n 
o f z e o l i t e s Y) we see c l e a r e v i d e n c e , from 7̂/\j MASNMR, o f 
the removal o f aluminium from the framework and a b u i l d - u p 
o f s i x c o o r d i n a t e d aluminium. The r e s u l t i n g phosphorus-
r i c h f a u j a s i t i c z e o l i t e is, however, r a t h e r l e s s o r d e r e d 
than the samples c o r r e s p o n d i n g l y dealuminated by S i CI. 
( F i g . 6). * 

S t u d i e s o f Z e o l i t e s A and ZK-4 
The e a r l i e s t i n d i c a t i o n s (5,6,28) from 2 9 S i MASNMR were 

t h a t , c o n t r a r y t o what had emerged from X-ray s t u d i e s , z e o l i t e A 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



166 I N T R A Z E O L I T E C H E M I S T R Y 

Figure 2. 
Schematic i l l u s t r a t i o n o f two p o s s i b l e Si,A1 o r d e r i n g 
schemes f o r z e o l i t e X w i t h S i / A l = 1.4, both c o m p a t i b l e 
w i t h the observed 2 ^ S i MASNMR spectrum. Based on the 
observed i n t e n s i t i e s o f S i ( n A l ) peaks and o t h e r a r g u 
ments — see t e x t — we favour the f i r s t o f these two 
a l t e r n a t i v e s . 
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Figure 3. 
29 

S i MASNMR spectrum o f a sample o f s y n t h e t i c Na-Y which 
had c r y s t a l l i z e d s l o w l y (over a p e r i o d o f 17 ye a r s ) a t 
room temperature. Using the e q u a t i o n g i v e n in the t e x t 
we c a l c u l a t e the ( S i / A l ) framework t o be 2.28. T h i s does 
not correspond t o a unique c o m p o s i t i o n , so t h a t the 
framework must c o n s i s t o f patches o r domains o f d i f f e r e n t 
l o c a l c o m p o s i t i o n (e.g. o f S i / A l = 16/8, 17/7, 18/6 e t c . ) 
D e t a i l e d e l e c t r o n m i c r o s c o p i c a n a l y s e s ( u s i n g m i c r o -
d i f f r a c t i o n and m i c r o a n a l y s i s ) may c l a r i f y the nat u r e 
o f the S i , A l d i s o r d e r . I t is c l e a r , however, from 
r e s u l t s o b t a i n e d t o date t h a t t h e r e is no s t r o n g 
tendency f o r Si,A1 o r d e r i n g o t h e r w i s e a r a t i o o f 2.28 
would not have been o b t a i n e d . 
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N a [ A I C I 4 ] 

ppm from TMS ppm from TMS 

Figure 4. 
Dealumination o f z e o l i t e NaY u s i n g S i C l , vapour s t u d i e d 
by 7A1 MASNMR a t 104.22 MHz. 

(a) Parent NaY z e o l i t e . 
(b) Dealuminated m a t e r i a l b e f o r e washing. 
(c) A f t e r washing wi th d i 1 u t e a c i d . 
(d) A f t e r repeated washing. 

Note t h a t the aluminium j e t t i s o n e d from the z e o l i t i c 
framework is f i r s t o f a l 1 bound t e t r a h e d r a l l y (as 
Na A l C l ^ ) but a f t e r washing adopts o c t a h e d r a l c o o r d i n a 
t i o n . Note a l s o t h a t , as expected from e l e c t r o n e u t -
r a l i t y c o n s i d e r a t i o n s , the o c t a h e d r a l peak i n t e n s i t y is 
c l o s e t o a t h i rd o f the t e t r a h e d r a l peak i ntens i t y . 
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Si(2Al) 

Si(IAI) 

Si(3Ai; 

ppm from TMS 100 0 
ppm from [AMĤII* 

Figure 5. 
H i g h - r e s o l u t i o n 2 9 S i (79-80 MHz) and 2 7 A 1 (104.22 MHz) 
MASNMR s t u d i e s o f u l t r a s t a b i 1 i z a t i o n o f z e o l i t e Y. 

(a) Parent NH^-Na-Y z e o l i t e . 
(b) A f t e r c a l c i n i n g in a i r f o r 1 hr a t 400°C. Note 

changes in r e l a t i v e i n t e n s i t i e s . 
(c) 

(d) 

L S i ( n A l ) 
A f t e r h e a t i n g t o 700 C f o r 1 hr in the presence 
t o steam. 
A f t e r repeated i on exchange, h e a t i n g and 
prolonged l e a c h i n g w i t h n i t r i c a c i d . T h i s 
m a t e r i a l is e v i d e n t l y v e r y c r y s t a l l i n e (see 
r e f (14) f o r a f u l l e r d i s c u s s i o n ) . 
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150 100 50 0 -50 -100 -60 -80 -100 -120 -140 
ppm from [AI(HO)]3*  ™

Figure 6. 

(a) 2 7 A l MASNMR o f PCI - t r e a t e d Na-Y. The ' o c t a h e d r a l 1 

peak a t ca 0.0 ppm s i g n i f i e s t h a t d e a l u m i n a t i o n is 
e f f e c t e d by PCI 

(b) 2 9 s i MASNMR o f P C l ^ - t r e a t e d Na-Y, washed w i t h 
DMSO. The broadened l i n e i m p l i e s some l o s s o f 
c r y s t a l l i n i t y . 

(c) 3 1 P MASNMR o f Na-Y a f t e r exposure t o P C I 3 a t 200°C 
(without washing). 

(d) 3 1 P MASNMR o f Na-Y a f t e r exposure t o P C I , a t 200°C 
and a f t e r washi ng wi t h water. 
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had an o r d e r i n g scheme in which Si (3A l ) predominated. Subsequent 
work (10, 16) has shown t h a t the s i n g l e peak in the s o l i d - s t a t e 
spectrum o f z e o l i t e A a r i s e s from the S i ( 4 A l ) not the S i ( 3 A l ) 
environment. One proof t h a t t h i s is so comes from measurements 
on a s e r i e s o f samples o f z e o l i t e ZK-4 where the a l u m i n o s i 1 i c a t e 
framework topology is e x a c t l y the same as i t is in z e o l i t e A, 
but the S i / A l r a t i o may vary from 1.0 t o 2.7- J u s t as the 
e v o l u t i o n o f the s p e c t r a in f a u j a s i t i c z e o l i t e s (see F i g . 1) 
enabled us t o p i n p o i n t the peaks c o r r e s p o n d i n g t o the f i v e 
d i s t i n c t environments (see Table 1), so a l s o do our experiments 
w i t h ZK-4 lead t o s i m i l a r c o n c l u s i o n s . Our r e s u l t s ( F i g . 7) 
leave l i t t l e doubt t h a t the S i ( 4 A l ) peak in t h i s f a m i l y o f 
z e o l i t e s is c e n t r e d a t -88.6 ppm w.r.t. TMS. A resonance a t 
t h i s v a l u e o f the chemical s h i f t in f a u j a s i t i c and most o t h e r 
z e o l i t i c s t r u c t u r e s correspond
2q A d d i t i o n a l c o n f i r m a t i o

S i resonance f o r v a r i o u s cation-exchanged forms o f z e o l i t e - A 
(Na+, K+, A g + , T1 + , C a 2 + , M g 2 + , B a 2 + , La3+) is c o r r e c t l y a s s i g n e d 
t o S i ( 4 A l ) comes a l s o from our NMR measurements o f ^O-exchanged 
Na +-A. As o n l y one environment is d e t e c t e d (29) f o r the ̂ 0 i t 
must f o l l o w t h a t t h e r e are no s i g n i f i c a n t q u a n t i t i e s o f A1-0-A1 
o r S i - O - S i bonds in z e o l i t e - A . A l - 0 - S i bonds c l e a r l y predominate. 
Neutron d i f f r a c t i o n ( R i e t v e l d refinement) a l s o c o n f i r m s the 
4:0 o r d e r i n g in z e o l i t e A (30, 31). 

The reason why z e o l i t e A has a resonance c o r r e s p o n d i n g t o 
S i ( 4 A l ) a t -88.5+1.5 stems from the unique f e a t u r e o f the 
s t r u c t u r e : s t r a i n e d double four-membered r i n g s , w i t h T-O-T 
angles o f 129°, 152°, 152° and 177°. We b e l i e v e t h a t the 
presence o f l i n e a r o r n e a r l y l i n e a r T-O-T l i n k a g e s m o d i f i e s the 
bonding c h a r a c t e r i s t i c f o r a c e n t r a l S i atom in a Si(0A1) (OSI). 
u n i t (10, 3 2 ) . I t is ver y 1 i k e l y t h a t t h e r e ar^e o t h e r n 

z e o l i t e s in which the chemical s h i f t c o r r e s p o n d i n g t o the 
S i ( O A l ) ^ group o c c u r s c l o s e t o -90 ppm. 

When Na-A is heated t o beyond 675°C a marked s h i f t is 
noted in the S i ( 4 A l ) peak. (Another, r e l a t i v e l y minor peak a l s o 
develops) - see F i g . 8. Separate d i f f r a c t i o n experiments 
i n d i c a t e t h a t Na-A is conv e r t e d p r i n c i p a l l y t o c a r n e g i e i t e , a 
c l o s e r packed s t r u c t u r e . When Cs-A is heated in t h i s f a s h i o n 
i t , t o o , shows a marked s h i f t in the 2 ^ S i resonance. ^33cs 
MASNMR measurements i n d i c a t e t h a t t h e r e a r e s i g n i f i c a n t changes 
in c a t i o n environment brought about by h e a t i n g : the main ^33cs 
peak a t -89-3 (ppm r e l a t i v e t o aqueous Cs^CO-) in the as-
prepared Cs-A s o l i d changes t o -137 ppm a f t e r h e a t i n g t o 700 C 
and t o -221.5 a f t e r a f u r t h e r 8 hr a t 800°C. C o n c e i v a b l y the 
' • b u r i a l " o f C s + c a t i o n s by heat-treatment o f Cs +-exchanged 
z e o l i t e A proceeds in b r o a d l y the same f a s h i o n as the b u r i a l o f 
C s + ions in phi 1 l i p s i t e w h i c h , on h e a t i n g t o ve r y h i g h 
temperatures, takes up a C s - f e l d s p a r s t r u c t u r e . 
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SK3AI) 

-80 -100 -120 
ppm from TMS 

Figure 7. 

2 9 S i MASNMR a t 79.8 MHz o f z e o l i t e ZK-4 showing f i v e 
peaks a t the chemical s h i f t v a l u e s i n d i c a t e d c o r r e s p o n d 
ing t o the s i l i c o n environments in the f i g u r e . Compare 
F i g . 1 ( f o r z e o l i t e s X and Y) where the Si(3A1) peak 
has a chemical s h i f t a t the v a l u e c o r r e s p o n d i n g t o 
Si(4A1) here. 

In Intrazeolite Chemistry; Stucky, G., et al.; 
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80 -90 -100 -80 -90 -100 

Figure 8. 
29 

Si MASNMR s p e c t r a of z e o l i t e Na-A a f t e r heat-treatment 
at (a) 450°C and (b) 675°C. in (b) the z e o l i t e A has 
been converted t o c a r n e g i e i t e (as i d e n t i f i e d by d i f 
f r a c t i o n measurements). The Si(4A1) resonance has 
s h i f t e d s i g n i f i c a n t l y d u r i n g t h i s c o nversion and another 
resonance has a l s o appeared. 

In Intrazeolite Chemistry; Stucky, G., et al.; 
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Z e o l i t i c G a 1 1 o s i 1 i c a t e s 

11 is r e l a t i v e l y easy t o r e p l a c e A l 3 + ions in z e o l i t i c 
framework by Ga3 +. Kuhl e t aj_ (33) showed t h a t d i s c o n t i n u i t i e s 
in u n i t e e l 1 v e r s u s Si/Ga p l o t s were more d i s t i n c t than c o r 
responding ones in u n i t c e l l v e rsus S i / A l p l o t s f o r the analogous 
s t r u c t u r e s ( z e o l i t e s X and Y in p a r t i c u l a r ) . T h i s is c l e a r l y 
i n d i c a t i v e o f the presence o f Si,Ga o r d e r i n g . T h i s is one reason 
why MASNMR measurements on g a l l o s i 1 i c a t e s p o s s e s s i n g open frame
works a r e time 1y. Another is bound up w i t h the g e n e r a l under
s t a n d i n g o f the f a c t o r s r e s p o n s i b l e f o r the observed magnitude 
o f 29si MASNMR chemical s h i f t s . As may be seen from F i g u r e 9(a) 
w e l 1 - r e s o l v e d peaks a r e o b t a i n e d wi th Ga-Y, but the * ' A 1 
spectrum ( F i g . 9 ( b ) ) , o f the r e s i d u a l A l , in 1ine w i t h o t h e r 
27A1 MASNMR peaks (3*0
L i k e w i s e , g a l l o s o d a l i t
2 9 s i spectrum, but the G a MASNMR spectrum ( F i g . 9(d)) is 
r a t h e r too broad f o r ready i n t e r p r e t a t i o n . We a r e c u r r e n t l y 
engaged in e x p l o r i n g f u r t h e r the s t r u c t u r a l p r o p e r t i e s o f g a l l o -
z e o l i t i c s t r u c t u r e s u s i n g m u l t i - n u c l e a r MASNMR s p e c t r o s c o p y . 
In F i g u r e 9(c) the f i r s t peak (at -64.8 ppm) a r i s e s from an 
impuri t y . The most prominent peak a t - 75 .5 corresponds t o the 
Si(OGa)^ group, t h a t a t -81.8 t o S i (OGaL ( O S i ) , and so on. The 
c o r r e c t n e s s o f t h i s assignment is proven by the f a c t t h a t the 
Si/Ga r a t i o , c a l c u l a t e d as d e s c r i b e d e a r l i e r from MASNMR 
i n t e n s i t i e s , is found t o be 1.23, in e x c e l l e n t agreement wi t h 
the c h e m i c a l l y determined r a t i o ( a l s o 1.23). (There was no 
d e t e c t a b l e A l in t h i s sample o f g a l l o s o d a l i t e , k i n d l y p r o v i d e d 
by Dr. M. Ba r l o w ) . 

S i x - c o o r d i n a t e d S i 1 i c o n 
In a few n a t u r a l l y o c c u r r i n g s i 1 i c o n - c o n t a i n i n g s t r u c t u r e s 

i t is b e l i e v e d t h a t t h e r e is s i x - f o l d c o o r d i n a t i o n o f S i . 
S t i s h o v i t e (a h i g h p r e s s u r e form o f S i 0 « ) is one such m a t e r i a l , 
thaumas i t e is anot h e r . Us i ng samples o f s t i shovi t e r e t r i e v e d 
from Meteor C r a t e r , A r i z o n a , we have found (35) t h a t the 29$ j 
MASNMR resonance is -191.3+0.2 ppm from TMS ( F i g u r e 10). For 
comparison q u a r t z has a resonance a t -107-4 ppm and low c r i s t o -
bal i t e a t -109-9 ppm. R e c e n t l y Lippmaa e t al_ (36) have r e p o r t e d 
a ™ S i resonance a t -179.5 ppm f o r thaumasite. C l e a r l y a broad 
range o f s t r u c t u r e - s e n s i t i ve 29$; MASNMR chemical s h i f t s e x i s t s 
f o r 6 - c o o r d i n a t e d , as f o r 4 - c o o r d i n a t e d s i 1 i c o n (see work on 
s i 1 i c a l i t e r e p o r t e d below). High p r e s s u r e is used i n c r e a s i n g l y 
as a means of s y n t h e s i z i n g novel s i 1 i c a t e s — the p r o d u c t i o n o f 
MgSiO- as a perovsk? t e from c l i n o e n s t a t i te o r f o s t e r i t e is one 
recent noteworthy example — and i t is 1 i k e l y t h a t , in the near 
f u t u r e , a much wi d e r range o f s o l i d s c o n t a i n i n g 6 - c o o r d i n a t e d 
s i 1 i c o n wi11 become a v a i l a b l e . In due c o u r s e , knowing the range 
o f chemi c a l s h i f t s taken up by Si(OS 1 ) ^ groups in s i i g h t l y d i f 
f e r e n t envi ronments, 2°Si MASNMR sp e c t r o s c o p y w?11 serve as a 

In Intrazeolite Chemistry; Stucky, G., et al.; 
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300 200 100 
ppm (w.r.t. Ga(N03)3) 

Figure 9. 
29 

(a) 2 7 s ' MASNMR spectrum o f a sample o f Ga-Y. 
(b) A l MASNMR spectrum o f the r e s i d u a l A l in the same 

Ga-Y sample as in ( a ) . 
(c) 2 ^ S i MASNMR spectrum o f a sample of g a l l o s o d a l i t e . 

(No 2 7 A 1 MASNMR s i g n a l was d e t e c t a b l e w i t h t h i s 
sample). 
71 

(d) Ga MASNMR spectrum of the same g a l l o s o d a l i t e 
as in ( c ) . 

In Intrazeolite Chemistry; Stucky, G., et al.; 
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Figure 10. 
29 

S i MASNMR spectrum o f s t i s h o v i t e in which the s i l i c o n 
is in 6-fold c o o r d i n a t i o n . Compare the p o s i t i o n o f the 
S i ( O S i ) , resonance seen here w i t h the range o f v a l u e s 
found f o r S I ( O S I ) ^ in s i l i c a l i t e ( F i g . 1 1 ) . 

In Intrazeolite Chemistry; Stucky, G., et al.; 
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u s e f u l s t r u c t u r a l probe f o r both c r y s t a l l i n e (and q u a s i c r y s t a l -
l i n e ) s i l i c e o u s m a t e r i a l s , j u s t as f o r s i l i c a l i t e d i s c u s s e d 
below. 

D e t e c t i n g C r y s t a l l o g r a p h i c a l l y D i s t i n c t T e t r a h e d r a l S i t e s 
in S i l i c a l i t e : D e t e c t i o n o f Aluminium in T e t r a h e d r a l 
C o o r d i n a t i o n 

In many o f the u n c a l c i n e d samples o f s i l i c a l i t e , k i n d l y 
p r o v i d e d by Drs. B. Nay and M. Barlow o f B.P. Sunbury, h i g h -
r e s o l u t i o n 2 9 S i MASNMR o f e x c e p t i o n a l q u a l i t y have been o b t a i n e d 
(without r e s o l u t i o n enhancement)— see F i g u r e 11. A l l the peaks 
and s h o u l d e r s in t h i s spectrum correspond t o d i s t i n c l y d i f f e r e n t 
S i ( O S i ) . environments. To a s c e r t a i n how many n o n - e q u i v a l e n t 
t e t r a h e d r a l l y bonded S
we use the i n t e n s i t i e s
f i e l d s i g n a l s as a base u n i t f o r d e c o n v o l u t i o n . I t t r a n s p i r e s 
t h a t t h e r e a r e 2k n o n - e q u i v a l e n t S i ( O S i ) ^ environments in the 
repeat u n i t o f the s t r u c t u r e . C r y s t a l l o g r a p h i c d e t e r m i n a t i o n s 
of the s i l i c a l i t e s t r u c t u r e need t o take account o f t h i s f a c t . 
A space group such as Pnma, favoured in some c i r c l e s , is not 
co m p a t i b l e w i t h the MASNMR spectrum. 

The o r i g i n a l d e s c r i p t i o n o f s i l i c a l i t e c l a i m s t h a t no 
aluminium e x i s t s in the framework s t r u c t u r e . Our 2?A1 MASNMR 
s p e c t r a a r e i n c o n s i s t e n t w i t h such a c l a i m . 27/\] NMR s p e c t r a 
f o r both a s t a t i o n a r y and a magic-angle-spun sample y i e l d a 
d o u b l e t . Moreover the p o s i t i o n o f these two peaks a r e c l o s e t o 
the p o s i t i o n o f the 2?A1 resonance o f numerous samples o f ZSM-5 
and w e l l removed from the resonance o f Cag(Al <\$2k^®29 t ' l e 

"pure aluminium" analogue o f s o d a l i t e (37/. We, t h e r e f o r e , 
conclude t h a t the aluminium r e a d i l y d e t e c t a b l e in s o - c a l l e d , 
h i g h p u r i t y s i l i c a l i t e r e s i d e s in the p e n t a s i l framework, j u s t 
as i t does in ZSM-5. We cannot, as y e t , s t i p u l a t e the p r e c i s e 
t e t r a h e d r a l s i t e s o c c u p i e d by the A l , but i t is tempting t o 
i n t e r p r e t the d o u b l e t as i n d i c a t i n g t h a t they a r e l o c a t e d in 
the four-membered r i n g s present in the s t r u c t u r e . More s o p h i 
s t i c a t e d MASNMR s t u d i e s , p r e f e r a b l y a t even h i g h e r f i e l d s , 
s h ould shed l i g h t on t h i s q u e s t i o n . 
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We discuss the combined use of high-resolution 
electron microscopy, electron diffraction, optical 
diffractometry and computer graphics for investi
gating zeolitic structure. Particular attention 
is given to twinned faujasitic materials and to 
intergrowth structures in ZSM-5 and ZSM-11 catalysts. 

The strength of electron microscopy as a characterization 
technique li e s not only in it s a b i l i t y to probe at near atomic 
resolution, the internal structure of minute amounts of material, 
but also in its capacity to reveal d i r e c t l y structural imper
fections of the most subtle kind.(1-4) Other investigative 
methods such as x-ray or neutron d i f f r a c t i o n as well as many 
spectroscopic techniques possess their own individual merits; but 
they u t i l i z e procedures which provide only s p a t i a l l y averaged 
information. And this is often far less suitable for the 
characterization of defective, multi-phasic or heterogeneous 
c r y s t a l l i n e (or quasi-crystal 1ine) materials. 

In this paper we shall describe how high resolution electron 
microscopy (HREM) can be used in conjunction with selected area 
electron d i f f r a c t i o n (SAED) to probe the local structure of 
z e o l i t i c solids (2, 5.8) which are often microcrystal1ine, multi
phasic or twinned. We shall also refer to the application of 
optical diffractometry (4, 9—11) as a supplemental procedure 
either for interpretation of electron micrographs, or for analogue 
d i f f r a c t i o n studies of model systems. 

Two years have elapsed since we f i r s t reported the rather 
exacting experimental conditions required to record high-quality, 
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s t r u c t u r a l images o f z e o l i t e s . The reader is r e f e r r e d t o r e f s . 
5, 6, 7 f o r s p e c i f i c d e t a i l s . Other than t o emphasize the beam 
s e n s i t i v i t y o f z e o l i t i c m a t e r i a l s in g e n e r a l , and the need t o 
o p e r a t e r a p i d l y (e.g. expose specimens f o r no more than a few 
minutes t o low c u r r e n t s ) , and t o emphasize the advantages o f 
u s i n g an image i n t e n s i f i e r , we s h a l l c o n c e n t r a t e here on some 
s p e c i f i c r e s u l t s and t h e i r i n t e r p r e t a t i o n . 

One o f the advantages t h a t o p t i c a l d i f f r a c t o m e t r y c o n f e r s 
is t h a t i t p e r m i t s , in e f f e c t , a f u r t h e r enhancement in s p a t i a l 
r e s o l u t i o n . Thus a p o r t i o n o f a micrograph, i t s e l f recorded at 
the h i g h e s t m a g n i f i c a t i o n , can be o p t i c a l l y averaged ( u s i n g a 
l a s e r beam as source and the r e g i o n o f the micrograph as an 
o b j e c t ) so as t o produce a d i f f r a c t i o n p a t t e r n from an area o f 
as l i t t l e l O^H 2. 

RESULTS AND DISCUSSION 

F a u j a s i t i c Z e o l i t e s 

The framework s t r u c t u r e o f Z e o l i te-Y is w e l l known ( 1 2 ) , 
c o n s i s t i n g o f a f a c e - c e n t r e d c u b i c a r r a y o f t r u n c a t e d o c t a h e d r a 
( s o - c a l l e d B-cages) l i n k e d by T-O-T (T=Si o r Ail) bonds between 
opposing hexagonal f a c e s . F i g . 1 i l l u s t r a t e s a s t r u c t u r e image 
o f Z e o l i t e -NaY viewed a l o n g the [110] z o n e - a x i s . The l a r g e 
w h i t e dots correspond t o a p r o j e c t i o n o f the 12-membered 
a p e r t u r e s o f supercages ( i . e . a - c a g e s ) , and the s m a l l e r w h i t e 
dots which c o n s t i t u t e an i n t e r - p e n e t r a t i n g l a t t i c e , are the 
p r o j e c t i o n s o f 6-membered a p e r t u r e s o f 3-cages (compare t h i s 
image w i t h the p r o j e c t e d s k e l e t a l s t r u c t u r a l drawing shown in 
the i n s e t ) . 

HREM is p a r t i c u l a r l y s u i t a b l e f o r d e t e r m i n i n g the n a t u r e and 
e x t e n t o f t w i n n i n g in f a u j a s i te c r y s t a l s which are prone (8) t o 
t w i n n i n g by r e f l e c t i o n a c r o s s {111} planes as shown in F i g . 2. 
M u l t i p l e t w i n n i n g (not n e c e s s a r i l y on the same member o f the 
f a m i l y o f {111} planes) is common; and in F i g . 3 we show a 
c r y s t a l (£l 10] z o n e - a x i s o r i e n t a t i o n ) e x h i b i t i n g the consequences 
o f simultaneous t w i n n i n g on (111) and (111) p l a n e s . In such a 
s i t u a t i o n two f u r t h e r t w i n planes i n c l i n e d t o [) 10] are t h e o r e t i 
c a l l y p o s s i b l e ( i . e . (111) and ( 1 1 1 ) ) , but these twinned 
i n d i v i d u a l would be p r o j e c t e d a l o n g a <114> type z o n e - a x i s . 
F i g . k shows such a twinned c r y s t a l . The o p t i c a l d i f f r a c t i o n 
p a t t e r n s o f s e l e c t e d r e g i o n s o f the micrograph ( b l a c k c i r c l e s ) 
i n d i c a t e a <100> z o n e - a x i s f o r the bottom r i g h t a r e a and <114> 
f o r the top l e f t . 

I f the t w i n boundaries c o n s t i t u t e t r u e m i r r o r p l a n e s , i t can 
be shown t h a t , a c r o s s these planes Loewenstein's r u l e must be 
contravened. I f , however, the m i r r o r planes merely r e f l e c t the 
t e t r a h e d r a l s i t e s o f the f a u j a s i t i c framework and not the 
a c t u a l tenants o f such s i t e s Loewenstein's r u l e need not be 
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Figure 1. 
High r e s o l u t i o n image o f Z e o l i t e Na-Y Ll1QJ p r o j e c t i o n . 
Inset shows c o r r e s p o n d i n g e l e c t r o n d i f f r a c t i o n p a t t e r n 
and a schematic i l l u s t r a t i o n o f the s k e l e t a l framework. 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



INTRAZEOLITE CHEMISTRY 

Figure 2. 
A twinned, z e o l i t e Na-Y c r y s t a l , [ l 10] p r o j e c t i o n . 
Twinning a c r o s s a (111) plane is i l l u s t r a t e d . 

Figure 3. 
Twinning on (111) and (111) pianes in a c r y s t a l o f 
z e o l i t e Na-Y. 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Figure 4. 
Twinned c r y s t a l o f z e o l i t e Na-Y. The 
twi n plane is i n c l i n e d t o the d i r e c t i o n o f v i e w i n g . 
O p t i c a l t r a n s f o r m s o r i g i n a t i n g from the c i r c l e d regions 
are shown and indexed. See t e x t f o r f u l l e x p l a n a t i o n . 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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v i t i a t e d . A 1 l o c a l 1 t e c h n i q u e (e.g. FABS) c o u l d be o f v a l u e t o 
a s c e r t a i n what p r e c i s e l y happens a c r o s s such b o u n d a r i e s . 

ZSM-5, ZSM-11 and r e l a t e d m a t e r i a l s (13-16) 

It is w i d e l y a p p r e c i a t e d t h a t ZSM-5 and ZSM-11 a r e , s t r u c 
t u r a l l y , c l o s e l y r e l a t e d , one be i n g made up o f sheets r e l a t e d 
by i n v e r s i o n the o t h e r r e l a t e d by mi r r o r r e f l e c t i o n ( F i g . 5). 
ZSM-5 and ZSM-11 r e a d i l y i n t e r g r o w ( F i g . 5d), and i t has been 
p o s t u l a t e d (17,18) t h a t an a1most i n f i n i te s e r i e s o f i n t e r m e d i a t e 
s t r u c t u r a l types e x i s t . There is c i r c u m s t a n t i a l e v i d e n c e f o r 
such i n t e r g r o w t h s . 

[JOIO] and pOOj z o n e - a x i s o r i e n t a t i o n s o f ZSM-5 a r e r e a d i l y 
r e c o g n i z e d by e l e c t r o n d i f f r a c t i o n ( F i g . 6): the former y i e l d s 
an e s s e n t i a l l y r e c t a n g u l a
l a t t e r a t r i a n g u l a r one
accepted space-group assignment (13) o f Pnma. D i s t i n c t i o n o f 
the two zone-axes by HREM is not a l t o g e t h e r so s t r a i g h t f o r w a r d 
because o f the adverse inf1uence o f s t r u c t u r a l d e g r a d a t i o n by 
the e l e c t r o n beam i n t e n s i t i e s requi red f o r s a t i s f a c t o r y imaging. 
Thus, in F i g . 7, i n s u f f i c i e n t r e s o l u t i o n is r e t a i n e d f o r i t t o 
be c l e a r , from a d i r e c t i n s p e c t i o n o f the images, which mi c r o 
graph corresponds t o e i t h e r o f the two poss i b l e o r i e n t a t i o n s . 
However, subsequent o p t i c a l d i f f r a c t i o n a n a l y s i s (see i n s e t 
F i g . 7) r e v e a l s t h a t the images do, indeed, possess s u f f i c i e n t 
s u b t l e i n f o r m a t i o n f o r the two zone-axes t o be i d e n t i f i e d ; thus 
emphasizing the s t r e n g t h and a t t r a c t i o n o f o p t i c a l d i f f r a c t o m e t r y 
as a c l a r i f y i n g t e c h n i q u e . 

By paying c o n s i d e r a b l e a t t e n t ion t o the imaging condi t i o n s 
employed and, in p a r t i c u l a r , by u t i 1 i z i n g procedures designed 
t o minimize exposure o f the specimen t o the e l e c t r o n beam, we 
have r e c e n t l y been a b l e t o improve s i g n i f i c a n t l y the a t t a i n a b l e 
r e s o l u t i o n . F i g . 8 i 1 l u s t r a t e s the success o f t h i s approach. 
Here the [QWj and [100] z o n e - a x i s p r o j e c t ions o f ZSM-5 a r e now 
d i s t i n g u i s h a b l e by di r e c t v i s u a l i n s p e c t i o n . Of p a r t i c u l a r 
s i gni f i cance is the a b i l i t y t o observe the i nvers ion (\) symmetry 
c h a r a c t e r i s t i cs o f ZSM-5 p r o j e c t e d a l o n g [010] (compare, very 
c a r e f u l l y , the f i n e i n t e r c h a n n e l image detai 1 o f F i g . 8a wi th the 
smal1 5-membered i n t e r c h a n n e l a p e r t u r e s shown in F i g . 5a). T h i s 
p o i n t is b e t t e r i 1 1ustrated in F i g . 9, which shows a hi g h reso
l u t i o n image o f a r e g i o n o f ZSM-5 ( p r o j e c t e d a l o n g [010]) con
t a i n i n g two " d e f e c t 1 1 planes e x h i b i t i n g m i r r o r (o) r a t h e r than 
i n v e r s i o n symmetry. In regions o f J -symmetry l i n e s j o i n i ng the 
l a r g e r o f the i n t e r c h a n n e l 5-membered a p e r t u r e s (marked p in the 
schematic drawing o f F i g . 9) t r a c e a z i g - z a g path in the a 
d i r e c t i o n , a p a t t e r n whi ch can a l s o be di scerned in the image 
below. The presence o f a plane o f £ symmetry causes a change in 
"phase" o f the z i g - z a g t r a c e , thus e n a b l i n g such d e f e c t s t o be 
r e a d i l y i dent i f i e d . 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Figure 5. 
S t r u c t u r e p r o j e c t i o n s o f (a) ZSM-5 alo n g [ 0 1 0 ] , 
(b) ZSM-5 alo n g [100] , (c) ZSM-11 along [010], 
(d) ZSM-5/ZSM-11 i n t e r g r o w t h , along [010]. Planes o f 
m i r r o r symmetry (CJ) and planes c o n t a i n i n g c e n t r e s o f 
i n v e r s i o n ( j j are i n d i c a t e d . ZSM-11 [100] is i d e n t i c a l 
t o ZSM-11 [010]. 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Figure 6, 
S e l e c t e d area e l e c t r o n d i f f r a c t i o n p a t t e r n s o f ZSM-5 
from c i r c u l a r r e g i o n o f diameter 3,50o8 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



11. T H O M A S E T AL. Electron Microscopy and Optical Diffractometry 189 

LA I 
to 
ISI 

C <A 
J- >. 
Q) 03 

l 
C (0 
o — 

— 3 
4-» CD 
u c 
i — 

<4- i -

C o </) — 
— 4-» 

a) 
E C o >. 

N -£> 

C L 
CD 

"O "D > 
C — 

— CO 4J 
ro u 
O i - Q) 

- to a 
. j — «a 

o cn i -
c 
(0 <D 

. , O -M 
O <D 
o J- »-

o 

Q 4-> 

c 
O 

<u »-
3 O 
00 Q) 
(x. UJ 

i — i x a> 
o <u 

<D CL 
(A in 

^ c 
ID — '•4-

O 
c 
</> • 

in 

c o> 
O j| 
•M — 
o 
c a) 

— - C 

4-

-o o 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



I N T R A Z E O L I T E C H E M I S T R Y 

Figure 8. 
High r e s o l u t i o n s t r u c t u r e images o f ZSM-5 showing the 
d i f f e r e n c e s e x h i b i t e d by (a) |010| z o n e - a x i s and 
(b) 1100| zone-axi s, p r o j e c t i o n s . Inset a r e computer 
s imulated i mages. 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Figure 9. 
High r e s o l u t i o n image o f a re g i o n o f ZSM-5 (|010| 
p r o j e c t i o n ) c o n t a i n i n g two £-defect pl a n e s . The 
e x p l a n a t o r y schematic drawing is d i s c u s s e d in the t e x t . 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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We have examined a number o f samples, prepared in s i i g h t l y 
di f f e r e n t ways, some bei n g des ignated e i t h e r as ZSM-11 o r ZSM-5 
o r o f s t r u c t u r e s i n t e r m e d i a t e between ZSM-5 and ZSM-11. In most 
cases e l e c t r o n d i f f r a c t i o n p a t t e r n s s i m i l a r t o F i g . 10a were 
observed wi th d i f f r a c t i o n spots s t r e a k e d a l o n g £. S t r e a k i ng o f 
t h i s k i n d , comb ?ned wi th i n t e n s i t y maxima in pos i t i o n s where 
ĥ  + k - odd i n d i c a t e t h a t a planes are i n c l u d e d at i r r e g u l a r 
i n t e r v a l s in an e s s e n t i a l l y ZSM-5 symmetry) s t r u c t u r a l 
framework. However, one p a r t i c u l a r sample y i e l d e d some evidence 
o f ( n o n - i n t e g r a l h) s u p e r l a t t i c e i n t e n s i t y maxima in the d i f 
f r a c t i o n p a t t e r n TF i g . 10b) c o n s i s t e n t wi t h a degree o f o r d e r i ng 
o f £, J sequences at a p e r i o d i c i t y o f about 708. N e v e r t h e l e s s 
the presence o f s i gni f i cant s t r e a k i n g a l o n g £ suggests t h a t any 
such p e r i o d i c i t y is not co n s t a n t throughout the area c o n t r i 
b u t i n g t o the d i f f r a c t i o

In o r d e r t o a s c e r t a i
p e r i o d i c i t y c o u l d a r i s e , we have i nvest i gated a number of pos
s i b l e model systems by o p t i c a l d i f f r a c t o m e t r y . The method is 
i 1 1 u s t r a t e d in F i g . 11. Computer-s imu1ated, g r a p h i c a l p r o j e c -
t i o n s o f the c r y s t a l s t r u c t u r e a re prepared onto 35mm photo
graph i c f i l m as b l a c k and whi te t r a n s p a r e n c y masks, whi ch then 
s e r v e as the o b j e c t f o r opt i c a l d i f f r a c t i o n . As can be seen, 
the technique f a i t h f u l l y y i e l d s the r e q u i r e d r e c t a n g u l a r 
( F i g . l i d ) and t r i a n g u l a r ( F i g . 11e) d i f f r a c t i o n p a t t e r n s f o r 
s i m u l a t e d ZSM-5 and ZSM-11 ([010] p r o j e c t i o n ) , r e s p e c t i v e l y . 
F u r t h e r the 408 p e r i o d i c i t y a l o n g the £ a x i s f o r the p a r t i c u l a r 
£, J-sequence shown in F i g . 11c is c l e a r l y r e f l e c t e d in the 
a p p r o p r i a t e t r a n s f o r m ( F i g . 11f). 

To reproduce s u p e r l a t t i c e s p ots o f the type observed in 
F i g . 10b, we found i t necessary t o assume a b a s i c ^-symmetry 
framework (ZSM-5) wi th £-planes i ntroduced a t i n t e r v a l s ( in 
m u l t i p l e s o f 108.). A c l o s e s i m u l a t i o n (see F i g . 12) was found 
f o r a model wi th a repeat seauence o f : i j j £ j L JLJ£ » 
( i.e. £ planes every 708). Thi s sequence has a repeat o f 1408, 
but y i e l d s a ' p s e u d o - p e r i o d i c 1 s u p e r l a t t i c e s p a c i n g o f 708. 
Other types o f r e g u l a r sequences y i e l d e d i n c o r r e c t p o s i t i o n i n g 
o r s p a c i ng o f the s u p e r l a t t i ce s p o t s . We have a l s o cons i dered 
mode 1s o f i r r e g u l a r sequences. Thus the one based on a t o t a l 
sequence J J £ i J J J £ j J J ^ J £ J J J ^ J J £ i J , i .e. a pianes 
i n s e r t e d a t s u c c e s s i ve s e p a r a t i o n o f 50, "SO and 708 
(median 608), gave the requi red type o f s u p e r l a t t i c e maxima 
(see F i g . 13) o f r e c i p r o c a l s p a c i n g e q u i v a l e n t t o a p e r i o d i c i t y 
a l o n g a o f 668; w h i l s t a model sequence 
j i a i i i i a i i i i i i a i i i i i i i i a i i - ( a every 50, 70 and 908 
- med i an 708T y i e l d e d ( F i g . 14) s u p e r l a t t i ce maxima equi v a l e n t 
t o 778 along £. 

Consequently, we can i n t e r p r e t the s u p e r l a t t i c e maxima 
exh i bi ted in the e l e c t r o n di f f r a c t i o n p a t t e r n o f F i g . 10b as 
o r i g i nat i ng from a framework wi th e s s e n t i a l l y the ZSM-5 s t r u c 
t u r e ( s u c c e s s i v e p]anes a l o n g a are r e l a t e d by \) but w i t h £ 
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Figure 10. 
S e l e c t e d area d i f f r a c t i o n p a t t e r n s o f ZSM-5/ZSM-11 
i n t e r g r o w t h s . The arrowed s u p e r l a t t i c e maxima in 10(b) 
suggest a p e r i o d i c i t y o f about 7 0A . 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Figure 11. 
Computer graphi c 1010 | p r o j e c t i o n s o f model s t r u c t u r e s : 
(a)^ ZSM-5, (b) ZSM-11 and (c) ZSM-5/ZSM-11 i n t e r 
mediate compound wi t h a u n i t e e l 1 repeat d i stance o f 
4G.8 a l o n g the a - a x i s . ( d ) , (e) and ( f ) are the respec-
t i ve o p t i c a l t r a n s f o r m s . The b l a c k dots in ( a ) - ( c ) 
represent the p r o j e c t e d pos i t ions o f Si atoms. 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Figure 12. 
O p t i c a l transforms o f model ZSM-5/ZSM-11 i n t e r m e d i a t e 
s t r u c t u r e s w i t h repeated sequence a l o n g at o f 
i i i i i i a i i i i i i a . 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Figure 13. 
O p t i c a l t r a n s f o r m o f model ZSM-5/ZSM-11 i n t e r m e d i a t e 
s t r u c t u r e s w i t h a sequence a l o n g £ o f 
LL2.LLLL^LlL1.L2.LLLLLL2.L1. i n s e r t e d at 50, 
60 and 70% i n t e r v a l s ) . 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Figure 14. 
O p t i c a l t r a n s f o r m o f model ZSM-5/ZSM-11 i n t e r m e d i a t e 
s t r u c t u r e s w i t h a sequence al o n g a o f 
LL2.LLLLS^LLLLLL2^LLLLLLLL^LL (£ i n s e r t e d 
at 50, 70 and 908 i n t e r v a l s ) . 

planes b e i n g i n c l u d e d , on average, at every s i x t h o r seventh 
l a y e r . We must assume c o n s i d e r a b l e d e v i a t i o n from the average 
s e p a r a t i o n o f £ planes in o r d e r t o account f o r the observed 
s t r e a k i n g o f spots a l o n g a. P r e l i m i n a r y HREM evidence lends 
some support t o these c o n c l u s i o n s . 

The 'averaging' procedure i n h e r e n t in o p t i c a l d i f f r a c t o m e t r y , 
as w e l l as the d i r e c t , r e a l - s p a c e c r y s t a l l o g r a p h i c power o f hi g h 
r e s o l u t i o n e l e c t r o n microscopy combine t o y i e l d a u n i q u e l y 
powerful s e t o f techniques f o r s t r u c t u r a l c h a r a c t e r i s a t i o n . 
There are o t h e r problems, c u r r e n t l y under i n v e s t i g a t i o n , in 
z e o l i t e s t r u c t u r a l c h e m i s t r y which may be r e s o l v e d by a d o p t i n g 
the t w i n approaches o u t l i n e d here. 

In Intrazeolite Chemistry; Stucky, G., et al.; 
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Compositional Variations Across Zeolite 
Particles 

C. E. L Y M A N , P. W. BETTERIDGE1, and E. F. MORAN 
E. I. du Pont de Nemours and Company, Experimental Station, 
Wilmington, DE 19898 

The silicon-to-aluminum atomic ratio was 
measured in 30-50nm steps across individual 
zeolite particles in the size range 0.1-2µm. 
For NaA zeolite the composition was found to 
be nearly unity across the crystal. For 
Na-ZSM-5, three types of chemical profiles 
were found. Small particles of Si:Al=10 
showed either enrichment of Si near the 
surface or a nearly homogeneous composition. 
Large particles of Si:Al=40 exhibited more Al 
near the particle surface than in the particle 
center. These results indicate that the 
overall Si-to-Al ratio from bulk chemical 
analysis should not be taken as the analysis 
at each point in the particle. 

Zeolite catalytic selectivity is usually related to channel 
size, but for many reactions catalytic activity is influenced by 
the number of acid sites that contact reactant molecules. Since 
the acidity of a region within a zeolite crystal is directly 
related to the aluminum concentration in that region(1), i t is 
important to know how the Al content varies across individual 
zeolite particles. Using the electron microprobe, von Ballmoos 
and Meier(2) showed that for lOOym long single crystals of ZSM-5 
a gradient in aluminum concentration exists from the center to 
edge of the crystal with up to 5-10 times more Al near the edge. 
Derouane et al.(^) used x-ray photoelectron spectroscopy and 
proton-induced x-ray emission to compare the surface and bulk 

1Current address: University of Oxford, Chemical Crystallography Laboratory, 
Oxford OX1 3PD, England 
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compositions of ZSM-5. They found that large (>5um) p a r t i c l e s 
tend to be enriched in aluminum at the surface, whereas small 
p a r t i c l e s (0.1-0.5pm) could be e i t h e r homogeneous in composition 
or enriched in S i at the surface. However, neither of these 
inv e s t i g a t i o n s provides actual concentration p r o f i l e s across small 
z e o l i t e p a r t i c l e s of the s i z e used in p r a c t i c a l c a t a l y s i s . 

This paper describes chemical analyses at points across 
i n d i v i d u a l z e o l i t e c r y s t a l s in the s i z e range 0.1-2.0pm. The 
technique employed was x-ray emission spectroscopy in the 
scanning transmission electron microscope (STEM). Two ZSM-5 
preparations were made with S i : A l r a t i o s about 10 and 40. Many 
p a r t i c l e s were examined c a r e f u l l y to detect chemical segregation. 
To check the analysis procedure, p a r t i c l e s of NaA z e o l i t e were 
examined as a c o n t r o l . 

Experimental 

Z e o l i t e Synthesis Two preparations of Na-ZSM-5 with 
d i f f e r e n t S i : A l r a t i o s were made following the procedures of 
Rollmann and Valyocsik(4). Synthesis runs were ca r r i e d out in a 
1 gallon s t i r r e d titanium autoclave f o r 24 hours at 160°C and 
autogeneous pressure. The materials used were sodium aluminate 
( F i s h e r ) , sodium hydroxide, tetrapropylammonium bromide (TPABr) 
(Eastman Kodak), Ludox® HS-30 c o l l o i d a l s i l i c a (Du Pont), and 
d i s t i l l e d water. These reagents were mixed to y i e l d 
a l u m i n o s i l i c a t e gels having the molar r a t i o s (H 20/Si0 2=20, 
OH~/SiO2=0.13, and TPABr/SiO2=0.1 as specified (4). The S i : A l 
r a t i o was modified by varying the NaAlO content. A f t e r cooling, 
the s o l i d product was f i l t e r e d , water washed, and dried overnight 
at 95°C. 

Z e o l i t e A was made following a procedure also described by 
Rollmann and Valyocsik(4). A s o l u t i o n of sodium aluminate and 
sodium hydroxide was added to a s o l u t i o n of sodium me t a - s i l i c a t e 
and s t i r r e d at 90° C for 2 to 5 hours. The suspension was then 
f i l t e r e d hot, washed, and dried. 

Bulk chemical analyses of the products were determined by 
atomic absorption spectroscopy (Al) and gravimetric analysis 
( S i ) . The two samples of ZSM-5 were distinguished by noting the 
nominal Si:Al r a t i o in parentheses as shown in Table I . The 
average p a r t i c l e sizes measured by electron microscopy are also 
shown in Table I. 

Microanalysis Specimens f o r microanalysis were prepared by 
dispersing the powder u l t r a s o n i c a l l y in ethanol, placing a drop 
of t h i s suspension on a t h i n carbon support f i l m , and allowing 
the solvent to evaporate. X-ray absorption e f f e c t s are 
n e g l i g i b l e f o r p a r t i c l e s on the order of O.lum t h i c k allowing 
analysis of these p a r t i c l e s without absorption corrections. For 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



12. L Y M A N E T AL. Variations Across Zeolite Particles 201 

Table I 

Specimen Bulk S i : A l P a r t i c l e Size 

Na-ZSM-5(9) 9.3 0.3pm 

Na-ZSM-5(40) 39.5 1.9pm 

NaA z e o l i t e 0.985 2.2pm 

small p a r t i c l e s analyzed d i r e c t l y on the support f i l m , the 
p a r t i c l e thickness was assumed to be roughly the same as the 
l a t e r a l dimension of the p a r t i c l e . For p a r t i c l e s on the order of 
lpm in thickness or t h i c k e r
s i g n i f i c a n t and must b
specimens of these larger p a r t i c l e s were prepared by embedding 
the p a r t i c l e s in epoxy r e s i n and microtoming 80nm th i c k sections 
with a diamond k n i f e . 

Microanalysis was done in a Vacuum Generators HB-501 scanning 
transmission electron microscope equipped with a Kevex 
l i t h i u m - d r i f t e d s i l i c o n x-ray detector. The electron beam use<£Q 

for analysis was about l-3nm in diameter and carried about 10" 
to 10" amperes. The vacuum in the specimen chamber was about 
5x10 t o r r . X-ray counting times on the order of 100 seconds 
per analysis point were required to obtain adequate s t a t i s t i c s 
e s p e c i a l l y for the ZSM-5 preparation with the higher S i : A l r a t i o . 
Conversion of the x-ray i n t e n s i t y r a t i o s to chemical composition 
r a t i o s was by the C l i f f - L o r i m e r technique(5). An 
aluminum-silicon C l i f f - L o r i m e r k-value of k=1.31 was obtained 
from the mineral a l b i t e . P a r t i c l e s up to 0.15wn in thickness met 
the f t t h i n f i l m criterion" ( 6 ) i n d i c a t i n g that absorption and 
fluorescence corrections to the data may be neglected. 

S t a b i l i t y of Z e o l i t e s Under the Electron Beam Zeolites are 
generally unstable under electron bombardment(7t8). This electron 
beam damage may be divided into two l e v e l s of s e v e r i t y : loss of 
c r y s t a l l i n i t y and loss of mass. Evidence of damage to the 
c r y s t a l structure can be seen in Figure 1. This structure image 
along the 010 projection of H-ZSM-5 was photographed by scanning 
a single 20 second frame. The c r y s t a l l i n e channel structure is 
l o s t at the top of the frame where the previous exposure was 
taken. This specimen was not f u l l y dehydrated at 400-500°C(7), 
but was outgassed in the microscope specimen chamber overnight at 

Results 
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5xl0~ y torr. This type of damage, producing a loss of 
c r y s t a l l i n i t y , can occur at very low beam currents. 

For the higher beam currents necessary for microanalysis in a 
reasonable time, mass-loss damage at analysis points is l i k e l y to 
occur. For zeolite crystals with low Si:Al ratios, mass loss was 
evident as holes in the specimen at high beam currents (see 
Figure 2). For such specimens very low beam currents were 
required for analysis. However, even in cases where mass loss is 
evident, the trends in compositional variations across particles 
w i l l s t i l l be valid. 

Particle Morphology Typical shapes of zeolite particles 
from these preparations are shown in Figures 3# 4, and 5. 
Crystals of NaA zeolite showed strong cubic habits typical of 
these structures (Figur  3 )  Th  surfac  morpholog f th  0.3u
crystals of ZSM-5(9) wa
exhibited crystal facets  crystal  ZSM-5(40)
facets typical of ZSM-5 of moderate aluminum content (Figure 5). 

Chemical Profiles Across Particles It is well known that 
NaA zeolite has a Si:Al ratio close to unity because i t is 
considered a stoichiometric compound with l i t t l e , i f any, range 
in solid s o l u b i l i t y . Since the chemical profile across the NaA 
zeolite crystal in Figure 6 is f l a t and near unity, this profile 
is in effect a control specimen for the analysis of the ZSM-5 
particles. 

Chemical profiles across particles of ZSM-5(9) reveal two 
characteristic types of particles. One type of particle has more 
aluminum in the center than near the surface (Figure 7). This 
particle had facets suggesting that i t was a single crystal. The 
other type of particle in the same preparation exhibited no 
detectable compositional variation (Figure 8). High resolution 
images taken in the conventional transmission electron microscope 
(TEM) showed that the latter type of particle is composed of 
20-40nm crystals stacked together in nearly the same orientation 
to form a 0.3ym particle (Figure 9). This composite particle 
apparently gives an average Si:Al ratio with no gradient. 

As shown in Figure 4, a different particle morphology was 
observed in ZSM-5(40). A compositional profile across a thin 
section taken near the center of the particle thickness (Figure 
10) reveals that there is more aluminum near the surface than in 
the particle interior. This compositional change appears to be 
abrupt at about 0.4um into the particle from the surface. 

Note that the point analyses shown in Figures 6, 79 8 and 10 
represent average compositions through the thickness of the 
particle or thin section. At each analysis point the composition 
was sampled in a cylindrical volume of material whose diameter is 
roughly lOnm, beam diameter plus beam spreading(6), and whose 
height is the specimen thickness. Thus, for the particle 
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Figure 3. Surface scanning electron microscope (SEM) image of 
NaA z e o l i t e c r y s t a l s showing a cubic habit. 
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Figure 4 . Surface SEM image of c r y s t a l s of ZSM-5(9). 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



L Y M A N E T A L . Variations Across Zeolite Particles 

Figure 5. Surface SEM image of ZSM-5(40) showing faceted 
c r y s t a l s with interpenetrating twins. 
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Figure 7. Chemical p r o f i l e across a single c r y s t a l p a r t i c l e of 
ZSM-5C9). More aluminum i s present i n the c r y s t a l i n t e r i o r . 
a) image, b) p r o f i l e of A l / S i r a t i o . 
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Figure 8 . Chemical profile across a stack of small single 
crystals in ZSM-5(9)- The chemical profile indicates 
a homogeneous composition, a) image, b) profile of Al/Si ratio. 
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Figure 9a. High resolution TEM micrograph of a stack of small 
c r y s t a l s of ZSM-5C9) s i m i l a r to Figure 8. Some c r y s t a l s show 
l a t t i c e fringes while one c r y s t a l i n Figure 9b shows a structure 
image of the channels i n the c r y s t a l . 

Continued on next page. 
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gure 9b. 
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Figure 10. Chemical profile across a particle of ZSM-5(40) shows 
more aluminum near the surface than in the interior, a) image, 
b) profile of Al/Si ratio. 
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analyzed i n Figure 7, the compositional v a r i a t i o n from center to 
surface may be even greater than indicated by t h i s type of 
an a l y s i s . Mass loss from the surface during analysis would also 
change the chemical composition measured i n the analyzed volume. 
In the present case mass loss was believed to be small and no 
corrections were made. A f i n a l q u a l i f i c a t i o n for t h i s work 
concerns the loca t i o n of the aluminum measured i n these studies. 
Some of the aluminum detected i n these c r y s t a l s may not be i n the 
framework structure but rather i n the channels as amorphous 
mat e r i a l . However, the presence of amorphous material containing 
aluminum does not i n v a l i d a t e the analysis technique presented 
here as a method to determine chemical p r o f i l e s across small 
z e o l i t e p a r t i c l e s . 

Discussion 

These r e s u l t s show that ZSM-5 z e o l i t e s of supposed uniform 
S i :A1 r a t i o a c t u a l l y e x h i b i t gradients i n aluminum concentration 
within i n d i v i d u a l p a r t i c l e s . This implies that the d i s t r i b u t i o n 
of c a t a l y t i c a l l y active s i t e s i s not necessarily uniform 
throughout a z e o l i t e c r y s t a l . The a c t i v i t y and s e l e c t i v i t y for a 
reaction should be most favorable where the A l s i t e s have a 
p a r t i c u l a r average separation distance. 

For the sample of ZSM-5(9) with a low S i : A l , two types of 
p a r t i c l e s were observed. The single c r y s t a l p a r t i c l e s had more 
aluminum i n the center than near the surface. Other p a r t i c l e s i n 
the same preparation were a c t u a l l y stacks of smaller c r y s t a l s 
aligned i n nearly the same or i e n t a t i o n and thus giving no 
chemical gradient across the entire composite p a r t i c l e . Each 
small c r y s t a l may possess a chemical gradient but t h i s was not 
measured. These r e s u l t s support the work of Derouane et al.G) 
who reported that small, low S i r A l ZSM-5 p a r t i c l e s could be 
either homogeneous i n composition or enriched i n S i at the 
surface. 

One may speculate from these r e s u l t s that z e o l i t e c r y s t a l 
growth may take place i n two ways within the same preparation. 
Possibly the ZSM-5(9) p a r t i c l e with the aluminum gradient 
nucleates f i r s t on an aluminum-rich inhomogeneity of the gel 
(e.g. Al^O^) depleting the gel of aluminum. P a r t i c l e s consisting 
of stacks of 30nm c r y s t a l s may nucleate homogeneously i n regions 
of gel free of inhomogeneities. 

Large ZSM-5(40) c r y s t a l s with higher S i r A l r a t i o s e x h i b i t 
more aluminum near the p a r t i c l e surface than i n the i n t e r i o r , 
von Ballmoos and Meier(2) found the same trend i n the chemical 
p r o f i l e , but t h e i r p a r t i c l e s were 100 times l a r g e r . Derouane et 
al.(3) also noted higher aluminum content on the surface of t h i s 
type of p a r t i c l e . This reversal i n the Al chemical p r o f i l e from 
the ZSM-5(9) case may indicate a t h i r d growth mechanism. 
Crystals of high S i / A l may nucleate on S i - r i c h inhomogeneities 
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and tend to reject Al into the liquor as they grow. At the end 
of the synthesis period zeolite of lower Si/Al may grow 
epitaxially on the surface from the remaining solution. Another 
possibility for the higher aluminum content near the surface i s 
the penetration of amorphous gel high in Al into the zeolite 
channels. Further experiments are required to test these 
speculations about zeolite crystal growth. 

Conclusions 
Particles of ZSM-5 with different Si:Al ratio may have 

different chemical profiles across the particle. Small (0.3μπ0 
particles of low Si:Al may either be composed of 30nm crystals 
stacked together or be a single crystal with more aluminum in the 
center. Large 2pm particle
profile showing more aluminu
the interior. Therefore, the overall Si:Al ratio from bulk 
chemical analysis should not be taken as the analysis at each 
point in each particle. 
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A Statistical Approach to the Interpretation of 
Silicon-29 N M R of Zeolites 

A. J. VEGA 
Ε. I. du Pont de Nemours and Company, Central Research and Development 
Department, Experimental Station, Wilmington, DE 19898 

A moment analysis of Si MAS spectra of 
zeolites is shown to provide direct information on 
the number of second-nearest-neighbor Al-Al pairs. 
Monte Carlo computer calculations are described of 
randomized Al distributions in zeolite frameworks, 
under restrictions of Loewenstein's and Dempsey's 
rules. The method is applied to a hypothetical 
square planar lattice which allows the various Al 
distribution patterns to be visualized in simple 
displays, and to the zeolite X and Y framework. The 
results are compared with experimental data taken 
from the literature. 

2 Q Several research groups have recently made extensive use of 
Si magic-angle-spinning NMR to obtain information on aluminum 

ordering in the zeolite framework (1-4.). The t ^ i s for the 
spectral analysis i s the observation that the Si chemical 
shifts f a l l into five nearly distinct regions corresponding to 
the number of A l neighbors attached v i a oxygen bridges. 
Asssuming that the relative intensities of these five peaks can 
be accurately determined, one can proceed and identify particular 
Si/Al arrangements in the crystal network which agree with the 
observed intensities. However, while there i s a very large 
number of possible distributions of Al atoms with a given Si/Al 
ratio, there are only four experimental quantities to be f i t (the 
relative intensities of 5 NMR li n e s ) . 

One way to simplify the problem i s to consider only a small 
structural unit (e.g., one or two sodalite cages) and to assume 
that a l l other units in the crystal are identical and/or related 
through symmetry. In several publications (2., 3., JL), this 
approach led to specific patterns of Al occupancies which had 
excellent agreement with experimental NMR data. Other 
theoretical investigations considered random Al distributions of 
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small structural units with no restrictions imposed on 
translational ordering ( ϋ - 8 . ) . 

This paper describes a statistical analysis that is not 
confined to small clusters. The method involves a moment 
analysis of the NMR spectra and Monte Carlo calculations of 
simulated spectra. 

Thereby, two simplifying assumptions have been made: The 
Si/Al ratio is taken to be constant throughout the sample, and 
exterior surface effects are neglected. JL nonuniform Al density 
highly complicates the interpretation of Si NMR data. Although 
this problem is not explicitly addressed in this discussion, some 
of the following results are also applicable to inhomogeneous 
samples in so far as they relate to average properties. The 
effect of external surfaces is probably not severe i f the 
crystallites have a diamete

Definitions 

F i r s t , we define a few quantities related to the 
distribution of Al and Si in the zeolite network. 

N: Total number of Τ sites in the sample 
n: Total number of Al sites in the sample 

n^: Total number of nearest Al-Al neighbor pairs in the 
sample 

it,: Total number of Al-Si-Al second-nearest neighbor 
linkages in the sample 

These quantities can also be expressed as densities or 
frequencies : 

χ = n/N: fraction of sites occupied by Al 
X| = n̂ /N: density of Al-Al pairs 
x 2 = n2/N: density of Al-Si-Al linkages 

Obviously, χ is another way to define the Si/Al ratio, which is 
equal to (1-x)/x. When χ vanishes, Loewenstein. s rule is 
obeyed, otherwise i t is violated. The quantity Xp is related to 
the electrostatic energy rules of Dempsey1s (<L, 10), which state 
that the number of second-nearest Al neighbors is minimized, 
fi r s t in 4-rings, and subsequently in the meta-positions of 
6-rings. We quantify this notion by assigning an n^ value of 1 
to every "bridge" or "linkage" between two second-nearest 
neighbor Al's. Examples: 

Al-Si-Al n 2 . 1 
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Al Al n 2 = 2 (there are two "bridges") 

Al 
I 

Al-Si-Al n 2 = 3 (there are three pairs) 
Al 

Al-Si-Al n 2 = 6 (there are six pairs) 
Al 

This d e f i n i t i o n recognizes the fact that the e l e c t r o s t a t i c 
repulsion in a 4-ring i s about twice as strong as in larger 
rings. However, the main reason of choosing this particular 
definition i s i t s usefulness in the interpretation of NMR data 
(see below). 2 g 

Finally, we define the intensities of the Si NMR peaks: 
I k (k = 0,...,4): intensity of the Si (k-Al)peak, 
.tot = .0 + I 1 + I2 . I3 + .4 : t o t a l intensity, 

and the f i r s t and second moments: 

M l « E k k\ntot 
M 2 = E k ( k - M / I k / I t o t 

Test of Loewenstein's Rule 

Engelhardt, et al., (3.) and Melchior, et al., (JL) have 
pointed out that the f i r s t moment of the NMR spectrum i s equal to 
4/(Si/Al), provided Loewenstein's rule i s obeyed. We can extend 
this important relationship to the following: 

x 1 = 2x - (1/2) (1-x)M1 (1) 
The proof goes as follows: 

For each Al-Al pair, there are two Al's with an Al neighbor. 
Thus a l l the Al's in the sample have a total of 2n^ Al neighbors. 
Since the total number of a l l the neighbors of Al atoms i s 4n, we 
have 4n-2n1 Si-Al bonds. Thus, the total number of Al neighbors 
of a l l Si's i s also 4n-2n«j. The ratio of this number to the 
total number of Si atoms, N-n, should be equal to the spectral 
ratio (1^ + 21 + 3 I 3 + 4 I 4 ) / I t 0 f This directly leads to the 
above expression for . Q.E.D. 
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Loewenstein's rule implies that x,. = 0, which substituted i n 
Equation ( 1 ) gives Q, 4.) 

M1 = 4 x/(1-x) = 4/(Si/Al) (2) 

Test of Dempsey's Rules 

The following r e l a t i o n s h i p allows d i r e c t c a l c u l a t i o n of the 
density of second-nearest-neighbor A l pairs i n a z e o l i t e obeying 
Loewenstein's r u l e : 

x 2 = (1-x)m 2 (3) 

where 

m2 = ( I 2 «. 3 I 3 • 6 l

The proof i s straightforward: Referring to the examples given i n 
the D e f i n i t i o n s Section, i t i s r e a d i l y seen that each S i 
contributing to I 2 represents one A l - S i - A l p a i r ; each S i 
contributing to I~ represents three A l - S i - A l p a i r s ; and each S i 
contributing to Ij: represents s i x A l - S i - A l p a i r s . Thus, the 
r a t i o of ( I 2 + 31 ̂  + 61^) and I. . , equals the r a t i o of n 2 and 
the t o t a l number of S i atoms. Q.l.D. 

Notice that although nu i s not the proper second moment of 
the NMR spectrum, i t i s c l o s e l y related to the second and f i r s t 
moments by 

m2 = (1/2) (M 2 + H. - M^ (5) 

This r e l a t i o n s h i p predicts that the NMR spectrum of a 
z e o l i t e behaving according to Loewenstein's r u l e , while obeying 
Dempsey's r u l e s with increasing degree, w i l l e x h i b i t an 
i n c r e a s i n g l y narrow i n t e n s i t y d i s t r i b u t i o n around a constant 
center of g r a v i t y . This implies that i f we can devise an 
experiment where S i and A l can rearrange to minimize 
e l e c t r o s t a t i c A l - A l i n t e r a c t i o n s , the progress of such a process 
can be monitored by NMR. 

Simulation of NMR Spectra 

Unlike Loewenstein's r u l e which predicts a vanishing x 1 f o r 
S i / A l r a t i o s larger than 1, Dempsey's r u l e s do not d i r e c t l y 
provide an exact value of x 2 except at the lowest A l 
concentrations ( S i / A l £ 5) where next-nearest neighbors can 
completely be avoided to give χ =0. In f a c t , X2 as w e l l as the 
f i n e r d e t a i l s of the NMR i n t e n s i t y d i s t r i b u t i o n , depend on the 
p a r t i c u l a r topology ( i . e . , the connectivity scheme) of the 
z e o l i t e under consideration. The following sections describe a 
method to simulate NMR spectra for any z e o l i t e topology with the 
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following three levels of randomness: (i) completely random; 
( i i ) random with the restriction of vanishing x,. (Loewenstein's 
rule); ( i i i ) random with vanishing x^ and the additional 
condition of minimum χ (Dempsey's rules). The only other 
condition we must require i s that the Si/Al structure be 
compatible with an extended three-dimensional network; i.e., we 
must avoid creating relatively small structural units which 
cannot be combined into a large crystal l a t t i c e . This does not 
necessitate s t r i c t translational symmetry. Therefore, the model 
must involve a relatively large cluster of l a t t i c e sites. In 
this work, the problem i s approached by Monte-Carlo computer 
calculations on structural units containing more than 1000 Τ 
sites. Edge effects are avoided by assuming periodic boundary 
conditions. It turns out that for this cluster size, the results 
become essentially independent f th  numbe f sites

This paper report
connectivity schemes: Zeolite X or Y and the square planar 
l a t t i c e . The latter can be viewed as a hypothetical zeolite 
because i t has the same topological features as real zeolites. 
The coordination i s four fold, and two next-nearest-neighbors are 
connected by either one or two l a t t i c e positions: 

The planar l a t t i c e i s particularly interesting as a model system 
because i t allows the various patterns of Al distributions to be 
visualized in simple graphic displays. 
Completely Random Al Distribution 

In this model, where no preference of Si-Al over Al-Al 
pairing i s assumed, the NMR spectrum i s determined by the simple 
probabilities of uncorrelated occupancies of the four nearest 
neighbors. Therefore, the peak intensities for the completely 
random model are independent of the details of the zeolite 
framework topology. They are 

(6) 
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From these expressions, we derive M̂  = 4x. Thus the center of 
gravity, , deviates substantially from Loewenstein's = 
4x/(1-x), as has been pointed out by Melchior, et al.(4.) A 
computer simulation of the completely random Al occupation on the 
square planar l a t t i c e and the zeolite X l a t t i c e resulted in the 
NMR intensities predicted by Equation (6). 

Square Planar Lattice 

The procedure that we followed to simulate a randpm 
occupation of sites by Al's under Loewenstein's restriction was 
to f i r s t randomly occupy sites at the desired concentration and 
then letting the Al's move to minimize x^. This was done by 
choosing a Si and an Al at random and having them exchange 
positions only i f the exchang

unchanged. The latte
convergence and to allow a large degree of mobility thus ensuring 
optimum randomization. This procedure was continued well beyond 
the point whege η vanished. The required number of "tosses" was 
as high as 10 for x=0.5 and a square array of 32 χ 32 points but 
orders of magnitude less for lower χ values. Dempsey's rules 
were implemented by allowing the randomization process to 
continue long after η had vanished, with the additional 
restriction that Si-ΑΙ exchanges were forbidden i f they would 
increase n^. 

The results of eight runs on a 20 χ 20 square are shown in 
Figures 1 and 2. The figures show the actual sites occupied by 
Al's (Si's are l e f t blank) together with the NMR spectra and the 
x 2 values. The latter do not exactly correspond to the displayed 
Αχ/Si matrices but are the average results of 20 t r i a l s on a 32 χ 
32 square. One sees clearly that second-nearest-neighbor 
avoidance changes the patterns and the spectra at x<0.35, but 
that at higher Al concentration only minor effects are observed. 
The effect of Dempsey's rules i s towards a more uniform 
distribution of the Al's i n the l a t t i c e . This i s most pronounced 
at χ between 0.15 and 0.25 (Si/Al between 3 and 6). The NMR 
spectra are seen to narrow around the center of gravity when χ 
decreases, in accordance with Equation (5). It should be notea 
that the Dempsey patterns of Figures 1 and 2 are not the ones 
with the very lowest attainable χ value. Convergence i s too 
slow to reach this l i m i t . For instance, for x=0.25, there i s a 
variety of ways to f i l l the square having x? as low as 0.25. 
Thus the x=0.25 result shown in Figure 1 (TO5 tosses), having 
Xg=0.28, did not reach f u l l convergence, although an extended run 
with 106 tosses brought x 2 down to 0.26. 

When χ approaches 0.5, the patterns show large domains of 
long range "checker-board" order, separated by boundaries and 
containing vacancies. The domains quickly become smaller as χ 
decreases below 0.35 and dissolve into a disordered structure. 
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LOEWENSTEIN DEMPSEY 
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Figure 1. 
Random distributions in a 20 x 20 square planar l a t t i c e 
according to Loewenstein's rule and Dempsey's rules. The 
Al's are indicated bv dots; the Si's are l e f t blank. Also 
shown are simulated Si spectra and x 2 values obtained from 
32 χ 32 square planar latt i c e s . 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



224 I N T R A Z E O L I T E C H E M I S T R Y 

X = .35 
Si/Al = 1.86 
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Figure 2. 
Same as Figure 1; for different Si/Al ratios, 
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This i s shown quantitatively in Figure 3 where the pair 
correlation function i s plotted for a few Si/Al ratios. Note 
that for x>0.25 the next-nearest-neighbor restriction p a r t i a l l y 
destroys ("frustrates") the long range order, while at low Al 
content i t tends to enhance the order. In any case, the 
correlation length i s never much longer than a few bond lengths, 
unless the Si/Al ratio i s very close to 1. Consequently, there 
i s no reason to assume that a zeolite structure w i l l result with 
identical unit c e l l s to such an extent that Al ordering can be 
picked up by X-ray diffraction, unless Si/AIM. 

Zeolite X and I 

The zeolite X and Y framework i s considered to be 
topologically b u i l t u
sodalite cages that ca
double six-rings into 6 directions. In this way, a three 
dimensional network of T-site connectivities can easily be 
constructed. Each unit contains 48 T-sites. Most calculations 
were done on a cluster of 27 (3x3x3) units, i.e., 1296 sites. 
The computational procedure was the same as described for the 
square l a t t i c e . The results of the five calculated NMR 
intensities are plotted versus χ in Figure 4. The plots are 
characterized by the appearance of maxima in the I,., Ipt and I~ 
curves. Thus, comparison between the positions, heights, and 
widths of these maxima i s one way to distinguish the various 
computational models. The following observations can be made: 

• The χ values, at which maximum peak intensities are 
observed, are the same for Loewenstein's and Dempsey's 
models. 

• The maximum peak intenstities are significantly higher 
for site distributions according to Dempsey's rules. 
This follows from the minimization of the second moment. 

• The onset of I 2 , I~, and I., with increasing Al content 
occurs at higher χ values in Dempsey's model. 

The most significant diagnostic parameter for distinguishing 
between Loewenstein9s and Dempsey's models should be x? because 
i t directly measures the number of second-nearest Al-AI pairs. 
The x 2 values are plotted in Figure 5. Also shown in Figure 5 
are experimental data taken from the literature (vide infra). The 
difference between Loewenstein's and Dempsey's values i s most 
pronounced around x=0.2, as we have also seen in Figures 1 and 2. 
At higher Al content, the distinction between the two models 
becomes less pronounced. 
Comparison with Experimental Data 

The computational results of this work are compared i n 
Figure 6 with the results of three publications (2., 3.f JL) that 
provide experimental data on Si NMR intensities of zeolites X and 
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-H X =0.5 

X = 0.35 

X=0.25 

X=0.15 

4 6 
DISTANCE 

Figure 3. 
Pair correlation function of Si/Al site occupancies in a 
square planar l a t t i c e with randomized Al distribution 
according to Loewenstein1 s rule ( — . — ) and Dempsey's 
rules ( ο ). 
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LOEWENSTEIN DEMPSEY 

Si/At S i/Al 

X X 

Figure 4. 
Computer predicted Si NMR peak intensities for zeolites X 
and Y with randomized A l occupation r e s t r i c t e d to 
Loewenstein1s and Dempsey's rules, plotted versus the Al 
concentration, x. The corresponding S i / A l r a t i o s are 
indicated above the figures. 
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Si/AL 

Figure 5. 
Density of Al-Si-Al linkages (x„) in zeolites X and Y, 
Experimental results taken from: ^ - Ramdas et al. (2.); ο -
Engelhardt et al. (1) ; • - Melchior et al. (4.). The curves 
are the theoretical predictions of this work. 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



Si
/A
L 2 

Si
 (1
 AL
) 

29
c 

Fi
gu

re
 6
. 

Th
e 

fi
ve

 r
el

at
iv

e w
S
i 
pe
ak

 i
nt

en
si

ti
es
 o
f 

ze
ol

it
es
 X

 a
nd
 Y.

 
Ex

pe
ri

m
e

n
ta

l 
re

su
lt

s 
ta

ke
n 

fr
om

: 
Δ 

- 
Ra
md
as
 e
t 
al

. 
(g

); 
ο 
-

En
ge

lh
ar

dt
 e

t 
al

. 
(3.

) ;
 •

 -
 M

el
ch

io
r 
et

 a
l.

 (
4.
).
 T
he

 c
ur

ve
s 

ar
e 
th

e t
he

or
et

ic
al

 p
re

di
ct

io
ns
 o

f 
th

is
 w
or
k 

(-
—,

 L
oe

we
ns

te
in

 
mo

de
l;
 

, 
De
mp
se
y 

mo
de

l)
. 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



230 I N T R A Z E O L I T E C H E M I S T R Y 

Y with varying Al content. In Figure 6 are shown five separate 
plots of the relative intensities of the five spectral peaks 
versus the Al content, x. For each experimental spectrum, χ was 
determined from the fi r s t moment according to Equation ( 2 ) , 
whereby we assumed that Loewenstein's rule is obeyed for a l l 
samples. Inspection of Figure 6 gives the general impression 
that the actual spectra follow the predicted random models rather 
closely with a tendency to comply with Dempsey1s rules, although 
not completely. However, when the Si/Al ratio approaches 1 
(x>.4), the experimental points f a l l substantially outside the 
theoretical range, notably Si (3 Al) and Si (0 Al). This 
probably indicates that at those compositions the Al distribution 
is more ordered than our model implies. 

Our random approach is apparently more adequate at the 
higher Si/Al ratios (x<.
clearly tend to avoid second-nearest-neighbo
sample with a Si/Al ratio of 5 shows perfect agreement with the 
random Loewenstein model. It should be noted that this sample 
differs from the others in that i t was not directly synthesized, 
but was prepared by dealumination of a lower Si/Al ratio sample 
(1). 

The most direct information concerning compliance with 
Dempsey's rules is found in Figure 5 where the experimental 
values are compared with computed results. Again, the 
dealuminated x=. 17 sample (3.) exhibits total randomization under 
Loewenstein's restrictions, while the other samples indicate 
limited compliance with Dempsey's rules. 
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14 
High Resolution Silicon-29 N M R Studies of 
Gallium Faujasites and a Gallium Sodalite 

D. E. W. VAUGHAN, M. T. MELCHIOR, and A. J. JACOBSON 
Exxon Research and Engineering Company, Linden, NJ 07036 

High resolution
been made for thre
gallium sodalite with Si/(Al + Ga) ratios of 1.14, 
1.42, 2.17 and 1.28, respectively. The relative 
NMR peak intensities for the gallium faujasites 
are closely similar to their aluminum analogues 
indicating similar distributions of Τ atoms in the 
structure but the peaks are deshielded by an 
amount proportional to the number of nearest 
neighbor gallium atoms. The gallium sodalite 
sample shows similar chemical shift behavior but 
the relative peak intensities are different to 
those observed for either Na-X or ZK-4 with the 
same framework composition. 

High resolution solid state silicon-29 NMR is being 
extensively investigated as a technique for probing the structure 
of zeolites and other alumino-silicates. The technique was f i r s t 
introduced bv Lippmaa and coworkers (1,2,3) who showed that high 
resolution 2 9 S i NMR gives well resolved absorptions with chemical 
shifts characteristic of the local si l i c o n environment. For 
example, in zeolite Na-X with Si/Al » 1.18, five peaks are 
observed in the NMR spectrum which are associated with silicons 
surrounded by from 0 to 4 aluminum nearest neighbors (Si - nAl, η 
s 0 to 4). From measurements of a number of different zeolites 
and framework compositions, Lippmaa et al. (3) proposed ranges of 
chemical shifts characteristic of the five different Si-nAl 
environments. These ranges are relatively narrow (Table I) and 
increasingly overlap with decreasing aluminum substitution. For 
a given framework type, for example faujasite (3,4,5,6), the 
chemical shifts vary l i t t l e with framework Si/Al ratio, the 
largest shift being observed for the Si-0A1 peak (4ppm). 

While this generalization i n i t i a l l y has proved useful in 
interpreting data, several recent results have shown the 
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TABLE I 

Chemical S h i f t Ranges for 2 9 S i NMR of Alurainosilicates ( 3 ) 

Si-nAl Chemical S h i f t (ppm v s . TMS) 

4 - 8 3 to - 8 7 

3 -88 to -94 

2 - 9 3 to - 9 9 

1 -97 to -105 

0 -103 t -114 

s e n s i t i v i t y of chemica  neighbo
aluminum d i s t r i b u t i o n . For example, Thomas and coworkers (7) 
measured the spectra of several z e o l i t e s not reported by Lippmaa 
et al. (3) and found s i m i l a r chemical s h i f t ranges. They d i d , 
however, extend the lower bound for Si-4A1 to -80 ppm i n order to 
include the z e o l i t e s Li-A(BW) at -80.1 ppm and a p a r t i a l l y l i t h i u m 
exchanged c a n c r i n i t e hydrate at -82.0 ppm. I t has been assumed by 
most groups, with some experimental support, that the non-
framework cations have l i t t l e e f f e c t on chemical s h i f t s . However, 
i t i s l i k e l y that the above s h i f t s are to be associated with the 
l i t h i u m cations i n the structure. Support for t h i s hypothesis 
comes from the observation of large s h i f t s i n both z e o l i t e s A and 
X when sodium i s exchanged for l i t h i u m (8,9). 

I t has also been observed that z e o l i t e A (10,11,12) and Losod 
(7) both with S i / A l « 1 have chemical s h i f t s of -88.9 ppm, outside 
of the range proposed for S1-4A1. At f i r s t , t h i s was a t t r i b u t e d 
to Si-3A1 ordering i n v i o l a t i o n of Lowenstein's r u l e . However, 
recent neutron d i f f r a c t i o n work on z e o l i t e A (14) and NMR studies 
of i t s high s i l i c a analogue ZK-4, (8,13) have shown that the 
single resonance i n z e o l i t e A does correspond to Si-4A1. The 
unusual chemical s h i f t for z e o l i t e A may be a consequence of the 
strained double four rings i n the structure and the presence of 
one nearly l i n e a r T-O-T angle. 

The s t r u c t u r a l information contained i n the chemical s h i f t 
data i s perhaps best i l l u s t r a t e d by the recent r e s u l t s for high 
s i l i c a ZSM-5 (15). In t h i s almost pure s i l i c a system, the Si-0A1 
resonance i s resolved i n t o nine components a r i s i n g from 
c r y s t a l l o g r a p h i c a l l y non-equivalent tetrahedral s i l i c o n 
environments. 

In order to further extend our understanding of the o r i g i n of 
chemical s h i f t v a r i a t i o n s i n z e o l i t e s , we have examined the 
e f f e c t s of gallium s u b s t i t u t i o n for aluminum i n the framework on 
the s i l i c o n NMR spectra of so d a l i t e and f a u j a s i t e . Gallium 
s u b s t i t u t i o n i n z e o l i t e s i s w e l l known though most preparations 
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have been made i n the presence of major amounts of aluminum. 
Gallium analogues of f a u j a s i t e and sodal i t e were reported by 
Selbin and Mason (16) and gallium thomsonite by Barrer et al. 
(17). The gallium containing z e o l i t e s analcime and nepheline 
hydrate I I have also been described (18). Only the s i l i c o n NMR of 
gallium thomsonite (-82.9 ppm (7); c f . thomsonite, -83.5 ppm (3)) 
has, to our knowledge, been previously described. 

Experimental 

Faujasites with a low Si/Ga r a t i o were synthesized using a 
s l u r r y composition: 2.1 Na 20 : Ga20o : 2-4 S i 0 2 : 60 H 20 and 
seeded with alumino s i l i c a t e seeds (19); 1% A l r e l a t i v e to the 
gallium i n the synthesis. Gallium was used as sodium g a l l a t e made 
by d i s s o l u t i o n of Ga 20
s i l i c a t e (Si0 2/Na 20 » 1.32)
s l u r r y was heated at 100°C for 3 to 6 hrs i n t e f l o n b o t t l e s to 
give f a u j a s i t e . Longer reaction times at the same temperature 
gave pure s o d a l i t e . Intermediate reaction times gave mixtures of 
sodali t e and f a u j a s i t e ; the gallium analogue of z e o l i t e A was not 
observed although comparable reactant compositions i n the aluminum 
system give A at short (1-2 hrs) reaction times. Synthetic 
gismondine (Barrer Ρ, Linde Β) i s replaced by gallium s o d a l i t e 
over a wide composition range. 

Higher Si/Ga f a u j a s i t e s were synthesized using s i m i l a r l y 
seeded compositions i n the range 2-3 Na 20 : Ga 203 : 5-9 S i 0 2 : 140 
H 20. Reactions were again c a r r i e d out at 100°C without s t i r r i n g 
i n t e f l o n b o t t l e s . Reaction times to w e l l c r y s t a l l i z e d f a u j a s i t e s 
were t y p i c a l l y 20 hrs. The general pattern of these syntheses 
p a r a l l e l s those for the pure sodium alumi n o s i l i c a t e system with 
gallium oxide completely replacing aluminum oxide except for the 
contribution from the seeds. Attempts to make g a l l o s i l i c a t e seed 
solutions by the procedure of reference (19) by replacing Α120β 
with Ga 203 were unsuccessful. Exclusion of seeds from the high 
s i l i c a synthesis gave no c r y s t a l l i n e products i n reasonable « 4 
days) reaction times. 

Chemical compositions were determined by plasma emission 
spectroscopy using a Jarrel-Ash Atomcom I I I in d u c t i v e l y coupled 
plasma spectrometer (Table I I ) . Samples were checked for p u r i t y 
by X-ray d i f f r a c t i o n using a Siemens D500 diffractometer and CuKa 
r a d i a t i o n and by scanning electron microscopy. No other 
c r y s t a l l i n e phases or amorphous material were detected. For the 
gallium f a u j a s i t e s , nitrogen surface areas were i n the range 600-
650 m2/g. 

S i l i c o n NMR measurements were made at 39.5 MHz on a Jeol 
FX200WB spectrometer using the combined techniques of magic-angle 
sample spinning and proton di p o l a r decoupling. A l l samples were 
examined i n the f u l l y hydrated state. Chemical s h i f t s were 
referenced to sodium 4,4-dimethyl-4 silapentane sulfonate taken to 
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TABLE II 

Chemical Compositions of Gallium Sodalite and Faujasites 

Sample Na20 A1 20 3 G a2°3 Si0 2 Si/(A1+Ga) 

Sodalite 1.03 0.03 0.97 2.56 1.28 

Na-GaX 1.00 0.05 0.95 2.28 1.14 

Na-GaX 0.95 0.03 0.97 2.84 1.42 

Na-GaY 0.97 0.02 0.98 4.33 2.17 

have a z . S i chemical shift of -1.30 ppm vs. tetramethylsilane 
(TMS). 

Results and Discussion 

The NMR results for three sodium faujasites and a gallium 
sodalite are shown in Figs. 1 and 2. The chemical shifts and 
relative peak intensities are given in Tables III and IV. The 
relative peak intensities are normalized to Σ I(Si-nT) - 1.0. 
NMR compositions were calculated from the relative peak 
intensities assuming Lowenstein's rule and using the relation 

η 
Si/Ga - 4/Σ nl(Si-nGa) 

0 

We have not considered, in calculating the NMR compositions, the 
small amount of Al (<5%) introduced into the samples from the 
seeds used in the synthesis. 

Gallium-Sodalite The gallium sodalite sample prepared as 
described above has a Si/(A1+Ga) ratio of 1.28 determined by 
elemental analysis. The composition determined from the NMR 
spectrum, Si/Ga - 1.26, is in good agreement with the elemental 
analyses indicating that this gallium sodalite obeys Lowenstein1s 
rule. In aluminum sodalites with Si/Al - 1 variations in chemical 
shifts have been observed (7,20) and i t has been suggested that 
some sodalites show Si-3A1 ordering. However, the gallium 
sodalite data, the fi r s t reported for a material with a Si/T > 1, 
suggest that sodalites obey Lowenstein's rule. We have observed 
significant variations in chemical shifts for aluminum sodalites 
as the unit cell size and presumably the T-O-T angles are changed 
by salt inclusion and this may be the origin of the previously 
reported differences. 
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ppm vs. TMS 
Figure 1. 
Silicon-29 NMR spectra of (a) ZK-4, (b) Na-X and (c) 
gallium s o d a l i t e . 
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In Fig. 1, the spectra for ZK-4 (21), Na-X (22) and gallium 
sodalite, a l l with similar compositions, are compared. Relative 
to Na-X, the Si-nAl peaks for ZK-4 are shielded by an amount which 
varies from 4.8 ppm for S1-4A1 to 7.8 ppm for the Si-OAl peak. In 
comparing Na-X with gallium-sodalite, however, the opposite effect 
is observed; the Si-4Ga peak is deshielded by 8.4 ppm whereas the 
Si-OGa peak i s only deshielded by 1.3 ppm. The f i r s t case 
illustrates the structure sensitivity of the chemical s h i f t , 
whereas in the second case, substitution in the f i r s t coordination 
sphere by gallium evidently i s the dominant effect. The 
comparison of aluminum and gallium faujasites below further 
illustrates this point. 

It i s also of interest to compare the relative peak 
intensities for these three materials. The differences between 
the peak intensities fo
composition have previousl
with Si/Ga » 1.26 has a different intensity pattern to either 
faujasite or ZK-4. A comparison of the ratios of I(Si-4T)/I(Si-
3T) and I(Si-3T)/I(Si-2T) for the three compounds shows the 
differences. The corresponding values are 1.23, 1.74, 1.25 and 
3.18, 2.16, 1.98 for ZK-4, Na-X and gallium sodalite, 
respectively. Further discussion of the Si/Ga distribution i n 
gallium sodalite requires data over a range of composition and 
this not yet available. 

Gallium Faujasites In Table IV the data for three gallium 
faujasites are summarized. The agreement between the ratios 
calculated from the NMR spectra and determined by elemental 
analysis i s good for the Na-GaX compounds and reasonable for Na-
GaY, indicating that Lowenstein's rule i s obeyed. The chemical 
shift range observed for the gallium faujasites i s comparable to 
that observed for the gallium sodalite. An overall deshielding i s 
observed as the Si/Ga ratio i s increased, the effect being largest 
for the Si-OGa peak. Similar changes with composition are 
observed i n aluminum faujasites, though the overall spread of 
chemical shifts i s much smaller for aluminum faujasites (18.5 ppm 
at Si/Al . 1.16) than for their gallium analogues (25.1 ppm at 
Si/Ga - 1.14). The comparison of the spectra (Fig. 2) for the 
three gallium faujasites with aluminum analogues of closely 
similar composition clearly shows this effect. The Si-OGa peaks 
have comparable chemical shifts but the other peaks are deshielded 
by an amount which, within experimental error, i s proportional to 
the number of gallium nearest neighbors. The differences in the 
mean chemical shifts for Na-X at Si/Al - 1.14 and Si/Al - 1.17 
(refs. 5,23) and Na-GaX at Si/Ga - 1.1 are given in Table V to 
ill u s t r a t e the point. 

Finally, we note that the relative peak intensities for the 
three gallium faujasites are closely similar to those of their 
aluminum analogues indicating that the distributions of Τ atoms 
are similar in the two sets of materials. 
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Conclusions 
High resolution 2 9 S i NMR spectra of gallosilicates with the 

faujasite structure exhibit relative peak intensities similar to 
faujasite indicating similar distributions of Τ atoms. However, 
the peaks i n the gallium containing zeolites are deshielded by an 
amount nearly proportional to the number of gallium atoms i n the 
f i r s t neighbor shel l . 

There i s evidence in the literature that chemical shift 
variations are related to variations in the average T-O-T 
angles. For example, Thomas et al. (8) have suggested that the 
unusual chemical shift for the S1-4A1 peak in Na-A (~ 5 ppm 
shielded with respect to Na-X) i s related to the unusually large 
average T-O-T angle of 152.5°; the mean value for zeolites i s 
about 145° (24). Additional  fo  thi  qualitativ
correlation comes from
Exchange of lithium for sodium in Na-X i s accompanied by a 
deshielding of the S1-4A1 peak from -84 ppm to -80 ppm (9). 
Recent structural work on partially exchanged Li,Na-X showed that 
the average T-O-T angle i s reduced to 137.1° in Li,Na-X from 
141.9° in pure Na-X. Similarly, Li-A(BW) (27) has an average T-0-
T angle of 134.8° and has a S1-4A1 peak comparably deshielded to 
that observed in Li-X. 

There i s unfortunately l i t t l e structural information for 
gallium substituted zeolites. However, the observed chemical 
shifts are compatible with the above general correlation with T-0-
T angle. For example, the non-bonded or "one angle" r a d i i 
approach of O'Keefe and Hyde (27) suggests that the Si-O-Ga angles 
would generally be smaller than Si-O-Al angles and consequently 
that gallium substitution would deshield the s i l i c o n resonances. 
More detailed studies of the relation of T-O-T angles to bond 
lengths and chemical shifts are in progress. 
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Silicon and Aluminum Ordering of Zeolites: 
Interpretation of Silicon-29 N M R Data for 
Faujasite and ZK4 

M. T. MELCHIOR 
Exxon Research and Engineering Company, Linden, NJ 07036 

Silicon-29 NMR provides a direct measurement of the 
average Al neighbo
frameworks, fro
ordering can be inferred. Comparison of 29Si NMR 
data for synthetic faujasites and A-type (ZK4) 
zeolites shows that the Si,Al distribution is 
different for these frameworks despite their having 
a common structural element, the sodalite cage. It 
is shown that the Si,Al distribution in faujasite 
crystals can be understood in terms of an ordered 
sub-unit, the single 6-ring, combined randomly 
within the framework topology in accordance with 
Loewenstein's rule as the only constraint. It is 
hypothesized that the difference between faujasite 
and ZK4 ordering lies in nature of the fundamental 
sub-unit. 

Silicon-29 Magic Angle Spinning NMR has become an important 
tool for characterizing sil i c a t e s and aluminosilicates in 
general and zeolites in particular. Silicon-29 NMR provides a 
direct measurement of the average distribution of aluminum 
neighbors about s i l i c o n (1-4), from which i t is hoped the nature 
of the Si,Al ordering can be inferred. Two zeolite framework 
systems have received the most attention, faujasite (2,3,4) and 
A-ZK4 (5., 6, 7). Until recently, only faujasite was available 
over a significant range of compositions. The recent synthesis 
and 2 9 s i NMR study of A-type zeolites (ZK4) over the composi
tion range 1.0 £ Si/Al £ 2.7 (.7,8) provides the opportunity for 
comparison of 29Si NMR data for two closely related frameworks 
over a significant composition range. It has been noted (8) 
that the distributions of Si and Al atoms in the two structures 
are different over the entire composition range. This 
fundamental difference in Si,Al ordering is addressed in this 
paper, in which we show that the 2 9 S i NMR data for faujasite, 
but not that for ZK4, i s nicely accounted for in terms of short 
range order based on an ordered 6-ring building unit. 

0097-6156/83/0218-0243$06.75/0 
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The Ordered Sub-Unit Hypothesis 

In our previous study of faujasite (4) we concluded that the 
Si,Al ordering is satisfactorily described by a simple 
hypothesis: the faujasite structure is built up, subject to 
Loewenstein1s rule (9) (which excludes A1-0-A1 linkages), from 
sodalite cage sub-units within which the number of Al, Al next 
nearest neighbors (Al-0-Si-O-Al) is minimized. This simple 
hypothesis leads to four ordering modes, each predominating over 
a particular composition range, typified by four sodalite cages 
X, XY, YX and Y shown in Figure 1. These four cages represent 
favored arrangements for 12, 14, 15, and 16 silicons per 
sodalite cage. Faujasite structures built from these ordered 
sodalite cage sub-units have predicted [Si(nAl)] distributions 
which have been shown t  b  i d  with th  observed 
11.9 MHz 29g£ NMR spectra
a considerable local order, by which we mean there is a strong 
constraint on the Si,Al distribution in addition to 
Loewenstein1s rule. To see this consider that the XY cage 
represents fewer than one in ten of the possible arrangements of 
14 Si and 10 Al which are consistent with Loewenstein.s rule. 
At higher values of Si/Al, the statistics are as unfavorable or 
more unfavorable toward the ordered sodalite sub-units. 

While the essential agreement with the observed 29si NMR 
data obtained with the ordered sodalite sub-unit hypothesis is 
strong evidence of local Si,Al order, i t is important to realize 
there is no implication of long range order. The distributions 
predicted by this hypothesis are calculated by considering a l l 
choices of assembling the sub-units consistent with Lowenstein's 
rule as equally probable. Thus the hypothesized arrangements do 
not possess long range Si,Al order and application of a criterion 
such as "translational periodicity" (3) is irrelevant. [NOTE: 
Some of the theoretical distributions, most notably those for 
Si/Al = 1.67 and 2.43, in our previous publication (4) depend on 
a particular choice of hexagonal faces in constructing faujasite 
from ordered sodalite cages, that choice having been made by 
comparison with the observed NMR data. As is shown below, 
closely similar distributions result from considering a l l 
choices as equally probable.] 

We find that the ordered sodalite cage model, which accounts 
for the faujasite ^Si NMR data quite well, does not account 
for the ZK4 data over the range 1.0 £. R 5. 3.0. Furthermore, as 
is shown below, high field 2 9 S i NMR data (39.5 MHz) show small 
but significant deviations from the predicted distributions for 
ordered sodalite cages. In the following we consider ordering 
schemes based on smaller ordered sub-units. The basic hypothesis 
is that the Si,Al distribution in the zeolite crystal can be 
described in terms of some ordered sub-unit hooked together 
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Figure 1. 
Favored sodalite cage arrangements which minimize 
Al-0-Si-O-Al linkages for Si/Al • 1, 1.4, 1.67, 2.00. 
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statistically, in accordance with Loewenstein's rule as the only 
constraint. Within the sub-unit the Si,Al distribution is 
subject to Loewenstein1s rule and an additional constraint 
reflecting a tendency toward reduction of the incidence of Al, 
Al next nearest neighbors. 

Figure 2 depicts various pathways leading to the formation 
of faujasite and ZK4 from S1O4 and AIO4 tetrahedra. The 
various paths may be only conceptually different. Certainly i f 
a l l steps are statistical (by which we mean subject only to the 
constraint of Loewenstein1s rule) the pathway cannot matter to 
the final result. Similarly, i f a l l steps are completely 
ordered, the pathway does not matter. On the other hand i f each 
step is considered irreversible and i f additional constraints 
come into play, we may be able to infer something of the pathway 
from the final orderin  scheme  It will b  that th
success of the ordered
as well as its failure fo , s wel  accounted fo  by 
choosing the 6-ring (6R) as the ordered sub-unit in faujasite 
but not in ZK4. 

Experimental Results; Comparison of Faujasite and ZK4 

Our previous study of Si,Al ordering in synthetic faujasite 
was based on 2 9 S i NMR data obtained at 11.9 MHz (4). Silicon-
29 NMR data for the same faujasites obtained at 39.5 MHz show 
greatly improved resolution of the five Si(nAl) components. 
Figure 3 shows a comparison of low and high field spectra for 
two compositions. The improved resolution at the higher field 
allows direct measurement of the intensities [Si(nAl)], not 
possible at 11.9 MHz. [NOTE: The striking difference in 
resolution is probably a consequence of the 2^A1 nuclear 
uadrupole interaction which causes the axis of quantization for 
7A1 to deviate from the applied magnetic field direction. At 

the lower magnetic field of 1.4T the magic angle sample spinning 
is unable to completely supress the 2 ^ A l - 2 ^ S i dipolar inter
action which limits the resolution. This effect is strongly 
field dependent (10) and becomes negligible at the higher field 
of 4.7T.] The data is summarized in Table I and plotted as a 
function of Si/Al in Figure 4. This data was obtained under the 
same experimental conditions as the 29si NMR data for ZK4 (8) 
and the differences between the distributions [Si(nAl)] for the 
two zeolites has already been noted. 

Improved 29 Si NMR data for these faujasite samples reveal 
small deviations from the ordered sodalite cage model described 
above. As illustrated in Figure 3, which shows spectra for 
Si/Al = 1.40 and 1.73, there is a small peak corresponding to 
Si(OAl) which is not evident in the low field spectra. The 
ordered sodalite cage model predicts that the Si(OAl) component 
vanishes for compositions in the range 1.4 £ Si/Al 2.0. As 
shown in Figure 4, the intensity of Si(OAl) passes through a 
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Figure 2. 
Possible pathways for the formation of faujasite and 
A-type zeolites from SiO^ and A10^ tetrahedra. 
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Figure 3. 
Comparison of Si NMR spectra at 11.9 MHz (below) 
and 39.5 MHz (above) for faujasite at two 
compositions (a) R β 1.40 and (b) R = 1.75. Also 
shown are the theoretical 11.9 MHz spectra predicted 
for ordered sodalite cages (points and solid lines) 
in previous work (4). 
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Table I 
O Q 

Si NMR Data (39.5 MHz) for Na Faujasites 

Si:Al Si:Al Relative Intensity 
Sample (elemental) (NMR) 4A1 3A1 2A1 1A1 0A1 

1 1.27 1.24 .509 .292 .135 .032 .032 

2 + 1.33 
3 1.50 1.48 .255 .344 .266 .112 .023 

4 1.53 1.44 .280 .355 .252 .093 .019 

5 1.82 1.74 .103 .310 .388 .181 .017 

6 2.41. 2.01 .035 .230 .452 .260 .025 

7 2.16 2.12 .034 .200 .425 .298 .043 

8 2.24 2.17 .028 .189 .427 .314 .042 

9 + 2.39 2.37 .016 .139 .426 .352 .066 

10 2.49 2.36 .021 .148 .422 .341 .067 

11 2.52 2.45 .020 .126 .394 .384 .076 

12 2.52 2.58 .014 .110 .384 .397 .096 

13 + 2.53 2.69 — .113 .367 .412 .107 

14 2.62 2.61 .093 .421 .414 .071 

. Chemical analysis overestimates framework composition because 
this sample contained amorphous Si02. 

+ Samples 2, 9 and 13 are ASTM 2, 1 and 6, respectively. 
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Figure 4. 
Aluminum neighbor d i s t r i b u t i o n s [Si(nAl)] n=4,3,2,1,0 
for f a u j a s i t e over compositions R = 1.0-3.0. 
Experimental data from 2 9 S i NMR at 39.5 MHz are 
shown as s o l i d points. The points (x) connected by 
s o l i d l i n e s are the predictions of the theory 
described i n the te x t . 
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minimum in this range but is clearly non-zero. This and other 
small discrepancies between the predicted distributions for 
ordered sodalite cages and the observed data may reflect 
macroscopic inhomogeneities in the framework composition. The 
predictions of the ordered sodalite cage model were calculated 
on the basis of a uniform Ν^χ, the number of Al atoms per 
sodalite cage (4). The result of allowing a distribution of 
NA1 a b ° u t its sample average N ^ Q is to bring theory and 
experiment into essential agreement on these minor features. We 
also find that differences between our data and that obtained in 
other laboratories (2^) for faujasites in the same composition 
range can be rationalized by considering the other samples to 
contain somewhat broader distributions of N ^ i about Ν^ι. 

The 29si NMR data for faujasite and ZK4 (8) are compared 
in Figure 5 and Figur
moment, or average numbe
a function of R = Si/Al. The data for ZK4 and faujasite f a l l on 
the same line, namely η = 4/R, a relationship which shows that 
Loewenstein1s rule is obeyed for both structures within experi
mental error. Table I includes framework compositions calculated 
from the NMR data by assuming this functional relationship. 

Figure 6 is a plot of the ratio s = n^/n where n^ is 
the second moment of the Si(nAl) distribution. The ratio s 
provides a measure of the width of the distribution, hence the 
uniformity of the distribution of Al neighbors. The lower 
dashed line (a) in Figure 6 is the value of s calculated for the 
minimum next nearest neighbor structures based on the favored 
sodalite cages X, XY, YX, and Y of Figure 1. The upper dashed 
line (b) is the result of a calculation of s for structures 
based on X cages only. These limiting cases can be sharply 
differentiated in terms of 6R building units containing two 
AIO4 tetrahedra and four S1O4 tetrahedra, either meta ( M 2 ) 

or para (P 2) # Line (a) represents the limiting case in which 
only P z 6R's are used as building units, line (b) the case in 
which only M 2 6R's are used. Figure 6 illustrates the differ
ence in the Si,Al distribution in ZK4 and faujasite and shows 
that faujasite has a higher fraction of P 2 6R's, particularly 
in the composition range 1.4^ R f 2.4. 

Si,Al Ordering in Faujasite 

We now proceed to the calculation of the Al neighbor 
distribution [Si(nAl ) ] n s 4 392>1,0 ^ o r faujasite with the 
assumption that the ordered sub-unit is the six Τ atom unit 6R. 
Loewenstein1s rule is assumed to be strictly obeyed throughout. 
According to our hypothesis we consider an ensemble of 6R's 
within which the Si,Al distribution is constrained to reduce the 
number of ΑΙ,ΑΙ next nearest neighbors Al-O-Si-O-Al. The 
distribution we seek is that for faujasite formed from this 6R 
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1.0 1.5 2.0 2.5 3.0 
R 

Figure 5. 
Plot of 4/n, where η is the average number of Al 

29 
neighbors per silicon determined by Si NMR, as a 
function of composition. For frameworks subject to 
Loewenstein1s rule 4/n = R. 
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Figure 6 . 
Plot of the quantity s which is the ratio of the 
second moment of the experimental A l neighbor 
distribution to the f i r s t moment n. Dashed lines ο 
are s predicted for Ρ ordering ( ) and for 
M ordering (- -) as described in the text. 
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ensemble subject only to Loewenstein1s rule, assuming a l l 
combinations to be equally probable. 

First note that the next nearest neighbor constraint 
controls both the distribution of Al atoms among 6R types and 
the arrangement of Al atoms in 6R's with two Al atoms (P 2 vs. 
M2). The number of next nearest Al, Al pairs is minimized by 
taking the distribution to be as narrow as possible. Thus for 
1 < Si/Al < 2, only 6R's with 3 Al (M3) and 2 Al (M2 or 
P 2) are considered and for 2 < Si/Al < 3, only 6Rfs with 2 Al 
and 1 Al are considered. A single order parameter describes the 
6R ensemble, namely the ratio of M2 to P2, designated as Kĵ p. 
It is instructive to consider the formation of sodalite cages 
from this 6R ensemble. For instance, in the composition range 1 
£. Si/Al ̂  2, sodalite cages may be formed with 12 <̂  N^i £ 8. 
Thus the notion of a distributio  i  %  arise  quit
naturally. Moreover, th
that, i f the ratio K̂ p s zero, only the cages ,  and
can be formed. Thus K̂ p = 0 for R ^1.4 corresponds to the 
ordered sodalite cage description and to complete local order in 
the sense we have defined i t . 

The formation of faujasite from an ordered 6R ensemble can 
be represented schematically by 

PQ . P, . 
6R > Sg >. faujasite 

in which S3 is the appropriate 3-coordinate sub-unit and 
P^i is the probability that the i t n Si atom forms an Si-O-Al 
1inkage when the N-coordinate structure is formed. As can be 
seen from Figure 2 there are two possible choices for S 3 . For 
pathway II, S3 is taken to be a D6R unit and for pathway I, 
S3 is taken as an isolated sodalite cage (SC). The probabili
ties Pj|£ are, of course, different for these pathways and 
are a function of the composition and the value of Kĵ p which 
characterizes the 6R ensemble. For a given step the ensemble 
average of probabilities is given by Loewenstein1s rule and the 
composition as 

<PN>> = P(R) = 1/R 
av. 

where R = Si/Al. For compositions in the range R > 2 i t is a 
good approximation to take P$i as equal to this average value 
but at lower values of R there is considerable dispersion in the 
individual probabilities within the set { P^} . This is 
illustrated in Figure 7 which depicts the elements of {P^i^ 
for the formation of sodalite cages from an ensemble of 6R's for 
which Kflp = 0.5, as a function of composition. Figure 7 was 
obtained by an explicit enumeration of a l l possible sodalite 
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1.5 2.0 2.5 

-R-
Figure 7. 
Probabilities for formation of Si-O-Al linkages for 
various Si types upon formation of a sodalite cage 
from 6-ring sub-units, as a function of 
composition. The dashed line is the average for a l l 
sites <p.> = 1/R. ι 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



256 I N T R A Z E O L I T E C H E M I S T R Y 

cage arrangements which can be formed from Μ 3 , M 2 , and P 2 

6R's at S i / A l = 13/11, J.4/10, and 15/9, together with the 
assumption that Pjj£ = P(R) = 1/R for R > 2. The dispersion 
wi thin { Pfli } i s a r e f l e c t i o n of the strong constraint 
represented by Lowenstein's r u l e when the connectivi ty of the 
sodal i te cage i s taken into account. In s t a t i s t i c a l terms, the 
p r o b a b i l i t y P ^ i of adding an S i - O - A l linkage to the i t h si 
atom i s strongly dependent on the linkages formed i n the 
(N-l)UL step. 

The s t a t i s t i c s of sodal i te cage formation depicted i n 
Figure 7 apply whether the 6R units are considered as isolated 
6R fs or as the hexagonal faces of a set of D6R u n i t s . Thus, the 
p r o b a b i l i t i e s i n Figure 7 represent Ρβ£ for pathway I but 
P^£ for pathway I I . The remaining step which must be 
considered for each of thes  pathway  th  formatio f
from the 6-r ing faces o
or from isola ted 6R sub-units (?3£ for pathway I I ) . Although 
the s t a t i s t i c s for these two isola ted steps are i d e n t i c a l , given 
the same mixture of M 2 and P 2 6 - r ings , the steps d i f f e r i n 
an important respect . The difference ar ises from the fact that 
the 6 - r ing faces involved i n the step SC •> faujas i te for path
way I are not simply the members of the 6R ensemble involved i n 
the previous step 6R SC. Formation of a sodal i te cage from 
four 6R 1s r e s u l t s i n the formation of an addi t ional set of four 
6-r ing faces which at some compositions may have a d i f f e r e n t mix 
of M2 and P 2 arrangements. This can be seen most c l e a r l y by 
considering the composition S i / A l = 1.67. As has already been 
noted, for K^p = 0, topological constraints force the arrange
ment designated as YX i n Figure 1. Note that while YX i s formed 
from one M 3 and three P 2 6R u n i t s , two of the four addi t ional 
6 -r ing faces have a M 2 arrangement. These M 2 6 -r ing faces 
must be included in the s t a t i s t i c s of the subsequent step i n 
which faujas i te i s formed. This expansion can be described by 
an e f f e c t i v e r a t i o K ^ p . and must be r e f l e c t e d i n the p r o b a b i l i 
t i e s Ρ4£ for pathway I . This point i s c r u c i a l i n that i t 
provides the opportunity of d is t inguishing pathway I and 
pathway I I . 

Figure 8 shows the D6R arrangements which have been 
considered for the c a l c u l a t i o n of P4£ for pathway I and of 
Ρβ£ for pathway II over the composition range 1 S i / A l <̂  3. 
Included i n the f igure are the number of next nearest neighbor 
A l , A l pairs across 4 - r i n g s ( ^ 4 ) and across 6-r ing s ( Î 5) 
for each D6R u n i t . I t i s e a s i l y shown that for Ι έ R i 2 the 
t o t a l number of next nearest neighbor pairs ( ^.4, \ 5) at a 
given S i / A l r a t i o i s a function of one parameter, K ^ p . for 
pathway I or Kĵ p for pathway I I . I t i s the essence of our 
hypothesis of 6R1 s as the ordered sub-unit that we assume a 
d i s t r i b u t i o n of D6R1s determined only by the average composition, 
the r a t i o Kĵ p or Kj^p., and simple s t a t i s t i c a l p r o b a b i l i t i e s 
over the ent i re range of composition. 
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D, 
(0,0,6,4) 

Figure 8. 
Double 6-ring arrangements considered for the 
formation of a faujasite framework. Shown in the 
figure are the number of Al-0-Si-O-Al pairs across 
4-rings (?^) and across 6-rings (5 )̂ for each 
D6R moiety as well as the 3-neighbor distributions 
( S i ( n A 1 ) )n=3,2,l,0-
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Consider f i r s t the formation of faujas i te by pathway 
I I , 6R D6R f a u j a s i t e . For a given composition and 6R order 
parameter Kĵ p straightforward s t a t i s t i c a l c a l c u l a t i o n gives 
the appropriate set of D6R populations. Figure 8 shows the 
3-neighbor d i s t r i b u t i o n s (Si(nAl)) n =3 2 , 1 , 0 f ° r each D6R 
moiety. Calculat ion of the 4-neighbor d i s t r i b u t i o n [Si(nAl)] 
for faujas i te involves converting each 3-neighbor d i s t r i b u t i o n 
to the corresponding 4-neighbor d i s t r i b u t i o n through appl ica t ion 
of the p r o b a b i l i t i e s P^£ for each S i s i t e as exemplified by 
Figure 7 for K^p » 0 . 5 . The o v e r a l l d i s t r i b u t i o n of [Si (nAl)] 
i s then obtained as the weighted average of the various D6R 
r e s u l t s . In order to simulate the expected dispersion i n the 
number of A l atoms per sodal i te cage, a binomial d i s t r i b u t i o n 
(1:2:1) i n % χ i s imposed on the resul t s at each discrete 
composition. An extensiv  stud f t h i  pathwa  fo  faujas i t
formation has been made
reported here. The conclusion  quit ,
Although the theoret ica l d i s t r i b u t i o n s for K^p i n the range 
0 - 0 . 5 agree w e l l with the experimental d i s t r i b u t i o n s determined 
by 2 9 $ £ NMR (Figure 4 ) for compositions R > 2, there i s 
s i g n i f i c a n t deviat ion for compositions i n the lower range 
R < 2. This deviat ion i s most apparent for the composition R β 

1.67. Table II gives the theoret ica l resul ts at this 
composition for K$fp = 0 and K^p = 0 . 5 as well as the 
d i s t r i b u t i o n obtained by a least-squares interpolat ion of the 
experimental data. 

Ordered Sodali te Bui lding Units 

Formulation of l o c a l S i , A l ordering i n faujasi te i n 
terms of pathway I , 6R -. SC -> f a u j a s i t e , represents an extension 
and refinement of our previous treatment i n terms of ordered SC 
sub-units ( 4 ) . As we have noted, pathway I for K^p = 0 
corresponds to formulation of faujasi te from the SC arrangements 
of Figure 1. A c t u a l l y the set of SC units s p e c i f i e d by K^p = 0 
i s more exclusive than that spec i f ied previously ( 4 ) since there 
are minimum A l , A l next nearest neighbor SC units which cannot 
be formed using only M 3 and P 2 6R 1 s . Moreover, consideration 
of 6R ensembles with K^p φ 0 provides a straightforward 
approach to the study of deviations from complete l o c a l order. 

Calculat ion of theoret ica l 4-neighbor d i s t r i b u t i o n s 
[Si(nAl)] for pathway I i s a more involved task than for path
way I I , e s p e c i a l l y for a 6R ensemble with K^p ψ 0 . The f i r s t 
step i s to convert the 6R ensemble to a weighted average of 
sodal i te cage sub-units by appl ica t ion of the p r o b a b i l i t y set 
Ρβ£ which for this pathway i s exemplified by Figure 7 for 
KMP = 0 . 5 . A d d i t i o n a l complexity ar ises because, i n addit ion 
to the 3-neighbor d i s t r i b u t i o n s for each S i s i t e , we require a 
c a l c u l a t i o n of the resultant M 2 / P 2 r a t i o Kjjp., needed i n 
the next step. This value of Kj.jp. i s then used to calculate 
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Table II 

Theoretical and Experimental Al Neighbor 
Distribution

Theoretical (R = 1.67) [Si(nAl)] n s 4^ 3^ 2, 1, 0 

Pathway I 6R .. SC Faujasite 

KMP = 0 [.125, .318, .390, .167, 0] 
KMP = 0.5 [.161, .304, .345, .168, .023] 

Pathway II 6R ... D6R + Faujasite 

KMP = 0 [.142, .288, .400, .170, 0] 
KMP - 0.5 [.171, .285, .351, .172, .020] 

Experimental (R = 1.67). 

[,130, .324, .369, .163, .015] 

.0btained by computer f i t interpolation of data in Table I (11). 
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the statistical distribution of D6R linkages and the associated 
probabilities used to convert the weighted average 
3-neighbor distributions to the 4-neighbor distributions for 
faujasite. 

Theoretical Al neighbor distributions have been calculated 
for pathway I with K̂ p in the range 0-0.5 for the compositions 
N A 1 • 14 and N A 1 =15 (R = 1.40 and 1.67). The results for 
R - 1.40 are closely similar to those calculated for pathway II. 
For R = 1.67, however, significantly better agreement with 
experiment is obtained for pathway I. This can be seen in 
Table II which compares results for pathways I and II with the 
(interpolated) experimental distribution obtained by 29 Si 
NMR. The crucial comparison is the relative intensities of 
Si(4Al) and Si (3A1) for the two pathways. Table II shows that 
good agreement is obtaine

From these results
data are well accounted for by assuming pathway I and postulat
ing essentially complete ordering in the 6R ensemble, 
equivalent to assuming distributions calculated for the ordered 
sodalite cages in Figure 1. Table III summarizes the results of 
this calculation for the compositions R = 13/11, 14/10, 15/9, 
16/8, 17/7, and 18/8. The fi r s t line (a) for each composition 
in Table III is the distribution calculated for the "pure" 
compositions, with an infinitely narrow distribution in N A]. 
For R = 13/11, sodalite cage X missing one Al atom is used, 
corresponding to a faujasite framework formed from and M2 

6R sub-units in the ratio 3:1. For compositions R β 14/10, 
15/9, and 16/8, respectively, only sodalite cages XY, YX, and Y 
are used, corresponding to frameworks formed from an ensemble of 

and P. 6R units. For these compositions the effective 
M2/P2 ratio Kj.jp. must be used to calculate P^ for the 
statistical distribution of D6R linkages. For XY at R = 14/10, 
KMP. = KMP " 0 b u t> a s noted above, for YX at R - 15/9 
Kflp. has the value 0.5. It is precisely this observation that 
distinguishes pathways I and II. For R > 2 i t has been assumed 
that the constraint of the framework connectively is sufficiently 
weak that P N£ 2s 1/R. It should be noted that even for R >> 2 
local order persists despite this assumption because we have 
assumed ordered p2 6R sub-units. The theoretical distributions 
(a) for these pure compositions may be compared with the results 
in (4). 

Even for integral values of NA|, the associated 6R 
ensembles are composed of a mixture of 6R's with three, two, and 
one Al atoms and i t is reasonable to assume a microscopic disper
sion in Ν Αχ about the average ΝΑχ at each composition. The 
theoretical distributions in line (b) for each composition are 
obtained by applying a binomial distribution (1:2:1) to the pure 
distributions, in order to simulate this microscopic dispersion. 
The expected local dispersion in Ν Αχ would best be included in 
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Table III 
Theoretical A l Neighbor Distributions 

for Ordered Sodalite Cage Building Units 
Si/Al 4 A l 3 A l 2 A l 1 A l 0 A l 

1.18 (a) .615 .308 .000 .000 .077 
(b) .615 .250 .077 .019 .038 
(d) (.605) (.253) (.087) (.023) (.030) 

1.40 (a) .286 .357 .286 .071 0 
(b) .317 
(c) .306 .344 .263 .076 .013 
(d) (.317) (.345) (.234) (.081) (.024) 

1.67 (a) .117 .333 .383 .167 0 
(b) .125 .317 .392 .167 0 
(c) .131 .328 .363 .165 .013 
(d) (.130) (.324) (.369) (.163) (.015) 

2.00 (a) .000 .250 .500 .250 .000 
(b) .027 .240 .454 .263 .016 
(c) .014 .237 .479 .257 .013 
(d) (.026) (.243) (.442) (.263) (.032) 

2.43 (a) .000 .139 .429 .371 .061 
(b) .000 .148 .420 .362 .070 
(c) .005 .245 .416 .364 .071 
(d) (.013) (.134) (.412) (.370) (.073) 

3.00 (a) .000 .074 .333 .444 .148 
(b) .000 .083 .330 .434 .156 
(c) .002 .079 .326 .435 .158 
(d) (.000) (.058) (.356) (.468) (.123) 

(a) Theory for sodalite cage sub-units, pure compositions. 
(b) Theory for binomial distribution (1:2:1) of pure 

compositions. 
(c) Theory for pure compositions with K̂ jp β 0.25. 
(d) Interpolated experimental data (unnormalized). 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



262 I N T R A Z E O L I T E C H E M I S T R Y 

the intermediate step 6R -.• SC, i . e . , i n the c a l c u l a t i o n of 3 -
neighbor d i s t r i b u t i o n s for the sodal i te cage sub-uni ts . P r e l i m i 
nary resul ts suggest that the approximation used to obtain (b) 
i n Table III may overestimate somewhat the e f fec t of dispersion 
i n Therefore, we have included for comparison ( l i n e c, 
Table III) the theoret ica l resul t s for 1 . 4 < R < 3 . 0 for an 
i n f i n i t e l y narrow d i s t r i b u t i o n i n Ν^χ but with a small value 
KMP = 0 . 2 5 . to i l l u s t r a t e the e f f e c t of s l i g h t deviations from 
complete P 2 order i n the 6R ensemble. The ideal theory would 
include both sources of l o c a l d isorder , which refinement i s l e f t 
to a future p u b l i c a t i o n . 

Table I II also includes on l i n e (d) for each composition the 
interpolated experimental r e s u l t obtained from a computer f i t to 
the 2 ^ S i NMR data (11). The predicted d i s t r i b u t i o n s (b) i n 
Table III are compared
The agreement of theor
ent i re composition range, lending strong support to the 
conclusion that faujasi te i s formed from an ordered 6 R ensemble 
v i a the pathway 6R •+ SC -». f a u j a s i t e . 

S i , A l Ordering i n ZK4 

It has already been noted that the ordered sodal i te cage 
model which describes the S i , A l d i s t r i b u t i o n i n faujasi te quite 
wel l does not account for the ZK4 2 % i NMR data over the range 
1 < R < 3 . It has been shown that the consequences of consider
ing ordered 6 R sub-units are c l o s e l y related to a descr ipt ion i n 
terms of ordered sodal i te cages. I t seems reasonable, therefore, 
to consider the formation of ZK4 by one or another of the pos
s i b l e pathways involving 4 R ' s ( c f . Figure 2 ) . In the following 
we discuss the ordering i n ZK4 i n terms of the pathway Τ - . 4 R .. 
D4R Z K 4 . For the case of ZK4 no d i s t i n c t i o n can be made 
between this pathway and the a l ternat ive 4R - . S C - . Z K 4 . 

Calculat ion of the predicted [Si(nAl)] d i s t r i b u t i o n for ZK4 
constructed from an ensemble of 4 R sub-units i s formally s imilar 
to the foregoing treatment of faujas i te based on 6 R sub-uni ts . 
The f i r s t step i s to calculate the s t a t i s t i c a l mix of D4R units 
which can be formed over the composition range 1 < R < 3 . In 
order that the & 4 next nearest neighbor interactions be m i n i -
mized we exclude S14 units from our 4 R ensemble. The appropri -
ate mixture of D 4 R ' s i s then assembled to form a ZK4 c r y s t a l , 
subject to the constraint of Loewenstein's r u l e as i t applies to 
the topology of sodal i te cages formed from s i x D 4 R ' s . Figure 8 
shows the calculated p r o b a b i l i t i e s P4Î of adding an aluminum 
neighbor for the step D4R•+ Z K 4 , a r e s u l t obtained i n the same 
manner as was Figure 7 for f a u j a s i t e . For the present case the 
topological constraint i s much less severe because the 4 R 
sub-unit imposes no l o c a l order beyond Loewenstein 1s r u l e . The 
number of possible sodal i te cage arrangements i s much greater 
and the r e s u l t i n g d i s t r i b u t i o n corresponds to what we might term 
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"Loewenstein s t a t i s t i c a l , " subject to no additional constraint. 
We find that the distributions [(Si(nAl)] calculated in this 
manner deviate significantly from the observed distributions for 
ZK4 at low Si/Al. 

That the detailed s t a t i s t i c a l application of Loewenstein's 
rule does not account for the observed ZK4 data implies that a 
further constraint must be imposed in the step D4R ZK4, i.e., 
there are next nearest neighbor interactions which have not been 
considered. On the other hand, reasonably good agreement is 
obtained over the composition range 1.4 £ R £ 3.0 by taking 
P4i to be equal to i t s average <P4> = 1/R for a l l Si sites 
(Figure 9, dashed l i n e ) . It can be shown that the averaging of 

1.0 1.5 2.0 2.5 3.0 
Si/Al 

Figure 9. 
Probabilities for formation of Si-O-Al linkages for 
various Si sites upon formation of a sodalite cage 
from 4-ring sub-units in ZK4. 
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P^£ corresponds to a nonstatistical mixture of sodalite cages 
formed by D4R ZK4. Not unexpectedly, this statistical bias 
can be expressed in terms of a preference for para arrangements 
of Al atoms in the eight 6-rings formed by the combination of 
six D4R units. Consider the following example for one composi
tion Si/Al = 1.4. The statistical mixture of sodalite cages, 
that used to calculate in Figure 9 at this composition,can 
be characterized as having a M2/P2 ratio of 5:1. As can be seen 
by Figure 9 the probabilities for different Si environ
ments are significantly different from the average <P4> = 
1/R. However, for a non-random combination for which the 
resulting M2/p2 £ s i : 1 i t can be shown that a l l Si sites 
have P4£ within 5 percent of the average value of 1/R. This 
result implies a significant next nearest neighbor constraint on 
the arrangements favored in ZK4 crystallization  comparable to 
that in faujasite. In principl
detailed calculation o  Έ^ι
formulation to express the preference for P 2 6-rings leading 
to a ZK4 structure composed of partially ordered sodalite 
cages. As yet such calculation has not been achieved. 

Conclusions 

The observed [Si(nAl)] distributions for faujasite have been 
satisfactorily accounted for by a model which assumes an ensemble 
of P2 ordered 6-rings assembled into a faujasite lattice via 
the pathway 6R -> SC •. faujasite, subject only to the topological 
constraints imposed by strict adherence to Loewenstein1s rule. 
Rationalization of the [Si(nAl)] distributions for ZK4 is less 
straightforward because the Al, Al next nearest neighbor inter
action (responsible for the preference for P 2 6-rings in 
faujasite) must be taken into account for the formation of 
sodalite cages from 4R or D4R sub-units. The data for ZK4 and, 
more importantly, comparison of the ZK4 data with the faujasite 
data leads to the conclusion that ZK4 is formed by a pathway 
involving 4-rings as the fundamental unit. 

Both ZK4 and faujasite exhibit short range statistical order 
which can be rationalized in terms of a competition between the 
statistics of the step in which the sodalite cage is formed and 
the tendency of the system to avoid Al, Al next nearest neighbor 
interactions. The basic difference between the two systems can 
be understood in terms of the difference in the severity of the 
constraint imposed by Loewenstein.s rule for the formation of a 
sodalite cage from four ordered 6R's in the case of faujasite or 
from six 4R's or D4R's in the case of ZK4. The local order in 
faujasite can be considered as "frozen in" by the topological 
constraint imposed by the ordered 6R sub-units. As such this 
order is more a property of the sub-unit than a manifestation of 
next nearest neighbor interactions in the faujasite crystal. By 
contrast the next nearest neighbor interaction in ZK4 cannot be 
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accommodated i n a s ingle ordered sub-unit and the r e s u l t i n g 
l o c a l order may be more appropriately considered a property of 
the z e o l i t e framework. 
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16 
Synthesis and Characterization of A-Type 
Zeolites 

R. H. JARMAN, M. T. MELCHIOR, and D. E. W. VAUGHAN 
Exxon Research and Engineering Company, Linden, NJ 07036 

The crystallizatio
ZK4 in the syste
was investigated and products characterized by 
chemical analysis, powder x-ray diffraction and 
29Si NMR with magic-angle spinning. Modification 
of reaction conditions enabled pure materials to 
be prepared with Si /Al up to 2.74. A smooth 
decrease of unit-cell size with increasing Si 
content was observed, and the 29Si NMR data showed 
that Loewenstein's rule is obeyed over the entire 
composition range. Comparison of the relative 
intensities of the five components of the NMR 
spectra with similar data available for faujasite 
showed that the distributions of Si and Al atoms 
in the two structures are different over the whole 
composition range. 

The appl ica t ion of high resolut ion s o l i d state 29Si NMR 
spectroscopy with magic angle spinning to the study of z e o l i t e s 
(1,2) has generated much interest and discussion about the way Si 
and A l atoms are d is t r ibuted among the tetrahedral framework s i tes 
of these materials . The observation that the i so t ropic chemical 
s h i f t of 2 9 S i i s strongly dependent upon i t s l o c a l chemical 
environment, notably upon the number of neighboring A l atoms bound 
to i t through bridging 0 atoms, has enabled assignment of the 
absorption peaks i n 2 ^ S i NMR spectra to par t i cular Si 
environments. 

The system that has received the closest attention to date 
has been faujasi te (2-5), synthetic samples of which (NaX and NaY) 
can be readi ly prepared over a wide range of composition. The 
observation of f i v e d i s t i n c t absorption peaks i n spectra of 
samples with par t i cular compositions enabled unambiguous 
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assignment of these peaks to the f ive Si environments S i ( n A l , n -
4Si) with 4>n>0. From these spectra, and those of other z e o l i t e s , 
i t was deduced that the chemical s h i f t s of the f ive Si 
environments lay i n the ranges shown i n Table I . As w i l l be seen 
l a t e r the ranges overlap and are ac tual ly much broader than shown 

TABLE I 

Chemical S h i f t Ranges v s . TMS For 
Four Coordinated S i Environments 

Si(4Al) 

S i (3Al Si) 

Si (2Al 2Si) 

S i ( l A l 3Si) 

Si(4SI) 

Chemical Shift/ppm 

-88 to -94 

-93 to -99 

-97 to -107 

-103 to -114 

Data taken from r e f . 2. 

indica t ing that spectra that contain only one peak cannot be 
assigned "a p r i o r i " to one Si environment. The apparent 
s t ructural dependence of the chemical s h i f t s provides information 
concerning the detai led geometry of the Si environment (6). 

The data obtained from 2 ^ S i NMR spectra contain detai led 
information concerning the l o c a l ordering of A l and Si atoms 
independent of any long range crystal lographic order that might 
ex is t i n the structure . The precise nature of l o c a l order i n 
faujasi te i s very much a topic of i n t e r e s t , and several d i f f e r e n t 
approaches to the interpretat ion of the NMR data have been 
presented (4 ,5 ,7 ,8 ,9 ) . 

X-ray d i f f r a c t i o n has had l i m i t e d appl ica t ion to the study of 
Si and A l d i s t r i b u t i o n s i n zeol i tes because the scattering power 
of the two atoms are p r a c t i c a l l y i d e n t i c a l . Furthermore, such an 
experiment only presents a descr ipt ion of the average unit c e l l 
contents, and so i s i n t r i n s i c a l l y unable to provide information 
concerning l o c a l order. 

In cases where the Si and A l atoms are dis t r ibuted i n such a 
way that long range crystal lographic order extends throughout the 
structure , S i and A l s i tes may be dist inguished by the differences 
between the T-0 bond lengths ( S i - 0 ~ 1 . 6 0 Â , A 1 - 0 ~ 1 . 7 3 Â ) . One such 
example i s z e o l i t e A ( S i / A l » 1) the structure of which consists 
of T24°48 cuboctahedral " s o d a l i t e " cages l inked i n a cubic array 
v i a double 4 -rings (10,11). The resul t ing three dimensional 
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channel system contains the charge balancing cations and, i n the 
hydrated form, water molecules. The c r i t i c a l factor i n detecting 
the s t r i c t a l ternat ion of Si and A l atoms i n the structure was 
refinement of the X-ray data i n the true unit c e l l of 2 4 . 6 Â and 
space group Fm3c, rather than the pseudo c e l l with a=12.3A and 
space group Pm3m(13). The l a t t e r again merely presents an average 
descr ipt ion of the structure . This resul t has recently been 
confirmed by a powder neutron d i f f r a c t i o n study of ΤΑ-Α (12). 

Recently other evidence gained from 2 9 S i NMR and electron and 
neutron d i f f r a c t i o n studies (2,14-16) cast uncertainty upon the 
veraci ty of this descr ipt ion of z e o l i t e A. The chemical s h i f t of 
the single absorption peak i n the 2 9 S i NMR of Na-A l i e s outside 
the range o r i g i n a l l y prescribed for Si coordinated by 4A1 (2) and 
was coincident with that of the Si(3Al) peak i n a faujas i te 
spectrum (2-5). A Si (3AlSi
Si/Al=1.0 implies an A
zeol i te A would stand i n contravention of Loewenstein s rule (17) 
which states that A1-0-A1 units i n a lumino-s i l ica tes are 
prohibi ted . The assignment of the peak to a par t i cular Si 
environment where the spectrum contains but one peak i s 
ambiguous. Subsequent study of samples of ZK4, the s t ructural 
analogues of A with Si /Al>1.0 , using 2 ^ S i NMR yielded spectra that 
contained f i v e absorption peaks (18,19) which were assigned to the 
f i v e possible Si environments. The chemical s h i f t ranges are 
consequently ac tual ly much wider than previously supposed and the 
true assignment of the single 2 9 S i NMR peak i n A i s almost 
c e r t a i n l y Si(4Al) as predicted by the o r i g i n a l X-ray structure 
determination. Most probably the anomalies observed i n 
d i f f r a c t i o n data col lec ted on Na-A, i n par t i cular the rhombohedral 
d i s t o r t i o n of the cubic c e l l noticeable i n powder neutron 
d i f f r a c t i o n data (15,20), can be assigned to effects due to the 
cations rather than the framework. Indeed the cubic TA-A, 
spacegroup Fm3c, i s prepared by simple ion-exchange of 
rhombohedral Na-A, probably space group R3c (12,20). 

In th is work we describe an extension of our previous work 
(18) to the synthesis of A-type zeol i tes over the range of 
composition 1.0 < S i / A l < 3.0 and report the results of 2 9 S i NMR 
measurements made on these materials . We compare the data with 
those for faujasi te over the same composition range and discuss 
the nature of the Si and A l d i s t r i b u t i o n s i n these materials . 

Synthetic Methods 

Our synthetic routes to ZK4 were modifications of those 
described by Kerr (21). An amorphous, basic aluminosil icate gel 
containing tetramethylammonium (TMA) ion was heated at 100°C to 
promote formation of ZK4 c r y s t a l s . Preparation of the gel 
involved the vigorous mixing at room temperature of one component 
acting as a source of sodium and alumina, with another component 
acting as a source of TMA and s i l i c a . The alumina used was sodium 
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aluminate (1.45 Na 2 0. A l ^ g .3H 2 0 , Baker) and the s i l i c a was a 
s i l i c a gel (Davison, #923) or c o l l o i d a l s i l i c a sol (Ludox HS40, 40 
wt% S i 0 2 , Dupont). The parent gel was then heated at 100°C i n 
sealed t e f l o n bott les for periods of several hours. S o l i d 
products were f i l t e r e d , washed with d i s t i l l e d water and dried i n 
a i r at 100°C. 

Characterization of materials was achieved by powder X-ray 
d i f f r a c t i o n , using a Siemens D500 diffractometer , and by scanning 
electron microscopy. Elemental analysis of pure single phase 
materials was carr ied out using a J a r r e l Ash Inductively Coupled 
Plasma Atomic Emission Spectrometer. 

Results 

The compositions o
are given i n Table I I . I
synthetic method were required to enable the preparation of pure 
ZK4 materials over the range of composition 1.0 < S i / A l < 3.0. 

1.25 < S i / A l < 1.5 Pure c r y s t a l l i n e samples of ZK4 were 
prepared i n th is composition range by di rec t heating of the 
f reshly prepared gels of appropriate composition at 100°C. 

Figure 1 shows the compositions of the parent ge ls , and 
products obtained from them, plotted on a tr iangular component 
diagram. The dashed l i n e s connecting the points of composition of 
s tar t ing material and product may be described as the "paths" of 
c r y s t a l l i z a t i o n of ZK4 from the parent g e l . In this region these 
paths appear to be p a r a l l e l . Therefore, the products from #1-4, 
Table I I , i n which the concentrations of TMA and S i 0 2 are raised 
concommitantly, vary over only a narrow range. It was found that 
heating times of 16-30 hours were s u f f i c i e n t for c r y s t a l l i z a t i o n 
of ZK4, and that agi ta t ion of the bottles during heating had no 
effec t on the c r y s t a l l i z a t i o n ra te . Products of #1 and #2 always 
contained amorphous material at shorter times and, af ter extending 
heating periods (>40 hours) , c r y s t a l l i n e impurities of sodali te 
and z e o l i t e " V " (22), also known as " N " (23) or "Z21" (24). 

Seeding of the parent gels with a mixture of molar 
composition 13.3Na 20: A l ^ o : 12.5Si0 2 :270HnO to add 1 mole % of 
Α 1 2 0 ^ served merely to reduce the p a r t i c l e size of the products; 
the compositions remained unchanged. 

By increasing the concentration of S i 0 2 i n the gel at an 
approximately constant concentration of TMA, more s i l i c o n r i c h 
products were obtained, (#5 Table I I , Figure 1). The ranges of 
concentration of S i 0 2 and TMA that could be used to prepare pure 
ZK4 materials of composition 1.4 < S i / A l < 1.5 were reduced. No 
pure samples of ZK4 with S i / A l > 1.49 were prepared by direc t 
heating of the parent gel at 100°C. Lowering the S i 0 2 content of 
the gel (#6 and #7) always led to the c o - c r y s t a l l i z a t i o n of large 
sodali te and " V " impuri t ies , the r e l a t i v e quantit ies of which were 
e s s e n t i a l l y independent of heating time. Therefore, no pure 
materials with S i / A l < 1.25 were prepared by this method. 
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TABLE II 

Preparative Data For ZK4 

ep. No. 
(Na20+TMA20): 

A 1 2 0 3 S i 0 2 : A l 2 0 3 S i : A l t product 

1 5.85 3.73 1.25 

2 6.39 4.00 1.24 

3 7.45 4.26 1.32 

4 9.45 5.33 1.38-1.41ttt 

5 7.50 

6 5.85 3.14 contained V, sodali te 

7 4.65 3.14 contained V, sodali te 

8 6.91 3.14. 1.18 

. . 9 5.85 3.14 1.16 

10 8.00 12.00 contained " o f f r e t i t e " 

11 2.Ό0 4.00 contained chabazite 
plus other impurity 

. .12 3.75 5.50 1.66 

. . 13 3.5 6.00 1.86 

. .14 3.25 6.50 2.08 

. .15 4.65 8.67 2.16 

. .16 4.33 9.33 2.39 

. .17 4.0 10.00 2.99tt 

. .19 3.33 11.33 incomplete c r y s t a l 
l i z a t i o n 

H 2 0 : A 1 2 0 3 « 320 N a 2 0 : A l 2 0 3 - 1.45 

.source of s i l i c a - s i l i c a gel 
. .aged reaction 

t S i : A l as determined by elemental analysis 
ttcontains small sodali te impurity 

tttrange of f i v e samples 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



272 I N T R A Z E O L I T E C H E M I S T R Y 

(Na+TMA)0 Q 5 

Figure 1. 
Triangular component diagram for the synthesis of ZK4 
materials. The numbers refer to the compositions i n 
Table 2. 
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1.0 < S i / A l < 1.25 The two modifications of the method 
leading to successful preparations of pure materials with a low 
S i / A l r a t i o involved changing the source of s i l i c a to s i l i c a gel 
(#8), and "cold-aging" of the parent gels at room temperature for 
2 days pr ior to heating at 100°C ((#9), Table I I ) . 

In both cases c r y s t a l l i z a t i o n times were between 16-20 hours 
and the paths of c r y s t a l l i z a t i o n were p a r a l l e l to those of the 
higher s i l i c a products described i n the l a s t sec t ion . 

1.5 < S i / A l < 3.0 No pure ZK4 materials could be prepared 
i n this composition range by direc t heating of the parent g e l s . 
C r y s t a l l i n e impurities were always observed; the amounts and types 
depending upon the gel composition. For example, the amounts of 
impurity observed i n #10 and #11 were much greater than i n #12 or 
#13, Figure 1. However, i f these same gels were cold-aged for 2 
days pr ior to heating, th
dramatically reduced. Fo
(#12-17) were pure c r y s t a l l i n e samples of ZK4 with c r y s t a l l i z a t i o n 
times increasing from 24 hours to 60 hours with increasing S i 0 2 

content. At s t i l l higher S i 0 2 concentrations complete 
c r y s t a l l i z a t i o n did not occur, even af ter several weeks (#18). In 
a l l cases, i f heating was continued af ter c r y s t a l l i z a t i o n of ZK4 
was complete, addi t ional c r y s t a l l i n e impurities were observed. 
Cold-aging prior to heating was also found (25,26) to promote 
c r y s t a l l i z a t i o n of the A-type z e o l i t e α (27). In this work we 
recognize no s t ructural d i s t i n c t i o n between α and ZK4 and re ta in 
the name ZK4 to describe a l l our products. 

The products with S i / A l > 2.0 displayed on unusual morphology 
for A-type materials where the cubes show an octahedral prism 
development. 

2 9 S i NMR Measurements 

2 9 S i NMR spectra were obtained at 39.5 MHz on a JEOL FX200WB 
spectrometer using the combined techniques of magic-angle sample 
spinning and proton dipolar decoupling. The corresponding lft 
frequency was 199.5 MHz. 

The spectrum of a sample with S i / A l . 1.66 as determined by 
elemental analysis i s shown i n F i g . 2. The f ive absorption peaks 
at -89.4, -94.6, -100.4, -106.3, -111.0 ppm from tetramethyIsilane 
(TMS) are comparable with those reported for ZK4 i n other work 
(18,19) and are assigned to the s i l i c o n environments Si(nAl) with 
4>nM). It has been demonstrated for faujasi te and ZK4 that, i f 
the d i s t r i b u t i o n of Si and A l atoms i n the tetrahedral framework 
s i tes obeys Loewenstein's rule (16), then the S i / A l ra t io of the 
material can be d i r e c t l y computed from the 9 S i NMR spectrum 
(4,5,18,19). The average number of A l neighbors about S i , A l , i s 
given by the r e l a t i o n , 

A l 
ο ι 
¥ ~ 
ο η 

η ( D 
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Chemical Shift in ppm From TMS 
-89.4 -94.6 -100.4 -106.3 -111.0 

I A I I I 

ZK4 Obeys Loewensteln's Rule |[ (NMR) = - ^ J L = % (Elemental) = 1.62 
Enl 
ο η 

There are no AI-O-AI Units in ZK4 
Figure 2. 

2 9 S i NMR spectrum at 39.5 MHz with magic angle spinning 
and proton dipolar decoupling of ZK4 with S i / A l 
(elemental) • 1.66. 
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where 1^ i s the integrated intensity^ of the Si(nAl) absorption 
peak. The S i / A l r a t i o i s then 4/ A l . 

Appl ica t ion of (1) to the 2 9 S i NMR spectra of materials 
prepared i n this work show that Loewenstein's rule i s v a l i d over 
the entire range. The complete set of NMR data and values of 
S i / A l (NMR) are recorded i n Table I I I . 

Characterization of ZK4 by X-Ray and 2 9 S i NMR 

Powder X-Ray Data. We believe that 2 9 S i NMR provides a more 
accurate determination of framework composition than elemental 
analysis since the measurement i s e s s e n t i a l l y independent of any 
impurit ies that may be occluded i n the zeol i te pores. Therefore, 
we used the values of S i / A l derived from the NMR data to follow 
the v a r i a t i o n of u n i t - c e l

In order to obtai
with composition, sodium-exchanged samples of several materials 
were obtained from the i n i t i a l products by c a l c i n i n g them i n a i r 
at 520°C to remove trapped TMA+ ion by oxidation to gaseous 
products and H ; followed by sodium-exchange with excess 2M NaCl 
(aq) at 60°C. Elemental analysis showed that this treatment was 
i n fact inadequate for the exchange, 

H+(framework) + Na +(aq) - Na+(framework) + H +(aq) 

i n d i c a t i n g that H + i s t i g h t l y bound i n ZK4. The back exchange 
procedure was repeated successful ly using 2M NaCl(aq) which was 
also 0.1M i n NaOH(aq). The washed and dried f i n a l products were 
stored at control led 56% r e l a t i v e humidity for 24 hours before 
powder X-ray data were c o l l e c t e d . X-ray d i f f r a c t i o n patterns were 
not recorded under control led humidity, but at ambient humidity 
the materials are e f f e c t i v e l y saturated with H 20 (28). No 
v a r i a t i o n of unit c e l l size with time was observed during the 
recordings. Refined l a t t i c e parameters obtained by a least 
squares i t e r a t i v e procedure are recorded i n Table IV, and are 
shown as a function of composition i n Figure 3. There i s a smooth 
but non-linear v a r i a t i o n of a Q with s i l i c o n content, the reduction 
i n u n i t - c e l l s ize r e f l e c t i n g the shorter S i - 0 bond length compared 
to A l - 0 . 

2 9 S i NMR Data The 2 9 S i NMR data for faujasi te (2-5) and ZK4 
show that the i s o t r o p i c chemical s h i f t s of the par t i cular S i 
environments show a strong framework dependence. On the other 
hand, chemical s h i f t s are almost independent of composition for 
both materials . It has been suggested previously (19,20) that 
var iat ions i n chemical s h i f t may ar ise from changes i n Si s i t e 
geometry. The double 4 -r ing unit i n A causes the T-O-T angles to 
be markedly d i f f e r e n t from those i n f a u j a s i t e , i n par t i cular one 
T-O-T linkage i s almost l i n e a r . Presumably such angle changes are 
ref lec ted i n the hybr idisa t ion of the Si atomic o r b i t a l s which i n 
turn affects the Si s -electron density . 
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S i : A l 

(elemental) 

1.18 

1.16 

1.16 

1.32 

1.40 

1.40 

1.49 

1.47 

1.66 

1.57 

1.86 

2.08 

2.16 

2.39 

. 2.99 

TABLE III 

2 9 S i NMR data for ZK4 

Si:A1(NMR) I(4A1) I(3A1) 

1.13 0.703 0.195 

1.18 0.64

1.21 0.567 0.247 

1.30 0.430 0.350 

1.38 0.333 0.383 

1.41 0.317 0.375 

1.44 0.279 0.391 

1.49 0.254 0.387 

1.62 0.185 0.337 

1.64 0.169 0.360 

1.83 0.121 0.285 

1.96 0.080 0.250 

2.08 0.025 0.211 

2.34 0.025 0.167 

2.74 0.0 0.106 

. includes small sodal 

materials 

I(2A1) I ( l A l ) I(OAl) 

0.050 0.030 0.022 

0.095 0.041 0.023 

0.110 0.080 0.040 

0.164 0.092 0.027 

0.171 0.103 0.037 

0.190 0.108 0.032 

0.200 0.105 0.054 

0.277 0.162 0.040 

0.260 0.162 0.050 

0.316 0.220 0.058 

0.360 0.250 0.060 

0.395 0.301 0.068 

0.387 0.331 0.089 

0.368 0.407 0.119 

:e impurity 
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Si 

1.0 1.18 1.40 A L 1.67 2.0 2.43 3.0 

Average No. of Si Atoms per Sodalite Cage 

Figure 3 . 
Cubic l a t t i c e parameter vs . composition for the hydrated 
sodium form of ΖΚ4. 
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Unit C e l l 
TABLE IV 

Data For Sodium Exchanged Samples of ZK4 

S i : A l r a t i o 
Average No. of Si Atoms 

per sodali te cage (24 atoms) a 0 / A 

.1.01 12.06 12.255(1) 

.1.04 12.24 12.244(1) 

1.13 12.89 12.231(1) 

1.18 13.00 12.232(2) 

1.30 13.66 12.178(1) 

1.41 

1.44 

1.62 14.98 12.133(2) 

1.83 15.61 12.091(2) 

1.96 16.21 12.074(3) 

2.08 16.41 12.054(1) 

2.34 16.92 12.027(1) 

2.74 17.98 12.006(1) 

.Samples of synthetic NaA 

The integrated in tens i ty data of Table III are shown plotted 
as a function of composition i n Figure 4. Each peak i n t e n s i t y 
shows a smooth v a r i a t i o n over the whole range. These data contain 
information about the l o c a l order of A l atoms about S i . In the 
case of faujas i te a s t ruc tura l model has been developed that 
successfully explains the NMR data over the whole range of 
composition (7). Comparision of the 2 9 S i NMR spectra for ZK4 and 
faujasi te at the same composition, Figure 5, shows that the 
r e l a t i v e i n t e n s i t i e s of the f i v e peaks are d i f f e r e n t . Therefore, 
the l o c a l order of A l about S i i s d i f f e r e n t i n the two 
mater ials . This i s true over the whole range of composition as 
demonstrated by comparison of the r e l a t i v e i n t e n s i t i e s of the 
Si(2Al) and Si(OAl) peaks i n Figure 6. 

No one s t r u c t u r a l l y independent model can simultaneously 
describe the Si and A l d i s t r i b u t i o n i n ZK4 and f a u j a s i t e . 
Furthermore, the s t ructural model developed for faujasi te (7) 
cannot, as i t stands, be used for ZK4. We are at present 
developing a model to describe the Si and Al d i s t r i b u t i o n s In ZK4. 
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Average no of SI atoms per sodalite cage 
M SI NMR spectra have been recorded over the 

Range 1.0 < f [ < 2.74 
Figure 4. 
2 9 S i NMR peak i n t e n s i t i e s vs . composition for ZK4 i n the 
range l .CK S i / A l <2.74. 
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Figure 5. 
Comparison of 2 9 S i NMR spectra of faujasite and ZK4 at 
the same composition. 

K2AL), , 1 . 1 . 1 

Average No. of Si Atoms per Sodalite Cage 
Figure 6. 
Differences in the 2 9 S i NMR spectra of the faujasite and 
ZK4 systems as demonstrated by the relative intensities 
of the Si(2Al) and Si(OAl) peaks in the range 1.0< Si/Al 
<3.0. 
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17 
Electron Spin Echo Studies of the Location and 
Adsorbate Interactions of Paramagnetic Metal 
Species in Zeolites 

LARRY KEVAN and M. NARAYANA 
University of Houston, Department of Chemistry, Houston, TX 77004 

Electron spin ech
nique that is abl
interactions even in powders and is thus becoming quite 
useful for elucidating the local structure of paramag
netic species in catalytic solids. In general the 
types, number, distance and isotropic hyperfine 
coupling of magnetic nuclei surrounding a paramagnetic 
species can be determined. We report how this spin 
echo technique can be used to give newly definitive 
information about the location and adsorbate inter
actions of paramagnetic metal species such Ag° and 
Cu2+ in A, X and Y type zeolites. Of particular 
interest are the relocation of the metal species upon 
partial or complete dehydration, the dependence of 
location on the type of adsorbate and the effect of 
major cation like sodium vs potassium on the location 
of the paramagnetic metal species. 

The class of a luminosi l icates known as z e o l i t e s is widely 
used for sorption and c a t a l y t i c purposes. Metal i o n s , t y p i c a l l y 
sodium i o n , are present i n the z e o l i t e l a t t i c e s to compensate f o r 
the imbalance i n charge between the valence states of aluminum 
and s i l i c o n . The charge balancing cation is r e l a t i v e l y e a s i l y 
exchanged and a number of s p e c i f i c metal cation exchanged zeo
l i t e s have been shown to be very useful catalysts for a wide 
range of chemical react ions . In many cases the metal cations are 
considered to be the active s i t e for c a t a l y t i c r e a c t i o n . Conse
quently extensive work has been performed to elucidate the l o c a 
t ion of the cations and thei r i n t e r a c t i o n with adsorbed molecules 
(1). For example, various cupric ion exchanged z e o l i t e s have 
been implicated i n the high e f f i c i e n c y of such c a t a l y t i c reac
t ions as the oxidation of propylene Ç2) and the cyclodimerizat ion 
of butadiene (3). Likewise, p a r t i a l exchange by s i l v e r ion 
affec ts the c a t a l y t i c oxidation of ethylene on z e o l i t e s (4). 

Paramagnetic t r a n s i t i o n metal ions p a r t i a l l y exchanged into 
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zeolite lattices have been extensively studied by electron spin 
resonance (ESR) (5). The general focus of much of this work has 
been to measure hyperfine and g factor parameters of the paramag
netic ions in the presence and absence of adsorbed molecules and 
under various conditions of temperature treatment. The changes 
in the magnetic parameters observed have been used to infer the 
location of the paramagnetic cations in the zeolites and their 
interaction with adsorbed molecules. However, such studies have 
not generally led to detailed information about the specific lo
cation of the cations or about the specific orientation of ad
sorbed molecules relative to the cations because hyperfine inter
action parameters with the lattice atoms or with the adsorbed 
molecules were not resolved. Since zeolites are crystalline 
materials i t is, in principle, possible to use x-ray diffraction 
to determine informatio  about th  structur d sit  locatio f 
exchanged metal ions. However
plex that x-ray diffractio  giv
except perhaps in the case of one of the structurally simplest 
zeolites known as A-zeolite (6). 

In the last few years we have shown that the very weak hyper
fine interactions characterizing the average surroundings of a 
paramagnetic species in a disordered matrix can often be quanti
tatively analyzed by a pulsed electron spin resonance technique 
called electron spin echo spectroscopy (7). In recent work we 
have shown how the utilization of this technique can lead to new 
and detailed structural information about the location and adsor
bate interactions of paramagnetic species in zeolites. Here we 
discuss such studies with particular focus on silver atom and cu-
pric ion probes. We f i r s t give a brief background of how electron 
spin echo spectroscopy can be used to obtain new structural infor
mation. Then follows a brief section on zeolite structure with 
respect to possible locations of metal cations before dealing 
with specific results involving silver atom and cupric ion probes. 

It should be noted that these electron spin echo studies are 
in large part complimentary to x-ray diffraction results and to 
extended x-ray absorption fine structure (EXAFS) studies (8) 
since the spin echo experiment is a resonance technique which de
pends upon the magnetic moments of the surrounding atoms rather 
than on their scattering cross sections. Hence spin echo spec
troscopy is well suited to look at the location of protons and 
deuteriums around a paramagnetic probe which have large magnetic 
moments but very low scattering cross-sections. 

Electron Spin Echo Modulation 

The fundamentals and analysis of electron spin echo modula
tion have been described in some detail (9). Here the essential 
details will be summarized to aid in understanding the structural 
data to be presented. Electron spin echoes are generated in 
pulsed electron spin resonance experiments. The most common type 
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of pulse sequence consists of two pulses . The f i r s t is 9 0 ° , which 
f l i p s the spins oriented along the magnetic f i e l d i n the Ζ d i r e c 
t i o n into the XY plane. The spins are allowed to precess i n the 
XY plane where they are subject to time dependent magnetic i n t e r 
ac t ions , inc luding weak hyperfine i n t e r a c t i o n s , for a time, τ . 
Then a second 180° pulse is applied which f l i p s the spins to the 
opposite d i r e c t i o n i n the XY plane so that the spins then precess 
together and refocus at a time 2τ af ter the o r i g i n a l pulse to pro
duce a burst of microwave energy c a l l e d an echo. This echo i n t e n 
s i t y is then measured as a function of the time between the 
pulses to generate an echo decay envelope which is shown schema
t i c a l l y i n Figure 1. 

The echo decay envelope is a product of two funct ions , a r e 
laxat ion function and a modulation f u n c t i o n . The re laxat ion func
t i o n decreases monotonicall
about a l l of the spin relaxat io
spins to dephase. The modulation function carr ies s t r u c t u r a l i n
formation with which we are p r i m a r i l y concerned. The general 
analysis procedure is to analyze the spin echo modulation pattern 
i n terms of a number of equivalent n u c l e i n , located at a distance 
r from the paramagnetic species which have a small overlap of the 
unpaired electron wavefunction to produce a small i s o t r o p i c hyper
f i n e coupling, a i s o . Usually the p h y s i c a l l y reasonable assumption 
that η is i n t e g r a l is made. For reasonably good q u a l i t y data i t 
is then t y p i c a l l y possible to uniquely determine the value of η 
to the nearest integer up to about n=10. The parameters r can be 
determined to about ± 0 . 0 1 nm and a±So t o about ±15%. For metal 
ion species such as s i l v e r atoms and cupric ions the unpaired 
electron wavefunction is highly l o c a l i z e d and dipolar interact ions 
with surrounding magnetic n u c l e i dominate, so the important para
meters for interpreta t ion are η and r . 

I t is also possible to carry out three pulse electron spin 
echo experiments i n which the second 180° pulse is e s s e n t i a l l y 
divided up into two 9 0 ° pulses separated by another experimentally 
var iable time, T . If simultaneous modulation from two d i f f e r e n t 
n u c l e i is encountered i t is possible to suppress one of these by 
carrying out a three pulse experiment and se lec t ing an appropri 
ate value of the f i r s t pulse separation time, τ , to suppress one 
of the modulation frequencies. This is found to be p a r t i c u l a r l y 
valuable i n studying z e o l i t e systems where modulations from both 
aluminum n u c l e i i n the z e o l i t e l a t t i c e and deuterium n u c l e i from 
water adsorbate molecules are encountered. 

I t is also possible to Fourier transform the echo envelope 
modulation to obtain a frequency spectrum showing the various n u 
clear hyperfine frequencies. In pract ice there are some exper i 
mental d i f f i c u l t i e s and the i n t e n s i t i e s of the Fourier transformed 
spectrum which are related to the number of in terac t ing n u c l e i are 
not wel l defined. However, the frequency spectrum does help to 
i d e n t i f y frequency components associated with s p e c i f i c n u c l e i and 
the presence of weak i s o t r o p i c hyperfine i n t e r a c t i o n s . In the 
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case of complex modulation i t is then e f f e c t i v e to analyze the 
modulation by combining the techniques of Fourier transform and 
d i r e c t time domain spectral simulation (10a). 

The simulations generally f i t the experimental curves s a t i s 
f a c t o r i l y and uniquely within the indicated v a r i a t i o n of para
meters. Sometimes at longer delay times the f i t is worse due to 
phase mismatch so the e a r l i e r delay time data is more heavi ly 
weighted. The analysis procedures and examples of the qual i ty of 
f i t s obtainable have been thoroughly described (9,10). 

Z e o l i t e Structure 

We w i l l be concerned with only the most common s t r u c t u r a l 
types of zeol i tes used for adsorptive and c a t a l y t i c purposes, 
namely the so designiate
l i t e s have a r e l a t i v e l
( Α 1 ΐ 2 δ 1 χ 2 θ 4 8 ) a n i o n i c framework with charge balance being 
achieved by the presence of twelve exchangeable monovalent cations 
or s i x divalent ions or a mixture of both. The s i l i c a and alumina 
tetrahedra are coupled to form a truncated octahedron known as the 
sodal i te u n i t . The sodal i te units have square faces and hexagonal 
faces. When the sodal i te units are interconnected by cubes on the 
square faces we have the Α - z e o l i t e structure which is shown i n 
Figure 2 which shows about hal f of a uni t c e l l . The void within 
the sodal i te unit is ca l led the B-cage. I t can also be seen i n 
Figure 2 that a larger cage is formed with octagonal, hexagonal 
and square faces; t h i s is c a l l e d the α - c a g e . Possible s i t e l o 
cations for exchangeable cations are at the center of hexagonal 
faces (S2), square faces (S3) and octagonal faces (S5). Other 
possible locations are at the centers of the α - c a g e s (S4) or $-
cages (SU). F i n a l l y , an ion may be displaced from the hexagonal 
face towards the α-cage (S2.) or toward the 3-cage (S2 ' ) . The 
cubes are too small to consti tute an exchangeable ion s i t e . 

When the sodal i te units are interconnected by hexagonal 
prisms on the i r hexagonal faces we have the X - z e o l i t e structure 
also shown i n Figure 2. Y - z e o l i t e has e s s e n t i a l l y the same s t ruc 
ture as X - z e o l i t e except that S i : A l r a t i o is greater than 2. The 
s i t e locations i n X, Y zeol i tes are analogous to those i n A-zeo-
l i t e except that they are designated by Roman numerals. In a d d i 
t i o n the center of the hexagonal prisms consti tute a new s i t e , I . 
Displacement from s i t e I towards the $-cage is designated s i t e I ' . 

S i l v e r Species i n Zeol i tes 

S i l v e r ion i n zeol i tes is not paramagnetic however i t may 
r e l a t i v e l y e a s i l y be converted to s i l v e r atom by high energy i r 
r a d i a t i o n reduction. I r r a d i a t i o n by gamma rays or x-rays t y p i 
c a l l y converts only about 0.1% of the s i l v e r ions to s i l v e r atoms 
by electron reduction. S i l v e r consists of two almost equally 
abundant isotopes ( l ^ A g a n c j 109^gj D O t .h with nuclear spin 1=^. 
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The unpaired electron is a 5s electron and consequently the i s o 
t ropic hyperfine s p l i t t i n g s are quite large , are e a s i l y i d e n t i f i e d 
and are s e n s i t i v e l y subject to l o c a l environmental perturbations. 

Ag° i n A - Z e o l i t e s 

S i l v e r species have been studied i n a var ie ty of A - z e o l i t e s 
including Nai2~A, K ^ - A , L i 12" A > CsyNa5-A and Ca$-A (11). Com
plete exchange of cesium ion for sodium ion cannot be achieved i n 
the Α - z e o l i t e s . T y p i c a l l y the major cat ion was exchanged by s i l 
ver to an extent of about 0.7 ion per unit c e l l which is 6% of the 
exchangeable cat ions . A f t e r i r r a d i a t i o n about 0.003 s i l v e r ions 
per unit c e l l were converted to atomic s i l v e r species . 

I r rad ia t io n at 4 Κ gives a s i l v e r species designated as Ag°(B) 
i n a l l of the hydrated Α - z e o l i t e
species is characterize
of about 1480 MHz and a g-factor of 1.991. For comparison the 
i s o t r o p i c coupling constant of the s i l v e r atom i n the gas phase 
is 1979 MHz, so species Ag°(B) shows considerable i n t e r a c t i o n 
with i t s environment. I f the Α - z e o l i t e s are dehydrated by heating 
to 4 0 0 ° C no s i l v e r species are formed by i r r a d i a t i o n . Presumably 
the s i l v e r atoms that are formed are more mobile i n the absence 
of water and form dimers or multimers. In a d d i t i o n , more promi
nent spectra of Ag2 + are seen upon i r r a d i a t i o n of the dehydrated 
Α - z e o l i t e s . Thus i t seems that species Ag°(B) is probably asso
ciated with some adjacent water molecules. 

The electron spin echo of Ag°(B) has a very short phase memo
ry time but r e l a t i v e l y strong aluminum modulation can be i d e n t i 
f i e d . However, the phase memory time is too short to carry out a 
quantitative analysis of the modulation. This also precludes us 
from gett ing analyzable modulation from deuterated adsorbate mole
cules i n a three pulse echo experiment. So the data is i n s u f f i 
cient to locate Ag°(B) i n the z e o l i t e l a t t i c e without addi t ional 
information. 

I r r a d i a t i o n was therefore carr ied out on s i l v e r doped A-zeo
l i t e s at 77 Κ and a new s i l v e r atom species was detected with a 
d i f f e r e n t hyperfine s p l i t t i n g than that of the one observed at 4 K . 
This species is designated as Ag°(A) with an i s o t r o p i c hyperfine 
s p l i t t i n g of about 1985 MHz which is very close to that of the 
free atom value . Species Ag°(A) is the dominant species formed by 
i r r a d i a t i o n at 77 Κ i n a l l of the Α - z e o l i t e s s tudied. In a d d i t i o n , 
species Ag°(B) is also v i s i b l e at 77 Κ. However, upon warming 
above 77 Κ species Ag°(B) decays to apparently y i e l d A g ° ( A ) . 
The k i n e t i c s of t h i s conversion have not been studied. Further 
thermal decay of species Ag°(A) y i e l d s an ESR spectrum which may 
be i d e n t i f i e d as the multimer species Ag4^.~ and possibly other 
c luster species . Warming further to room temperature destroys a l l 
paramagnetic s i l v e r species . Dehydration at room temperature be
fore i r r a d i a t i o n at 77 Κ gives no monomeric s i l v e r species at a l l . 
Thus, Ag°(A) and Ag°(B) must be s i l v e r species involving some 
interac t ion with water molecules. 
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To locate species Ag°(A) i n the z e o l i t e l a t t i c e we turr. to 
electron spin echo modulation spectroscopy. The phase memory time 
is longer than that for Ag°(B) and good two pulse and three pulse 
electron spin echo data can be obtained. The two pulse data shows 
that the aluminum modulation for Ag° (A) is s i g n i f i c a n t l y weaker 
than that for A g ° ( B ) . This suggests that species Ag°(A) is f u r 
ther away from aluminums i n the z e o l i t e l a t t i c e than is species 
A g ° ( B ) . However, the r e a l breakthrough i n analysis comes by 
looking at the three pulse ESE data. By using se lec t ive suppres
sion of one modulation frequency the aluminum modulation can be 
suppressed and for s i l v e r zeol i tes hydrated with D2O deuterium 
modulation from the water molecules can be detected. The analysis 
of t h i s modulation indicates that there are four deuteriums at a 
distance of 0.33 nm from the s i l v e r nucleus. If we make the 
reasonable assumption tha
oriented toward the s i l v e
tance of 0.26 nm and two i n t e r a c t i n g water molecules. 

The experiments car r ied out i n the l i t h i u m and cesium ex
changed Α - z e o l i t e s give addi t ional information on the l o c a t i o n of 
A g ° ( A ) . By hydrating with H2O three pulse electron spin echo ex
periments can be used to suppress the aluminum modulation and to 
show up a weak modulation due to interact ions with cesium n u c l e i . 
Although t h i s modulation is too weak to analyze quant i ta t ively a 
semiquantitative analysis indicates that the distance between the 
s i l v e r atom and the cesium n u c l e i must be >0.6 nm. The c r y s t a l 
structure of CsyNa5-A z e o l i t e has been studied and the cesium ion 
posi t ions are wel l defined (12). Three are at S5 p o s i t i o n s , three 
others are at S2. posi t ions and one is i n the β-cage at an S2 f 

p o s i t i o n . See these s i t e locat ions i n Figure 2. Sorption and 
x-ray r e s u l t s show that A g + f i l l s S2 type s i tes i n preference to 
S5 s i t e s (13,14). I f the s i l v e r ion replaces the cesium ion at 
S2. and then captures an electron to form s i l v e r atom at the same 
loca t ion i t would have three nearest cesium ions i n S5 s i t e s at 
0.43 nm. This would r e s u l t i n much stronger cesium n u c l e i modula
t i o n than is observed experimentally. Therefore we can eliminate 
t h i s p o s i t i o n . S i m i l a r l y , i f the s i l v e r atom is formed i n s i t e S2 
i n the hexagonal r i n g between the α and $-eages i t would s t i l l be 
too close to adj acent cesium n u c l e i to be compatible with the 
observed weak cesium modulation. However, i f A g + replaces a N a + 

at s i t e S2 f about 0.12 nm below the hexagonal r i n g , and subse
quently captures an electron to form Ag° which moves deeper into 
the β-cage to about 0.15 nm below the hexagonal window the nearest 
C s + posi t ions are 0.6 nm away which is compatible with the ob
served weak C s + modulation. Thus we conclude that Ag°(A) is l o 
cated i n a S2 f s i t e about 0.15 nm below the hexagonal windows. 
Ag (A) is coordinated to two water molecules i n the 3-cage and 
presumably also to two oxygens i n the nearest hexagonal r i n g . 

The nuclear modulation of l i t h i u m n u c l e i is stronger than 
that of cesium and an example is shown i n Figure 3. Preliminary 
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I 

Figure 3. 
Experimental three pulse electron spin echo spectra of Ag (A) i n 
L i 1 2 ~ A z e ° l . - t e ' T n e t w 0 large sharper peaks below 1 με are due to 
two pulse interference. 
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analysis suggests that Ag°(A) interacts with 3 L i + at about 0.45 
nm. Although the c r y s t a l structure of L i ^ - A has not been repor -
ted one expects from a comparison of the cat ion locat ions i n 
N a 1 2 ~ A a n c . K12".A that the L i + at S2. posi t ions are much closer to 
the hexagonal window than are the C s + ions . This is i n semiquan
t i t a t i v e agreement with the modulation a n a l y s i s . 

Both Ag°(A) and i t s apparent precursor, Ag°(B) are c o o r d i 
nated to water. The main difference is the stronger aluminum 
modulation for Ag°(B) which indicates that i t is c loser to the 
aluminums i n the nearest hexagonal r i n g . We t e n t a t i v e l y suggest 
that Ag°(B) is located at s i t e S2 f where A g + o r i g i n a l l y replaced 
N a + , that is about 0.12 nm below the hexagonal r i n g , and that i t 
is also coordinated to two waters i n the 3-cage. A f t e r e lec t ron 
capture at 4 K, A g + is converted to Ag° but remains at nearly the 
same l o c a t i o n . T h i s , however  is a nonequilibriu  environmen d 
upon warming to 77 Κ an
ther away from the hexagona g  A g ° ( A )

Ag° i n X- and Y - Z e o l i t e s 

+ 
S i l v e r species have been studied i n Ag exchanged Na-X and 

Na-Y z e o l i t e s as wel l as i n these z e o l i t e s 63% exchanged by c e s i 
um. X - i r r a d i â t i o n at 4 Κ gives no paramagnetic s i l v e r species i n 
contrast to the Α - z e o l i t e s . The reason for t h i s is unclear . How
ever, at 77 Κ i r r a d i a t i o n produces Ag°(D) with a s i l v e r i s o t r o p i c 
hyperfine coupling of about 1850 MHz. The couplings are s i m i l a r 
i n the X and Y z e o l i t e s but are consis tent ly about 15 MHz greater 
i n the X z e o l i t e s . This s i l v e r hyperfine coupling is intermediate 
between those for Ag°(B) and Ag°(A) i n the A - z e o l i t e s . 

Electron spin echo studies of Ag°(D) show weak aluminum mod
u l a t i o n i n the two pulse spectra. This is weaker than observed 
for A g ° ( A ) . The three pulse echo spectra show strong deuterium 
modulation i n D2O hydrated samples when the aluminum modulation 
is suppressed. This can be analyzed i n terms of eight in terac t ing 
deuteriums at r=0.35 nm which implies four adjacent water mole
cules with a Ag°— 0 distance of 0.28 nm. Thus Ag°(D) i n the X 
and Y z e o l i t e s is a f u l l y solvated species . In the C s + exchanged 
X and Y z e o l i t e s three pulse e lectron spin echo spectra show 
quite weak C s + modulation. From the arguments used before i n A 
z e o l i t e s t h i s c l e a r l y indicates that the Ag°(D) species is not i n 
the α - c a g e . We therefore assign the l o c a t i o n of Ag°(D) to s i t e 
SU i n the center of the 3-cage where i t is f u l l y solvated by four 
waters. + 

The i n i t i a l exchange s i t e of Ag into X and Y z e o l i t e s is 
most probably SI i n the hexagonal prisms or possibly SI 1 displaced 
into the 3-cage (15,16) from the hexagonal prisms. When Ag° is 
formed by electron reduction of A g + at 77 Κ the Ag° does not seem 
to remain i n the SI or S I ' s i t e s . Instead i t appears to be able 
to move to s i t e SU. P a r t i a l dehydration studies suggest that Ag° 
moves toward SI 1 as dehydration occurs. 
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Cu 2+ i n A - Z e o l i t e s 

9 
Divalent cupric ion has a 3d elec t ronic configuration with 

an e f f e c t i v e spin of S=^. Copper consists of 69% ^ C u a n < j 31% 
^Cu isotopes both with nuclear spin 1=3/2. The nucle?r g-factors 
of these two isotopes are s u f f i c i e n t l y close that no resolut ion of 
the two isotopes is t y p i c a l l y seen i n z e o l i t e matrices. No Jahn-
T e l l e r ef fec ts have been observed for C u 2 + i n z e o l i t e s . The s p i n -
l a t t i c e relaxat ion time of cupric ion is s u f f i c i e n t l y long that i t 
can be e a s i l y observed by ESR at room temperature and below. Thus 
cupric ion exchanged z e o l i t e s have been extensively studied 
(5,17-26) by ESR, but ESR alone has not t y p i c a l l y given unambigu
ous information about the water coordination of cupric ion or the 
s p e c i f i c loca t ion of cupric ion i n the z e o l i t e l a t t i c e . This 
s i t u a t i o n can be substant ia l l
echo modulation spectrometry
out as described i n the previous sect ions . The number of c o o r d i 
nated deuterated water molecules is determined from deuterium 
modulation i n three pulse electron spin echo spectra . The l o c a 
t i o n i n the z e o l i t e l a t t i c e is determined par t ly from aluminum 
modulation and more quant i ta t ive ly from cesium modulation. The 
symmetry of the various copper species is determined from the 
water coordination number and the charac ter is t i cs of the ESR 
spectra. 

Seff et al. (27) have reported that 20% or greater exchange 
of C u 2 + i n a c i d i c media into Α - z e o l i t e s r e s u l t s i n the breakdown 
of the c r y s t a l s t ructure . Our studies involve an exchange of 0.3% 
C u 2 + per uni t c e l l for which low exchange l e v e l we did not observe 
s i g n i f i c a n t s t ruc tura l breakdown. At t h i s low exchange l e v e l C u 2 + 

populates only the most p r e f e r e n t i a l s i t e s . 2+ 
We have found that the coordination and loca t ion of Cu i n 

Α - z e o l i t e s depends s e n s i t i v e l y on the nature of the major cocat-
i o n , on the degree of hydration or dehydration and sometimes on 
the past his tory of dehydration. Several resul ts on i n d i v i d u a l 
Α - z e o l i t e s have been published ( 2 8 τ 3 1 ) . Here we concentrate on 
the o v e r a l l picture with respect to the major cocation with the 
aid of addi t ional data. This pic ture is summarized i n Table I . 
Four d i f f e r e n t C u 2 + species corresponding to d i f f e r e n t degrees of 
water coordination have been i d e n t i f i e d . These are designated by 
a Roman numeral subscript denoting the number of waters i n the 
f i r s t coordination s h e l l . C u m is a dis tor ted octahedron, 
C u 2 + ( 0 z ) 3 ( ^ 0 ) 3 where 0 Z denotes an oxygen i n the z e o l i t e l a t t i c e . 
C U J J ; is a t r i g o n a l bipyramid C u 2 + ( 0 z ) 3 ^ 0 ) 2 , Cuj is a dis tor ted 
tetrahedron Cu 2 + (0 Z )3 (H 2 0) and C u 0 is the t r igonal species 
C u 2 + ( 0 z ) 3 . 
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Table I . Sites and Coordination of C u 2 + i n A and X-
for D i f f e r e n t Hydration/Dehydration Treatments 

Zeol i tes 

Copper Species (Zeoli te S i t e ) 3 

Z e o l i t e Hydrated 
P a r t i a l l y 
Hydrated Dehydrated Rehydrated 

N a 1 2 - A C u m ( S 2 . ) C u n ( S 2 ) Cu 0 (S2 ' ) C u I ] : i ( S 2 . ) 

K 1 2 - A Cu Q (S2.) C u l ; t I ( S 2 . ) 

Cs 7 Na 5 ~A CUjiSZ' ) - Cu Q (S2.) CUj(S2') 

( N H 4 ) 1 2 - A C U l ( S 2 ' ) C U l I ( S 2 ) - -
Na-X Cu 0 , (SI ) 

K-X C u m ( S I I . ) C u n ( S I I ) C u 0 ( S I ' ) C u I l ; i ( S I I . ) 

Ca-X C u I ] ; , ( S I I ) C u I ] : , ( S I I ) Cu Q (SI ' ) C u 0 ( S I ' ) 

a 2+ 
The cooper species are Cuin=Cu ( 0 Z ) 3 ( H 2 ° ^ 3 » 

C u I I = C u 2 + ( O z ) 3 ( H 2 0 ) 2 » C u I I » = C u 2 + ( O z ) 3 ( O H ) 2 » C u I = C t i 2 + ( O z ) 3 ( H 2 0 ) , 
Cuo=Cu2+(OZ)3, Cuo»=Cu 2 +(O Z )6. The z e o l i t e s i t e s are defined i n 
the text . 
^Minor species 

In f reshly prepared, hydrated Naj^-A only C U J J J is observed 
which is located at S 2 . s i t e s above a hexagonal window i n the 
α - c a g e . This species is very sensi t ive to p a r t i a l dehydration 
even at room temperature and a major port ion of i t r e a d i l y con
verts into the t r i g o n a l bipyramidal C U J X i n s i t e S2 with one water 
i n the α-cage and one water i n the 3-cage. This is why Ichikawa 
and Kevan o r i g i n a l l y reported the formation of C U J J i n hydrated 
N A 1 2 " A ( 2 8 ) . Figure 4 shows a comparison of the electron spin 
echo deuterium modulation of C U J J J versus that f o r C U J J . Another 
in teres t ing feature is that rehydration of C U J X and C U J J J at room 
temperature or s l i g h t l y above does not restore C U J J J as the sole 
copper species. A l l of the coordinated water can be removed by 
dehydration under vacuum at 4 0 0 ° C for several hours. A f t e r t h i s 
treatment a l l the copper is converted to a t r i g o n a l CUQ species 
located at s i t e S 2 F i n the B-cage. Rehydration of CUQ at room 
temperature does restore C U J J J as the sole copper species i n the 
z e o l i t e . 2 + 

In contrast to the resul ts for Cu i n N a ^ - A , the major 
copper species i n f reshly prepared, hydrated K j ^ - A is te t rahedral -
l y coordinated Cuj coordinating to only one water molecule ( 3 1 ) . 
Cuj is located i n s i t e S 2 F i n the β - c a g e . A small f r a c t i o n of 
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Figure 4. 
Experimental three pulse electron spin echo spectra of two types 
of Cu in Na^-A zeolite. Cu + (0^)^(OJd)^is the dominant copper 
species in site S2. in freshly prepared, Rydrated Nai2~A and 
Cu 2 +(O z) 3(D 20) 2 in site S2 is the dominant species after partial 
dehydration under vacuum at room temperature. The different 
deuterium modulation depths characterize the different numbers 
of coordinated waters in these two Cu + species. 
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cupric ion is present as C U J J J but i t can be converted completely 
into Cuj by dehydration at 3 0 - 6 0 ° C followed by rehydration at 
room temperature. P a r t i a l dehydration at 3 0 - 6 0 ° C converts a l l of 
Cuj and some C u m to G u n . Note that Cuj can be converted to 
C U J I by 'dehydration' because there is s t i l l considerable water i n 
the z e o l i t e at th is temperature. Dehydration at 200 to 4 0 0 ° C con
verts a l l copper species to CUQ. Subsequent rehydration at room 
temperature forms C U J J J as the dominant copper species while Cuj 
is not formed. Thus, while Cuj is dominant i n f r e s h l y prepared, 
hydrated Κχ 2 -Α i t is not reformed af ter complete dehydration and 
subsequent hydration. This is an i n t e r e s t i n g anomaly not observed 
i n other zeol i tes and experiments to better understand i t are i n 
progress. 

The resul ts i n CsyNa5 -A and ( N H 4 ) i 2 - A are b a s i c a l l y s i m i l a r 
to those for K i 2 - A . I  f reshl  prepared  hydrated  onl
Cuj is observed (30). P a r t i a
weak s i g n a l of C U J J and mainly CUQ . Complete dehydration to give 
CUQ is r e a d i l y achieved at 4 0 0 ° C and subsequent rehydration at 
room temperature reforms Cuj as expected. Note the contrast here 
with the anomalous rehydration r e s u l t i n Κ χ 2 - Α . In hydrated 
(NH4)i2~ A Cuj is predominant with sometimes a l i t t l e C U J J . P a r t i a l 
dehydration at 5 0 ° C converts Cu-j- to C u j j a s found i n Κχ 2 -Α and 
rehydration at room temperature restores C u j . Dehydration at 
higher temperatures than 1 0 0 ° C cannot be done because i t resul ts 
i n the i r r e v e r s i b l e decomposition of t h i s z e o l i t e . 

The main factor that seems to determine whether C U J J J or Cuj 
is i n i t i a l l y formed i n the hydrated Α - z e o l i t e s is the bulkiness of 
the major cocat ion. X-ray d i f f r a c t i o n studies show that eight N a + 

associated with the hexagonal windows of an α-cage i n N a ^ 2 - A pro
jec t into the α-cage by 0.05 nm (32) while i n Κχ 2 -Α the s i m i l a r Κ 
project 0.15 nm into the α-cage (33). In a d d i t i o n , the i o n i c 
radius of K + (0.133 nm) is s i g n i f i c a n t l y larger than that of N a + 

(0.099 nm) . Thus, the α-cage is more crowded i n Κχ 2 -Α than i n 
N a j 2 - A and thus must cause the e l e c t r o s t a t i c and s t e r i c repuls ion 
of C U J J J to be so great that the cupric ion moves into the 3-cage 
and changes i t s water coordination accordingly. S imilar arguments 
can be made for CsyNa5 -A and ( N H 4 ) i 2 - A where x-ray studies also 
indicate α-cage crowding (34,35). On p a r t i a l dehydration i n a l l 
these zeol i tes the monovalent ions move c loser to the S2 s i t e s i n 
the hexagonal windows . This decreases the repulsion from the a -
cage i n the K+, C s + and N H ^ + Α - z e o l i t e s and allows Cuj i n s i t e S2 1 

i n the 3-cage to move to s i t e S2 and adopt the t r i g o n a l bipyrami-
dal geometry of CUJ-J- coordinating to one water i n the β-cage and 
to an addi t ional water i n the α - c a g e . In N a j 2 - A where Cu is 
o r i g i n a l l y i n s i t e S2. as Cu-j-jj p a r t i a l dehydration destroys t h i s 
coordination p o s s i b i l i t y so C U J J J converts to CUJ-J-; i n t h i s zeo
l i t e p a r t i a l dehydration rather than α-cage crowding appears to be 
the d r i v i n g force for the C U J J J i n S2. to C U J J i n S2 conversion. 
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Cu."' i n X-Zeol i tes 
Our studies of C u 2 + i n X - z e o l i t e s are , as yet , l ess complete 

than i n Α - z e o l i t e s . However, a s t r i k i n g difference i n s i t e l o 
cations and water coordination between Na-X and K-X has been found 
(36). This appears to be pr imar i ly an ef fec t of hydration energy 
instead of major cocation s i t e l o c a t i o n . 

In hydrated Na-X exchanged with D 2 0 only very weak deuterium 
modulation is seen which is consistent with one water molecule 
with a C u 2 + D(D 20) distance of 0.37 nm. This is 0.11 nm longer 
than f o r water d i r e c t l y coordinated to C u 2 + . Thus i t appears that 
a CUQ species is formed which is most l o g i c a l l y associated with 
the hexagonal prism s i t e s I and I ' i n X - z e o l i t e s . In s i t e I 
(see Figure 2) C u 2 + would be coordinated to s ix adjacent oxygens 
with approximately octahedral symmetry and should be given a new 
designation, CUQI . At
between t r i g o n a l ( s i te
Based on changes i n the aluminum modulation on dehydration we ten
t a t i v e l y assign C u 2 + i n hydrated Na-X to SI . P a r t i a l dehydration 
at 5 0 ° C has l i t t l e effec t but strong dehydration at 4 0 0 ° C 
changes the aluminum modulation consistent with C u 2 + being closer 
to a hexagonal r i n g which we tenta t ively assign as S I f with t r i 
gonal coordination. Rehydration produces the o r i g i n a l formed 
species assigned to SI . 2+ 

In contrast , the major Cu species i n hydrated K-X is c l e a r 
l y coordinated to three waters and can be assigned as C U J J J i n 
s i t e S I I . . P a r t i a l dehydration at 3 0 - 6 0 ° C converts C U J J J to the 
t r igonal bipyramidal complex, C U J J . Rehydration at room tempera
ture converts most of the Cuu to Cum but traces of the former 
are s t i l l present. C U J X J becomes the sole copper species on de
hydration at 4 0 0 ° C and rehydration at room temperature. Complete 
dehydration at 4 0 0 ° C gives the same species as formed i n Na-X 
which is assigned to CUQ i n s i t e S I ' . 

The major difference i n C u 2 + s i t e locat ions i n hydrated Na-X 
and K-X can be a t t r ibuted to hydration energy differences and the 
ease with which the $-cage cations can be replaced by C u 2 + . L e t ' s 
assume that the C u 2 4 . is i n i t i a l l y located i n S I I . . The migration 
of C u 2 + from S I I . to SI requires the displacement of an a l k a l i 
cation from SI (21,22). Since the hexagonal prism offers the 
same e l e c t r o s t a t i c f i e l d to both N a + and K + , the energy for r e 
moving an unhydrated a l k a l i cat ion is the same for Na+ and IT1". 
However, the net energy gain for t ransfer ing an unhydrated a l k a l i 
cation from SI to a more exposed s i t e , where i t w i l l be hydrated, 
is greater for N a + because i t has a larger hydration energy. So 
i t is energet ical ly more favorable for C u 2 + to displace N a + from 
SI than to displace K+. 

Only one divalent ion exchanged X - z e o l i t e has been studied i n 
d e t a i l thus f a r , namely Ca-X. It shows a surprise i n that C u 2 + is 
found to form a completely new species i d e n t i f i e d as Cu(0 z )3(0H) 2 

t r i g o n a l bipyramidal complex designated Cun« (37) . I t s ESR spec
t r a indicate t r igonal bipyramidal symmetry and are d i s t i n c t l y d i f 
ferent from those of CUJX i n both resolut ion and dependence on the 
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dehydration temperature. The electron spin echo modulation i n d i 
cates two protons close enough to be i n the f i r s t coordination 
s h e l l . Since the ESR spectrum indicates t r i g o n a l bipyramidal sym
metry the two protons are assigned to two hydroxyl groups rather 
than to one water. The C u j j i species, unlike C U J J , is extremely 
stable and shows no noticable changes i n the ESR as the sample is 
dehydrated up to 120° C . Above t h i s temperature the resolut ion of 
the hyperfine components slowly decreases along with the i n t e n s i 
ty , presumably due to auto reduction of C u 2 + or C u ° . In samples 
dehydrated at 3 0 - 2 0 0 ° C., C u j j i can be completely restored as the 
sole C u 2 + species on rehydration at room temperature. I f the de
hydration température is 2 0 0 - 4 0 0 ° C., oxidation is necessary to 
regenerate C u 2 + and rehydration of such oxidized samples restores 
only a part of the o r i g i n a l C U J J f . The rest of i t is e i ther i n 
the reduced state or exis t  CUQ i  th  s i t e  SI d 
S I I 1 . This unique coppe
divalent ion exchanged z e o l i t e s we have examined with the excep
t i o n of Cd-X. 
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Mössbauer Studies of Iron-Containing Zeolites 

STEVEN L. SUIB, KERRY C. McMAHON, and DIMITRIOS PSARAS 
University of Connecticut, Department of Chemistry, Institute of Materials Science, 
Storrs, CT 06268 

The followin
the field of Mössbaue
zeolites, bimetallic iron-containing zeolites and 
some Fischer-Tropsch zeolite catalysts. Coordina
tion complexes of iron, superparamagnetism, ion
-exchanged zeolites and the reduction of iron-contain
ing zeolites will all be discussed. Some preliminary 
results concerning the synthesis of coordination 
complexes of iron, organometallic compounds and 
bimetallic systems in zeolites are then presented. 
Structural properties and particle size of these 
systems as probed by X-ray diffraction and electron 
microscopy results have also been determined. Changes 
in these catalysts due to their interactions with 
controlled gas environments of 10% CO/H2 are deter
mined by Mössbauer spectroscopy using an in-situ 
pretreatment cell . The catalytic activity is 
continuously monitored by a gas chromatograph 
interfaced to the Mössbauer ce l l . The surface, 
structural, electronic and catalytic properties 
of these iron-containing zeolites will be dis
cussed in relation to the changes in oxidation 
state of the iron species. These iron-containing 
zeolites are activated thermally, photochemi-
cally and chemically. The influence of the 
support, reaction temperature and sample pre
treatment will also be discussed. In partic
ular, this report outlines the use of photo-
activation of Fe(CO)5 in several zeolites for 
the isomerization of olefins. The shape selec
tivity of the zeolite controls the activity and 
selectivity of these systems. In the case of 
zeolite ZSM-5 the conversion of 1-pentene to 
trans 2-pentene is 100% selective showing that 
photoactivation of zeolites can remarkably 
affect the product distribution. 
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Some of the f i r s t Mossbauer studies of zeol i tes that con
tained i ron dealt with the ion-exchange of both f e r r i c and 
ferrous ions into several d i f f e r e n t z e o l i t e s . From these studies 
much valuable information about the s i t e loca t ion and the redox 
behavior of the i ron ions was obtained. One of the e a r l i e s t 
studies was that of Rees (1). Zeol i tes X, Y, mordenite, and 
c l i n o p t i l o l i t e were investigated. Valency changes during dehy
drat ion of these materials and during rehydration were reported. 
Delgass, Garten and Boudart reported the Mossbauer absorption 
data for ferrous ions i n Y z e o l i t e (2) and concluded that the 
ferrous ions are solvated i n the pores of the z e o l i t e . The use 
of a nitrogen atmosphere, degassed solutions and pH adjustment 
of 4 .0 were all important parameters i n the synthesis of 
c r y s t a l l i n e materials . Dehydration and rehydration phenomena 
were also reported. Further studies by the same researchers 
(3,4) dealt with the adsorptio
(CO, 0 2 , H ), bases(pyridine
were important because they demonstrated that Mossbauer spectros
copy could be used as a diagnostic t o o l i n the study of adsorp
t i o n . 

As time moved on, the Mossbauer studies of i ron-containing 
zeol i tes started to involve d i f f e r e n t aspects of z e o l i t e 
chemistry, most notably i n the area of c a t a l y s i s . In a d d i t i o n , 
other new preparations were revealed as wel l as experiments that 
were designed to obtain superparamagnetic i r o n oxide p a r t i c l e s i n 
z e o l i t e s . Garten, Gallard-Nechschein and Boudart (5) studied 
i r o n mordenites i n the reverse of the water-gas s h i f t react ion 
and the ammoxidation of propylene. C o l l i n s and Mulay (6) reported 
that Fe(CO)5 and FeCl3 w l i e n thermally treated i n a i r would form 
f i n e p a r t i c l e s of Fe 2 03. 

Of p a r t i c u l a r interest to our research is the preparation of 
reduced i r o n species i n z e o l i t e s . Several researchers ÇL, 7-10) 
have used d i f f e r e n t procedures to t ry to obtain reduced iron(0) 
species i n z e o l i t e s . Kumer, et . al. (7) observed an Fe(0) l i n e 
i n the Mossbauer spectrum which appeared af ter dehydration of 
z e o l i t e A. Huang and Anderson (8) have reported that bulk i r o n 
oxides could be reduced by hydrogen to meta l l i c i r o n . They also 
present thermodynamic evidence that ferrous ions would be much 
more d i f f i c u l t to reduce. Gunser, Adolph and Schmidt (9) reported 
the reduction of ferrous ions i n z e o l i t e 4A by sodium vapor and 
conclude from magnetic s u s c e p t i b i l i t y and Mossbauer experiments 
that superparamagnetic i r o n p a r t i c l e s are formed. Lee (10) also 
used sodium vapor to reduce ferrous ions to α-Fe and with electron 
microscopy learned that these p a r t i c l e s were highly dispersed, on 
the order of 3.5 nm. Lee also attempted to reduce the ferrous 
ions with sodium borohydride. In th is case, however, leaching 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



18. SUIB E T AL. Mossbauer Studies of Zeolites 303 

of the i r o n from the z e o l i t e occurred. Rao and coworkers (11) 
have introduced i r o n ions into z e o l i t e ZSM-5 v i a ion-exchange 
and Fe3(CO)jL2 impregnation, and have then reduced these catalysts 
at elevated temperature i n hydrogen. These catalysts have been 
used i n Fischer-Tropsch studies . 

Other recent reports of the use of Mossbauer i n the 
characterization of i ron-containing zeol i tes involve the study 
of coordination complexes synthesized i n z e o l i t e s . One such 
study carr ied out by Lunsford and coworkers (12) involved the 
study of t r i s ( 2 , 2 f b ipyridine) i ron(II) complexes i n z e o l i t e Y. 
These materials were reacted with chlorine gas i n order to 
oxidize the i r o n . Another study done by Banerjee (13) involved 
the Mossbauer analysis of iron(II)phenanthroline complexes 
sorbed on zeol i te 3A. These are most of the Mossbauer studies of 
i ron-containing zeol i te
e a r l i e r work has not bee
avai lable . 

The Present Study 

The research reported here is very much related to all of 
the above studies. Our goals are to develop new preparations of 
i ron-containing z e o l i t e s , to s t a b i l i z e i r o n i n a highly dispersed 
and m e t a l l i c state , and to explore the photochemical and thermal 
ac t iva t ion of these materials . Of major interest to us are the 
reports of Derouane and coworkers (15), Ballivet-Tkatchenko and 
Coudurier (16), Good (17), and Scherzer and Fort (18). 

Photochemical ac t iva t ion (15) and thermal ac t iva t ion (11,16, 
17) of i r o n carbonyl complexes i n various zeol i tes have been 
reported. Part of our study is to use Mossbauer spectroscopy to 
investigate the behavior of Fe(C0)5 on several zeol i tes when 
activated photochemically and thermally. Another part of our 
study is to investigate the novel preparation method of Scherzer 
and Fort (18) that introduces i ron into ( in their study) z e o l i t e 
NH^Y as an anionic complex. F i n a l l y , we w i l l report the 
preparation of ferrocene sublimed onto z e o l i t e ZSM-5. The photo
chemical and thermal ac t ivat ion of these systems w i l l be reported 
as wel l as preliminary resul ts of the photochemical isomerization 
of o l e f i n s by Fe(C0) 5 zeol i tes and the thermal ac t iva t ion of 
Fischer-Tropsch c a t a l y t i c systems. It also should be noted here 
that our Mossbauer studies involve an i n - s i t u pretreatment c e l l 
which can be heated to 500°C under various gaseous atmospheres. 

Experimental Procedure 

Both Fe(C0) 5 and ( C r ^ ^ F e were introduced into several 
zeol i tes by sublimation techniques employing a vacuum l i n e . The 
z e o l i t e and either of the two above-mentioned i ron compounds were 
introduced into two separate ends of an inverted U-tube which was 
connected to a vacuum l i n e . The i ron compounds were frozen with 
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l i q u i d nitrogen and the rest of the tube was evacuated to approx
imately 1 χ 10" 5 Torr . The tube was then isola ted from the vacuum 
manifold and the l i q u i d nitrogen was transferred from the i r o n 
complex to the z e o l i t e and the transfer took place . The ferrocene 
was vacuum sublimed three times before use and the i r o n 
pentacarbonyl was kept cool during storage and i n i t i a l synthesis 
conditions. 

The mixed metal zeol i tes were prepared according to the 
procedure of Scherzer and Fort (18). There were, however, 
several a d d i t i o n a l preparations s i m i l a r to those of Scherzer and 
Fort that we developed. F i r s t of all, ruthenium was introduced 
into z e o l i t e Y and ZSM-5 as the cat ionic amine complex as report 
ed by Jacobs and Uytterhoeven (19). Ruthenium was also added to 
the z e o l i t e i n an anionic complex form, ei ther K3RU(CN)5 or 
K 2Ru(CN) 5N0. For thes
or cobalt exchanged zeol i te

The Fe(C0)5, ( c 5 H 5 ) 2 F e a n < . mixed metal z e o l i t e s were reduced 
i n hydrogen i n our i n - s i t u Mossbauer c e l l between temperatures of 
300°C and 500°C for various times, 4 hours to 25 hours, depending 
on the form of i ron introduced into the zeol i tes and depending on 
the p a r t i c u l a r z e o l i t e . 

The Mossbauer transmission spectra were recorded i n the 
constant acceleration mode with an E l s c i n t Mossbauer drive unit 
and a model MFG 3A E l s c i n t function generator, an MVT-3 l i n e a r 
v e l o c i t y transducer and an MD-3 transducer d r i v i n g u n i t , γ - r a y 
detection was done with a Reuter-Stokes Kv-CH4 proport ional 
counter driven by an Ortec 401A/456 high voltage power supply. 
Voltage pulses were introduced into an Ortec 142 PC preamplif ier 
and an Ortec 571 spectroscopy a m p l i f i e r . Data were co l lec ted on 
a Tracor-Northern NS-701A multichannel analyzer. The data were 
l a t e r analyzed on an IBM 360/370 computer. 

A Mossbauer transmission c e l l s i m i l a r to that prepared by 
Delgass and coworkers (20) was used for all Mossbauer experiments. 
Zeol i te p e l l e t s between 200 mg and 300 mg were used as samples. 
The c e l l was connected to thermal conductivity and flame i o n i z a 
t i o n detectors so that products of the reactions i n the Mossbauer 
c e l l could be analyzed. The Mossbauer data were col lec ted i n the 
flyback mode and deviations from a nonlinear background were 
corrected for by f i t t i n g the background to a parabola and sub
t rac t ing out t h i s e f f e c t . Computer f i t t i n g of all the i r o n 
Mossbauer data to Lorentzian l i n e s was carr ied out with a modified 
version of a previous reported program (24). Attempts to f i t the 
data to Gaussian l i n e s were unsuccessful. The source used was an 
85 mCi ^^Co/Pd New England Nuclear source. A l l spectra are 
referenced with respect to i r o n f o i l . 

X-ray powder d i f f r a c t i o n data of the z e o l i t e samples were 
col lec ted before and af ter the c a t a l y t i c reactions with a 
Diano-XRD 8000 X-ray powder d i f f r a c t i o n apparatus. Electron 
paramagnetic resonance samples were sealed off i n quartz tubes on 
a vacuum l i n e af ter various treatments and analyzed with a Varian 
E-3 spectrometer at room temperature. 
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Transmission electron microscope samples were prepared by 
dispersing the zeol i tes into methanol i n a v i a l . The v i a l was 
placed i n an ul t rasonic bath. Af ter ul t rasonic v i b r a t i o n , one 
drop was placed on carbon coated 300 mesh copper g r i d s . A model 
HU200 H i t a c h i transmission electron microscope was used to 
analyze the samples. 

Bulk photolyses were carr ied out using a Kratos 1000-W, 
var iable power, high pressure, Xe lamp. This radia t ion was 
f i l t e r e d f i r s t with a CuSO^-S^O aqueous solut ion and then an 
u l t r a v i o l e t bandpass f i l t e r with maximum transmittance at 345 nm. 
For purposes of c a l i b r a t i o n and evaluation of power, 20 mW of 
power at 345 nm is produced at the sample surface of the test tube 
c e l l . This corresponds to 3.4 χ 10.5 photons/second. Iron 
carbonyl z e o l i t e samples were loaded into ampoules with a 
magnetic s t i r bar and freeze-pump-tha
sealing off the pyrex tube
the chromatographic analys is . 

Gas chromatographic analyses were performed on a Hewlett 
Packard Model 5880 system equipped with a thermal conductivity 
detector with an injector temperature of 200°C., detector tempera
ture of 250°C and an oven temperature of 3 5 ° C . A l l runs were 
isothermal. The columns used for the separation were 20 foot 
AgN03~ethylene g l y c o l columns. Absolute retention times were 
1.15 min (trans 2-pentene), 4.65 min (1-pentene), and 5.81 min 
(cis 2-pentene). Methods of automatic peak integrat ion that were 
used during the analyses were peak height, peak area, area %, 
and i n t e r n a l standard experiments. 

Results 

The resul ts of the Mossbauer studies of ferrocene on z e o l i t e 
ZSM-5 are shown i n Figure 1. This spectrum shows a quadrupole 
s p l i t doublet and a broad non-quadrupole s p l i t s ingle t with an 
isomer s h i f t of 0.53 mm/sec. It is also noted here that th is 
material has a blue color which is quite d i f f e r e n t from the 
orange color of the ferrocene. On reduction of this material 
i n hydrogen for 5 hours, a weak 6 - l ine resonance occurs along 
with a central doublet as shown i n Figure 2. It is noted 
here that the quadrupole s p l i t t i n g of this doublet has 
s i g n i f i c a n t l y changed from that shown i n Figure 1. 

The Mossbauer spectra for Fe(C0)5 on zeol i tes A , X, Y, 
mordenite (Na + and H . ) , and ZSM-5(Na+) are all very s i m i l a r with 
a quadrupole s p l i t doublet appearing at an isomer s h i f t of 
0.40 mm/sec. The H+ form of ZSM-5, however, shows a broad s ingle t 
centered at 0.40 mm/second. The quadrupole s p l i t t i n g for each of 
the i r o n carbonyl samples is between 0.8 mm/second and 
1 mm/second. 

The Mossbauer spectra for the mixed metal Scherzer-Fort type 
of preparation (18) are, on the other hand, quite d i f f e r e n t de-
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pending on the nature of the cation i n the z e o l i t e , the p a r t i c u l a r 
z e o l i t e , and the anionic form of the i ron introduced into the 
z e o l i t e . The data for these mixed metal z e o l i t e systems are given 
i n Tables I and I I . Table I includes data for the unreduced 
samples. Table II incorporates data for these samples af ter 
reduction. Only the signals for the anionic i r o n species are 
included for c l a r i t y . Samples 9, 10, 18 also show a component 
i n t h e i r Mossbauer spectra i n d i c a t i v e of i r o n ( I I ) . T y p i c a l a c t i 
vation temperatures range from 300 to 400°C and the reduction i n 
hydrogen is usual ly complete af ter 4 hours. The preparations 
developed i n our laboratory are for samples 16 through 22. We 
note here that we have extended t h i s method to include other 
zeol i tes (ZSM-5), other cations ( R u 3 + , P d 2 + , P t 2 + ) , and other 
anionic complexes (K 3 Ru(CN) 6 , K 2 Ru(CN) 5 N0). 

Figure 3 shows a t y p i c a
prusside samples where
Na2Fe(CN)5N0 complex. Zinc has been cation exchanged into NH^Y 
before addit ion of the anionic complex. Figure 4 shows an 
example of samples s i m i l a r to the zinc ni troprusside Y z e o l i t e , 
shown i n Figure 3, that are completely reduced to m e t a l l i c i r o n 
by hydrogen. 

The resul ts of the photochemical isomerization of o l e f i n s by 
Fe(C0) 5 i n zeol i tes X, ZSM-5, and mordenite are given i n Table 
I I I . The conditions of lamp power, hours of i l l u m i n a t i o n , and 
the resul ts concerning the % conversion of 1-pentene to c i s and 
trans-2-pentene are included. The thermodynamic r a t i o expected 
for trans to c i s 2-pentene on photolysis of 1-pentene is about 
3 to 1. 

The X-ray powder d i f f r a c t i o n data reveal that for the Fe(CO)^ 
and the Scherzer-Fort preparations that bulk α-Fe is present. 
Electron paramagnetic resonance experiments indicate i n all 
cases that ferromagnetic i r o n is present i n these reduced 
samples. The X-ray data also reveal that these samples are 
c r y s t a l l i n e af ter each of these synthetic procedures and 
that c r y s t a l l i n i t y is not los t when these samples are 
photolyzed or thermally treated. 

The d e t a i l s concerning the transient method which has been 
used to characterize Fischer-Tropsch reactions can be found 
elsewhere (21). 

Discussion 

The ferrocene-exchanged ZSM-5 z e o l i t e shows a Mossbauer 
spectrum that when analyzed gives a 40% ferrocinium ion s i g n a l 
with an isomer s h i f t of 0.53 mm/second. It is l i k e l y that water 
i n the z e o l i t e is being reduced as the ferrocene is oxidized. 
Reduction of this sample i n hydrogen causes a complete loss of 
both the ferrocinium ion and the ferrocene Mossbauer features and 
a new appearance of alpha iron(0) metal and a new quadrupole s p l i t 
doublet of 0.4 mm/second and a quadrupole s p l i t t i n g of 
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1.1 mm/second. At this time, we are not sure to what this doublet 
may be attributed, and low temperature studies of this system 
are now in progress. Further reduction time and increased temper
ature treatment do not lead to more alpha iron(O). A l l of the 
iron carbonyl zeolite samples show very similar Mossbauer spectra. 
Infrared experiments by us and by others (16) and thermal decompo
sition of these samples in an in-situ IR cell have led to the 
belief that FeiCO)^ complexes retain a molecular structure during 
adsorption and that subsequent thermal treatment leads to loss 
of CO. The Mossbauer spectra of all the untreated samples show 
a quadrupole splitting and isomer shifts that are different from 
that reported by Herber and coworkers (26) for a low temperature 
matrix isolated Fe(CO)^ system. 13C-NMR spectroscopy experiments 
by Derouane and coworkers (15) also suggest that the FeiCO)^ 
moiety is weakly interactin
the framework remains unchange
that the Mossbauer parameters may shift from the low temperature 
measurement to our room temperature measurement. Further support 
for an intact Fe(CO)^ species is given by our photochemical 
studies (vide intra). Reduction of the iron carbonyl systems does 
lead to complete reduction to alpha-iron, but the reduction 
conditions are quite severe and the pargicle sizes in most cases 
are fairly large, between 75 A and 125 A , on the basis of 
electron microscopy results. The Fe(CO)^ zeolite Y system is a 
good Fischer-Tropsch catalyst with high activity for methane and 
i t is stable for long periods of time and is regenerable. Further 
details of the catalytic activity of these samples are given 
elsewhere (23). 

The data for mixed metal zeolites as f i r s t prepared by 
Scherzer and Fort (18) shown in Tables I and II are quite 
extensive. The reported isomer shifts and quadrupole splittings 
are for the iron atoms in the anionic state. Each of these 
unreduced samples show Mossbauer spectra that are in close 
agreement with literature values of the corresponding iron co
ordination complexes. Typical examples of unreduced and reduced 
samples are shown in Figures 3 and 4. We note here that prepa
rations 16 through 22 are new and are developments of our 
laboratory and that 9 through 15 are preparations based on the 
work of Scherzer and Fort (18). Samples 16 and 17 show that this 
method can be extended to other zeolites like ZSM-5. If no 
transition metal cation is used in the synthesis, no Mossbauer 
spectrum for the corresponding anion is observed. Therefore, the 
nature of the cation is c r i t i c a l and complexation of the anion 
to a cation is necessary for anion inclusion. Certain transition 
metal cations (Ru 3 + for instance) do not seem to bind the anion. 
On the other hand, we have introduced ruthenium as either the 
K3Ru(CN)6 or the K2Ru(CN)5NO complex. 

The reduction of these samples is extraordinary in two 
aspects. First of all, fairly low temperatures between 350°C and 
400°C are needed to reduce the iron to the metallic state. 
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Secondly, only 4 hours of reduction with hydrogen is necessary to 
completely reduce these samples. The most e a s i l y reduced anion 
is [Fe(CN) 5N0 2"] and for the corresponding Z n 2 + and C u 2 + samples, 
complete reduction is noted i n the Mossbauer spectrum. As 
indicated i n Table I I , the reported isomer s h i f t s are all close to 
that of meta l l i c i r o n and the hyperfine f i e l d strength, H, values 
are all very close to that of alpha i r o n . It should be noted 
here that whenever the cation was F e 2 + that reduction was 

24. 
never complete. We now believe that these ion-exchanged Fe 
ions are strongly bonded to the l a t t i c e and are not e a s i l y 
reduced. This is also the b e l i e f of several other i n v e s t i 
gators (2-5, 8, 10). 

These mixed metal systems have also been tested with the 
transient method for c a t a l y t i  a c t i v i t  i  th  Fischer-Tropsch 
react ion. We would l i k
cat ion, anion, and z e o l i t e are all important factors i n the 
Fischer-Tropsch reactions that we have studied. Further d e t a i l s 
of these c a t a l y t i c studies can be found elsewhere (23). We do 
observe here, however, that some catalysts that are completely 
reduced to the meta l l i c state are not necessari ly the most 
active ca ta lys ts . A l s o , even though the Mossbauer experiments 
suggest that 400°C is s u f f i c i e n t for complete reduction, higher 
ac t iva t ion temperatures can increase the a c t i v i t y and s e l e c t i v i t y 
of these reactions. We have also observed that the cat ion 
d e f i n i t e l y changes the product d i s t r i b u t i o n and the a c t i v i t y . 
For example, sample 15 which contains zinc and is t o t a l l y reduced 
to the meta l l i c state does not show good a c t i v i t y , but sample 19 
which is not completely reduced does show high a c t i v i t y . 
Electron paramagnetic resonance experiments also support the 
existence of ferromagnetic i ron p a r t i c l e s . X-ray powder 
d i f f r a c t i o n experiments, electron microscopy, and surface analysis 
measurements show the existence of both metals on the surface 
before and af ter reduction. We know the p a r t i c l e s ize again is 
quite large , although there is a wide d i s t r i b u t i o n i n these 
samples, ranging from 30 A to about 150 A. 

The data i n Table III for the photochemical isomerization of 
1-pentene show that photochemical ac t iva t ion is also a v i a b l e 
means of sample a c t i v a t i o n . During these react ions , CO gas is 
given off and i t is believed from solut ion studies that an 
Fe(C0)4L complex is i n i t i a l l y formed. The Fe(C0)4L complex, 
where L is a bound pentene, can then undergo isomerization to the 
c i s and trans isomers of 2-pentene. The data i n Table III show 
that the incorporation of a z e o l i t e not only changes the product 
d i s t r i b u t i o n from a 2.0 r a t i o of the trans to the c i s , as 
observed i n solut ion studies , but that the photolysis time is 
r e l a t i v e l y short . It should be recognized here that high energy 
u l t r a v i o l e t radia t ion is used, but the photon f lux is r e l a t i v e l y 
low. The k i n e t i c s of this reaction are surely d i f f e r e n t from 
that of the solut ion reactions and i t is not inconceivable that 
there are s t e r i c constraints administered by the z e o l i t e 
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framework. Further studies concerning the mechanism of th is 
react ion and the search for active intermediates by various 
techniques are i n progress (25). 

Overview 

We have reported here the preparations and treatment 
conditions that are needed to reduce i r o n ions to m e t a l l i c 
i r o n i n z e o l i t e s . Although we have not i so la ted h i g h l y - d i s -
spersed superparamagnetic i r o n p a r t i c l e s i n z e o l i t e s , we have 
shown that these i ron-containing zeol i tes are act ive catalysts i n 
Fischer-Tropsch and i n o l e f i n isomerization react ions . The added 
insight that stems from the use of i n - s i t u Mossbauer experiments 
has led to the preparation of new act ive catalysts that can be 
s e l e c t i v e l y act ivated. W
reactions of other meta
believe that increased s e l e c t i v i t y is a major benefi t i n these 
types of reac t ion . 
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Metal Ion Site Geometry and Oxidation State 
in Zeolites 

T. I. MORRISON, P. J. VICCARO1, and G. K. SHENOY 
Argonne National Laboratory, Argonne, IL 60439 

The combined results of EXAFS and Mössbauer 
effect spectroscopies have been used to deduce the 
oxidation state and local structure of iron in iron 
containing Na, K- and H-chabazites. In the mineral 
Na,K(Fe) chabazite iron is found to be present as 
oxo- or hydroxo-bridged Fe(III) oligimers, while in 
the H-chabazite it is found to be present as Fe(III) 
ions bridged by oxo- or hydroxo-groups to the zeolite 
framework. 

Metal containing z e o l i t e s are of great interest as p r a c t i c a l 
catalysts for petrochemical react ions . Such catalysts are usually 
considered to be b i f u n c t i o n a l , with the zeol i te framework acting 
as a support for the metal centers. In order to optimize react ion 
conditions and parameters i n the processes for which metal -zeol i te 
catalysts are used, it is necessary to understand the chemistry of 
the support and the metal and their interac t ion . 

Much can be learned about the chemistry of the metal centers 
by a descr ipt ion of the environment of the ca t ion . In broad 
terms, the task is to determine the locat ion of the cation s i te or 
s i tes within the zeol i te and thereby deduce i t s l o c a l s i t e e n v i 
ronment, or conversely to determine the l o c a l s i t e environment of 
the cation and infer i t s p o s i t i o n i n the z e o l i t e . The former task 
is often undertaken by x-ray or neutron scattering technique, and 
the l a t t e r by spectroscopic techniques. 
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A large number of x-ray scattering studies have been made on 
metal containing zeol i tes and have met with varying degrees of 
success (1). In cases where the number of cations per unit c e l l 
is high enough to give an appreciable (and unambiguous) s i g n a l , 
where sui tably large single c rys ta ls can be grown, and when there 
is a degree of ordering among the cat ions , these studies have been 
able to provide complete and r e l i a b l e descriptions of the cation 
environment. Nevertheless, there exists the p o s s i b i l i t y of mis-
assignment of electron density peaks, a t t r i b u t i n g c rys ta l c o o r d i 
nation to wrong atoms or to "average s i t e s " only p a r t i a l l y f i l l e d 
<!» 2). 

In cases where there is a low concentration of cation of 
interes t , i f the cations are highly disordered i n the z e o l i t e 
framework, or i f good c r y s t a l l i n e samples are unavailable , atom 
s p e c i f i c or environment-specifi
preferable to determine
z e o l i t e . NMR (4), IR (5,J&) ESR (7-10), o p t i c a l (9,10), Mossbauer 
ef fec t (11-15), and x-ray absorption studies (2 ,16,17,18) have 
been used to determine cat ion microenvironments. In p a r t i c u l a r , 
it has been shown that EXAFS (Extended X-ray Absorption Fine 
Structure) of the cation can often be used to give direct s t r u c 
ture information about cat ion environments i n z e o l i t e s , but EXAFS 
techniques, while giving r a d i a l distances and r e l a t i v e coordina
t i o n numbers, are insensi t ive to s i t e symmetry and cannot, i n 
general , give both coordination numbers and r e l a t i v e s i t e popula
t i o n s . Clear ly it is desirable to use complementary spectroscopic 
techniques to f u l l y elucidate the microenvironments i n d i l u t e , 
p o l y c r y s t a l l i n e z e o l i t e systems. 

We have addressed the problem of determining the l o c a l e n v i 
ronments of iron centers i n iron containing chabazites by using 
two s p e c i f i c a l l y short range probes, Mossbauer and EXAFS spectro
scopies. The 5 Fe Mossbauer ef fec t can be used to obtain i n f o r 
mation on the oxidation states , magnetic states and the l o c a l 
symmetry of iron (19) while the EXAFS of the iron can be used to 
determine r a d i a l distances to near neighbors, near neighbor atomic 
type, and within 1imits the r e l a t i v e numbers of near neighbors. 
Of primary interest i n this study is the change i ron undergoes 
from i t s state in the f reshly mined z e o l i t e , through ion exchange, 
c a l c i n a t i o n , and framework protonation. 

Experimental 

The natural mineral or "as mined" Na,K(Fe) chabazite samples 
were prepared by simply loading and resealing the zeol i te powder 
i n i t s sample c e l l . The protonated framework H(Fe) chabazite was 
prepared by ion exchange with ammonium n i t r a t e , a i r drying, and 
c a l c i n a t i o n at 350 ° C to drive off the ammonia. To determine 
separately the effects on the iron centers of ion exchange and 
heating, an NH^(Fe) chabazite sample was prepared by ion exchange 
of the Na,K(Fe) chabazite i n 1 M NH4NO3 for 16 hours at room 
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temperature with subsequent a i r drying of the sample. In a d d i 
t i o n , a sample of Na,K(Fe) chabazite was calcined for 16 hours at 
350 °C to determining heating e f f e c t s . 

The Mossbauer effect experiments were performed using a 
Co/Rh source and a conventional electromechanical d r i v e . Data 

were col lec ted between 297 and 4.2 Κ on a Nuclear Data ND 6600 
computer and were analyzed by least squares f i t t i n g of the appro
priate l i n e shapes to the spectra describing the hyperfine i n t e r 
ac t ions . The amount of Fe i n the chabazite was about 1 wt. %. 
Absorption path lengths were optimized in sample preparation by 
uniformly d i s t r i b u t i n g 200 mg/cm2 of the chabazite. 

Iron K-edge EXAFS experiments were also performed on the 
Na,K(Fe) chabazite and H(Fe) chabazite samples. The experimental 
spectra were obtained at room temperature both i n transmission and 
fluorescence mode at th
tory . Because of the d i l u t i o
scence data were an order of magnitude better i n s t a t i s t i c s than 
the absorption data. Mult iple runs were taken on each sample, and 
the incident and fluorescent i n t e n s i t i e s , I Q and I^, were summed 
respectively to improve the s ignal - to -noise r a t i o . 

Results and Discussion 

In Figure 1, we present the Mossbauer spectrum of Na,K(Fe) 
chabazite mineral measured at room temperature. The spectrum is 
composed of a symmetric doublet. The s o l i d l i n e i n Figure 1 is a 
least squares f i t to the data assuming a single quadrupole i n t e r 
a c t i o n . The quadrupole s p l i t t i n g of O.49 ± O.02 mm/s and an 
isomer s h i f t of O.35 ± O.02 mm/s with respect to Fe metal obtained 
from this f i t is t y p i c a l for a high spin f e r r i c (3d 5) ion (20). 
The value of the isomer s h i f t does not permit us to assign unambi
guously ei ther a tetrahedral or octahedral co-ordination for this 
f e r r i c ion (21). It must be pointed out that although the above 
analysis assumes a unique crysta l lographic s i t e for the f e r r i c ion 
i n the chabazite, the width of the resonance l i n e s (which is 
nearly twice the minimum experimentally observable width) i n d i 
cates some d i s t r i b u t i o n i n the neighboring environment of Fe ions 
on a microscopic scale . 

The spectrum of Na,K(Fe) chabazite measured at 4.2 Κ does not 
d i f f e r from the room temperature spectrum. This is surpr is ing 
since with the low concentration of Fe i n the l a t t i c e , we expect 
to see some paramagnetic hyperfine structure or at least l i n e 
broadenings (22) associated with slow relaxat ion of the F e ^ + 

electronic s p i n . This implies a f a i r l y strong coupling of Fe 
spins to the l a t t i c e or to other Fe spins . Assuming the l a t e r 
case, we expect Fe to have other Fe neighbors within about 4 Â. 

The room temperature spectrum of NH^(Fe) chabazite was nearly 
ident i ca l to that of Na,K(Fe) chabazite, indicat ing that the 
process of ion exchange does not a l t e r the environment of Fe atoms 
i n this l a t t i c e . 
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The calcination of NH^(Fe) chabazite to produce H(Fe) chaba
zite, however, drastically changes the Mossbauer spectrum. In 
Figure 2 we present the spectrum of H(Fe) chabazite measured at 
room temperature. The solid line in Figure 2 is a least squares 
analysis assuming three distinct Fe sites with differing quad
rupole interactions. The isomer shifts for each of the three 
sites is almost identical to that in Na,K(Fe) chabazite showing 
that iron is present in the high spin ferric state. The three 
quadurpole splittings are 1.90, 1.04 and O.81 mm/s and the three 
inequivalent sites have an approximate population ratio of 
1.3:3.0:2.0, respectively. The broad width of the resonances 
again indicates the presence of a distribution in the local sur
roundings of each of these sites. The dramatic increase in the 
quadrupole interaction on protonation is noteworthy. These inter
actions, which are amon  th  larges d fo  ferri
pounds, are related to
tions around the iron sites. Â large quadrupole interaction in 
the protonated chabazite is indicative of significant gradients in 
the charge distributions of the sites. 

On cooling the sample to 4.2 Κ there are no indication of 
paramagnetic hyperfine splitting although the lines show some 
minor broadening. Again the Fe spins appear to be well coupled to 
the spin bath. 

The spectrum of calcined Na,K(Fe) chabazite (Figure 3) is 
similar in every respect to that of H(Fe) chabazite. This clearly 
indicates that the process of calcination is responsible for the 
large differences observed between the Na, K- and H-chabazite. 
Ion exchange alone produce l i t t l e effect at the Fe site environ
ment. 

Both Na,K(Fe) chabazite and H(Fe) chabazite after dehydration 
show the onset of paramagnetic hyperfine structure in their 
Mossbauer spectra at 77 and 4.2 K. It is tempting to suggest that 
dehydration reduces the coupling of the spins in a major way or 
that the Fe atoms form a superparamagnetic oxide (23). 

We shall next discuss the EXAFS results and draw conclusions 
by comparing them with the Mossbauer results. In Figure 4 the 
EXAFS data are plotted in the wave-vector (k) space. The oscilla
tions were Fourier transformed to real space to resolve the major 
frequency components of the oscillations. The resulting phase-
shifted radial distribution functions are shown in Figure 5. By 
backtransforming, or Fourier filtering, each peak representing a 
coordination shell, it is possible to determine from the back-
transform envelope the type of near neighbor, and by least squares 
fitting the backtransformed oscillations it is possible to deter
mine radial distances and relative coordination numbers about the 
iron (24). 

Figure 6 shows the backscattering amplitude functions for the 
first coordination shells of Fe in Na,K(Fe) chabazite and H(Fe) 
chabazite. The shape of this function, with the singularity at 
k = 0, is indicative of backscattering by fi r s t row elements and 
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Figure 2. Room temperature Mossbauer spectrum of U(Fe) 
chabazite. 
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Figure 3. Room temperature Mossbauer spectrum of calcined 
Na,K(Fe) chabazite. 
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Figure 4. 
k-weighted iron K-edge EXAFS spectra of Na,K(Fe) chaba-
z i te and H(Fe) chabazite. Spectra obtained at room 
temperature. 
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O.I2l 

O.114 

R (ANGSTROMS) 
Figure 5 . 
Fourier transforms of EXAFS spectra. S o l i d 
l i n e -» Na,K(Fe) chabazite, dashed l i n e —• H(Fe) chaba
z i t e . 
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Figure 6. 
Backscattering amplitude functions for f i r s t coordina
t ion shel ls i n Na,K(Fe) chabazite and H(Fe) chabazite. 
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we may conclude that the nearest neighbors to iron i n both 
zeol i tes are oxygen atoms (25)» This is further supported by the 
resul ts of the least-squares f i t t i n g of the f i r s t peak i n each 
spectrum, shown i n Table I. 

Figure 7 shows the backseattering amplitude functions for the 
second coordination shel ls of Fe in Na,K(Fe) chabazite and H(Fe) 
chabazite. The backscattering amplitude for the second s h e l l of 
the Na,K(Fe) chabazite indicates that this s h e l l is made up com
p l e t e l y of i ron , and the resul ts of the least-squares f i t t i n g 
corroborate t h i s . In H(Fe) chabazite on the other hand, the back-
scat ter ing amplitude for the second s h e l l indicates that this 
s h e l l is composed of s i l i c o n and/or aluminum and oxygen. It was 
evident i n the least squares f i t t i n g of this s h e l l that the atoms 
were highly disordered r e l a t i v e to the absorbing i r o n , and 
r e l i a b l e s t ructural parameter  could  b  extracted

TABLE I 

EXAFS RESULTS 

Na ,K(Fe)-chabaz i t e H(Fe)-chabazite 

8 8 
Ri(A) 2.00 (.02) 2.00 (.01) 
Al O.52 (.01) O.32 (.04) 
σι (A) O.045 (.002) O.043 (.011) 

26 8 
R2(A) 3.12 (.03) 1.46 (.02) 
A2 O.09 (.03) O.15 (.03) 
σ 2 ( Α ) O.045 (.029) O.02 (.02) 

• i t h backscatterer atomic number 
R i • r a d i a l distance to i t h backscatterer 
A^ = amplitude of o s c i l l a t i o n s due to i t h backscatterer 
o i = (rms r e l a t i v e d i s p l a c e m e n t ) 1 ' 2 of i t h backscatterer 

Conclusions 

By combining results of Mossbauer and EXAFS spectroscopies we 
are able to draw cer ta in conclusions about the iron s i tes i n the 
chabazite samples. Considering f i r s t the iron In the Na,K(Fe) 
chabazite, we f i n d that the iron is not exchangable with the 
ammonium solutions used, indica t ing that the iron is ei ther i n an 
inaccessible s i t e , is incorporated into the zeol i te framework, or 
is present as species insoluble under exchange conditions used i n 
the z e o l i t e . The Mossbauer spectra t e l l us that all of the i ron 
i n the z e o l i t e is i n nearly ident ica l environments, so only one of 
the above options is poss ible . 

The EXAFS spectrum of iron i n Na,K(Fe) chabazite shows that 
(within EXAFS resolution) each iron is surrounded equidistant ly by 
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Figure 7. 
Backscattering amplitude functions for second coordina
t ion shel ls i n Na,K(Fe) chabazite and H(Fe) chabazite. 
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oxygen with next near neighbors of i r o n . Since the Mossbauer data 
indicate that all irons are nearly i d e n t i c a l , it is most plausible 
to suggest an aquo, hyroxo, or oxo bridged iron ol igimer . It is 
doubtful that the irons are aquo bridged, since such a species 
should be soluble and subject to ion exchange. The dimensions of 
the chabazite supercage put an upper l i m i t on the size of the i ron 
multimer, since this cage would be the only reasonably sized host 
for the multimer. It can also be concluded that the c losest 
approach of an i ron atom to the cage wall cannot be less than 
approximately 3 Â, since no s i l i c o n , aluminum, or oxygen c o n t r i 
butes coherently to the second s h e l l backseattering. 

The Mossbauer spectra of the H(Fe) chabazite show c l e a r l y 
that the iron environment changes on protonation of the framework 
by ammonium exchange and deammoniation. The s i m i l a r i t y of the 
spectra of Na,K(Fe) chabazit
the change i n iron environmen
However, calcined Na,K(Fe) chabazite gives a spectrum very s i m i l a r 
to the deammoniated H(Fe) chabazite, showing that the heating of 
the sample is responsible for the changes i n the iron environment. 

The Mossbauer spectrum of the H(Fe) chabazite shows three 
resolvable f e r r i c i ron s i t e s , with large quadrupole interactions 
indicat ive of asymmetry i n the posit ions of surrounding ions. The 
EXAFS data, indicat ing two disordered iron-oxygen distances, are 
consistent with the Mossbauer r e s u l t s . The EXAFS also shows that 
the iron multimer is completely disrupted af ter heating, since 
i ron is no longer present i n the second s h e l l . Since the second 
s h e l l is composed e n t i r e l y of S i , A l , and 0, we may conclude that 
the iron has moved closer to the zeol i te framework. 

The possible locations of the i ron s i tes i n the H(Fe) chaba
z i t e can be inferred by a process of e l i m i n a t i o n . It is improb
able that the iron is located i n the center of the prisms forming 
supercages, since the s i t e is highly symmetric and there are no 
e l e c t r i c f i e l d gradients present that would give r i s e to the 
observed quadrupole s p l i t t i n g . It is also doubtful that the i ron 
is located in the center of a s i x - r i n g , since this iron would be 
t e t r a - or penta-, rather than hexa-coordinate. It is most l i k e l y 
that the irons are coordinated to the walls of the supercage via 
oxo- or hydroxo-bridges with waters of hydration coordinat ive ly 
s a t u r â t ing the irons j u t t i n g into the supercage. 

The complementarity and interplay of the results of EXAFS and 
Mossbauer spectroscopies provide means by which c r y s t a l chemistry 
of cer tain cat ions i n zeol i tes may be successfully studied. While 
neither technique is completely adequate as a "stand-alone" tool 
for such studies , the combination of the two can be used to map 
the chemical nature, environment and locat ion of cations where 
this information would otherwise be inaccess ible . 
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Steric Effects in Nitrogen Adsorption by 
Mordenite 
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Zeolites are well known for their ability to adsorb a 
large variety of gases, including even highly volatile nonpolar 
permanent gases (1, 2). Nitrogen is among the most strongly ad
sorbed non-polar gases; in fact, among some of the earliest ob
servations on adsorptive separation of gaseous mixtures was the 
selectivity shown by several zeolites for nitrogen from air. 
Early work of Barrer (3), McKee (4) and Domine and Hay (5) showed 
that calcium A, calcium X, mordenite and several types of natural 
zeolites could be used to enrich air by a selective adsorption of 
nitrogen. Several pressure-swing-adsorption processes utilizing 
zeolite adsorbents have been developed which yield a product 
containing up to 95% oxygen at rates of 20 tons per day (6,7). 

The selective adsorption of nitrogen over oxygen is 
not a true molecular sieving effect since nitrogen (3.64A) is 
larger than oxygen (3.46A). Thus, the increased affinity of 
many zeolites for nitrogen can be ascribed to a greater heat of 
adsorption for nitrogen than for oxygen (8). The i n i t i a l heat of 
adsorption in zeolites adsorbents can be partitioned into con
tributions from repulsive and dispersive forces, polarization 
energy and electrostatic interactions arising from dipole and 
electric quadrupole moment interactions with electric fields 
in the zeolite (9). At higher concentrations of adsorbates, 
interactions between adsorbates must also be considered (10). 

The physical constants of oxygen and nitrogen (11) 
suggest that the heat of adsorption due to repulsive, dispersive 
and polarization effects should be similar. Contributions to the 
heat of adsorption by the electric-quadrupole field-gradient 
interactions are expected to be greater for nitrogen whose 
quadrupole moment is three times larger than that of oxygen. 
Barrer (12) has estimated that the electrostatic energy contri-

0097-6156/83/0218-0333$06.00/0 
© 1983 American Chemical Society 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



334 INTRAZEOLITE CHEMISTRY 

bution to the i n i t i a l heat of adsorption f o r nitrogen on Na-mor-
denite is 2.5 Kcal/mole and 3.4 Kcal/mole f o r adsorption on Na-
f a u j a s i t e . It is poss ible , however, that these resul ts ser iously 
underestimate the true i n t e r a c t i o n . The resul ts of Barrer were 
calculated from experimental data obtained i n a region where 
one may reasonably expect that adsorbed nitrogen is rota t ing 
i s o t r o p i c a l l y (13, 14). 

The electr ic -quadrupole f i e l d - g r a d i e n t energy 0J.Q is 
given by, ^ 

^ F - Q ' l ? O c o e 2 Θ-1) 1) 

where F is the f i e l d gradient , Q the e l e c t r i c quadrupole moment, r 
is the separation between the quadrupole and charge and θ is 
the angle between the quadrupol
the molecule has some r o t a t i o n a
the expression (3cos^9-l) i n Equation 1 must be replaced by^ 
<3cos 9-l>Q where <3cos θ - ] > θ is the average value of (3cos Θ-1) 
weighted o v e r a l l all allowable orientat ions of the quadrupole ax is . 
For a nonrotating molecule oriented so that 9=0, <3cos θ - 2 > θ = 
(3cos θ - 1 ) = 2 and for an i s o t r o p i c a l l y rota t ing molecule the value 
of <3COŜ 6-J>Q is zero. For a n i s o t r o p i c a l l y rota t ing molecules 
(3cos 2 9-l ) can have values between -1 and 2 depending on the 
or ienta t ion of the ro ta t ion a x i s . 

I f nitrogen is adsorbed into s i t e s which reduce or 
eliminate i t s r o t a t i o n a l freedom and, i f the nitrogen quadrupole 
is aligned with the cat ion f i e l d gradient, then a s i g n i f i c a n t 
increase i n the value of 0-Q may be expected. This was exactly 
the r e s u l t observed for CO2 adsorbed on small-port mordenite (19). 
At low coverages, CO2 molecules were adsorbed into the pore shaped 
side pockets and held with l i t t l e r o t a t i o n a l freedom. Z e o l i t i c cat
ions are located at the end of each of these side pockets (16), so 

#F-Q is a maximum and, consequently, the heat of adsorption is 
high . It is the objective of th is research to demonstrate that 
for cer ta in adsorption condit ions , s i m i l a r side-pocket adsorption 
is s i g n i f i c a n t for nitrogen leading to high heats of adsorption. 

EXPERIMENTAL 

Materials 
The samples used i n this study were both natural and 

synthetic v a r i e t i e s of mordenite and are l i s t e d i n Table I . Each 
material contained more than 95% pure z e o l i t e with the remainder 
being amorphous material as measured by x-ray diffractometry . 
Before being used i n experimentation, each sample was exchanged to 
the sodium form. 
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TABLE I 

ZEOLITE SAMPLES USED 

Sample 

Zeolon 900 
HB-33 (Si/Al=7.75) 
HB-33 dealuminated a (Si/Al=126) 
Alaskan Mordenite 

ZE-502 Zeoharb b 

Z e o l i t e NaA 

Source (or supplier) 

Norton Company Lot No. 40644 
Norton Company Lot No. 6EH 
Norton Company Lot No. 6EH 
Horn's Mountain 

Area Si te #45 D . B . Hawkins(18) 
Osaka Oxygen 

Industries 
L t d . Japan Lot No. 6203738 

a. This sample was dealuminated using procedures outl ined by 
Chang (17). 

b. The Zeoharb is a natural mordenite mined i n Japan. Deposit 
l o c a l i t y is unknown. 

Ion exchange was performed by crushing and sieving the 
z e o l i t e to between 70-200 mesh (Tyler standard). Approximately 
50 grams was placed into an Erlenmeyer f l a s k , 250 ml of IN NaCl 
so lut ion was added and the s l u r r y was agitated for 16 hours. 
This procedure was repeated for a t o t a l of f i v e exchanges. 

After fhe f i n a l exchange, the s l u r r y was washed 
several times with d i s t i l l e d water i n a Buchner funnel and the 
f i l t e r cake was placed i n a 110°C drying oven overnight. The 
dried cake was mulled gently before use. 

Each mordenite was treated using the same procedure 
except for the HB-33. Since this sample was received i n the 
unexchanged form, the sample was activated i n vacuum and exposed 
to anhydrous ammonia at room temperature to insure each 
z e o l i t i c cation was ammonium. The sample was then sodium ex
changed using the procedure outl ined above. 

Adsorption 
Adsorption isotherms were determined on a Cahn 1000 

vacuum micro-balance system, using a Leybold-Heraeus Turbotronic 
TMP 120 turbomolecular pump for evacuation and a v a r i a b l e - l e a k 
valve for adsorbate gas i n j e c t i o n . Approximately O.3 grams 
of the sodium-exchanged z e o l i t e was placed into a 1 cm. diameter 
hemispherical quartz sample pan within the adsorption chamber 
of the balance and act ivated. The a c t i v a t i o n was accomplished 
by heating the mordenite to 4 0 0 ° C - 2 C under a vacuum 
of < 5 χ 10~6 torr and maintaining these conditions for 
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16 hours. The adsorption run was i n i t i a t e d by allowing the 
sample to cool to run temperature and i n j ecting the adsorbate 
gas. Adsorption equil ibr ium was assumed when the sample weight 
varied less than 1 χ 10 grams i n 30 minutes. The equil ibrium 
nitrogen capacity was measured at pressures from O.2 to 700 mmHg 
using a 170 series MKS Baratron high accuracy e lec t ronic 
manometer. When the f i n a l equi l ibr ium pressure was reached, 
the sample was react ivated. Three repl icates of the Alaskan 
mordenite sample were run to insure experimental accuracy 
and r e p r o d u c i b i l i t y . 

N-15 NMR Analysis 
Nitrogen-15 nmr spectra were obtained at 9.12 and 

20.72 MHZ on spectrometers using external l ^ F time-share, 
f ie ld-frequency lock . D e t a i l
are published elsewher

Samples of approximately one gram of sodium-exchanged 
Alaskan mordenite were placed i n 10 mm O. D. nmr tube f i t t e d 
with o - r ing seals and degassed under vacuum with a programmed 
temperature r i s e to 3 5 0 ° C . Af ter cool ing , the samples were 
allowed to equi l ibra te with a known pressure of (Prochem 
L t d . ; 95% ^N) and sealed. Spectra were obta inedon samples 
equi l ibrated with 10, 72, 206, 760 and 792 mmHg N 2 cor 
responding to O.16, O.54, 1.02, 2.26 and 2.32 gN 2 adsorbed/100 g 
mordenite. 

RESULTS AND DISCUSSION 

Adsorption Isotherms 
The equil ibr ium adsorption capacity for nitrogen was 

determined for each of the samples tested. Isotherms were 
measured i n the range of O.2 to 700 mmHg adsorbate gas pressure 
and at 22 , 40 and 65 C. Due to the amount of data taken, 
(and to reduce the number of f igures presented) adsorption 
data were f i t t e d to Freundlich isotherm model. This model 
was chosen af ter tes t ing a p p l i c a b i l i t y of several models, 
including the Henry's Law, Langmuir and Temkin models. In 
each instance, the Freundlich isotherm was found to provide 
a s i g n i f i c a n t l y better agreement with the obtained data. 

The Freundlich equation is an exponential r e l a t i o n of 
gas loading with adsorbate gas pressure. The form of the 
equation used for curve f i t t i n g is given below: 

X = K P 1 / n 2) 
m 

where X/m is the grams of nitrogen adsorbed per 100 grams of 
anhydrous z e o l i t e , Κ and η are the Freundlich constants and Ρ 
is the equil ibrium adsorbate gas pressure i n mmHg. To 
determine the q u a l i t y of f i t for the adsorption model, a 
c o e f f i c i e n t of determination, r 2 , was calculated for each 
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isotherm. A value of τ1 equal to 1.00 indicates a perfect 
f i t . The Freundlich constants and the c o e f f i c i e n t of deter
mination for each z e o l i t e are l i s t e d i n Table I I . 

TABLE II 

FREUNDLICH CONSTANTS AND COEFFICIENT OF DETERMINATION 

Sample T(C°) 3 a 

K x l 0 J l / n a 
2 

r 

Zeolon 900 20 32.7 O.65 1. 00 
II 43 11.6 O.73 1. 00 
II 67 8.85 O.68 1. 00 

Zeolon HB33 26 8.46 O.76 O. 98 
It 

Zeolon HB33 dealuminated 26 7.51 O.54 O. 91 
II 40 4.77 O.57 O. 95 
It 64 1.32 O.74 O. 95 

Alaskan Mordenite 22 39.6 O.61 1. 00 
41 26.7 O.60 O. 99 
64 9.70 O.70 O. 98 

ZE-502 Zeoharb 22 12.2 O.70 O. 99 
II 40 4.79 O.80 O. 99 
tt 65 2.68 O.80 O. 99 

Z e o l i t e NaA 23 12.1 O.56 O. 92 
42 1.58 O.88 1. 00 
65 O.90 O.88 O. 98 

a. From Equation 2. 

Heats of Adsorption 
The i s o s t e r i c heats of adsorption, A H £ S O , were c a l 

culated as a function of nitrogen loading for each of the 
samples tested. For each sample, the A H i s o was found to decrease 
logar i thmical ly with increased loading and this f u n c t i o n a l i t y is 
consistent with the assumptions of the Freundlich adsorption 
equation. As before, the brevi ty of presentation, the 
heat of adsorption data were curve f i t t e d to an equation of the 
form: 

A H i s o β a + bln(X/m) 3) 

where a and b are constants and X/m is the loading as expressed 
i n the isotherm equation. The equation constants for each of the 
samples tested are l i s t e d i n Table I I I . Two t y p i c a l heat of ad
sorption curves are presented i n Figure 1. 

Using these heats of adsorption curves, the i n i t i a l 
heats AHiso, were determined for the f i v e mordenite samples. 
Values for the AHiso were derived by a l i n e a r extrapolation of 
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Figure 1. Heat of adsorption for Alaskan mordenite ( , ) and for Zeolon 900 ( e). 
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data taken at low nitrogen loadings. The i n i t i a l heats are 
plotted as a function of s i l i c o n to aluminum r a t i o i n Figure 2 
and are l i s t e d i n Table I I I . These i n i t i a l heats of adsorption 
are s i g n i f i c a n t as they indicate the energies of in terac t ion 
between the nitrogen and the most energet ical ly favorable ad
sorption s i t e s i n the mordenite s t ructure . At these low l e v e l s 
of nitrogen adsorption, the in terac t ion energy due to adsorbate-
adsorbate repulsion are n e g l i g i b l e . 

TABLE III 

HEAT OF ADSORPTION CONSTANTS, 
INITIAL HEATS AND SILICON ALUMINUM RATIOS 

Sample 
Constant

a b 
/100g)

Zeolon 900 6.41 -O.76 O.97 O.01 1.00 4.18 9.5 
Zeolon HB33 4.44 -O.22 O.85 O.01 O.80 7.75 6.0 
Zeolon HB33 3.36 -O.30 O.91 O.01 O.20 126 5.5 
(Si/Al=126) 
Alaskan Mord. 6.72 -O.82 O.91 O.01 1.30 3.93 9.3 
ZE502 Zeoharb 3.89 -1.08 O.91 O.01 O.75 4.68 9.3 
Z e o l i t e NaA 3.49 -O.11 O.82 O.01 O.25 — 6.5 
Barrer (19) 4.75 7.0 
Takaishi (13) 5.05 6.6 

a. From Equation 3. 
b . This is the range of nitrogen loadings (gN2/100 g mordenite) 

where th is c o r r e l a t i o n is v a l i d . 
c. Determined by inductively-coupled argon plasma o p t i c a l emission 

spectroscopy by Monsanto Company's Physical Science Center. 

The i n i t i a l heats of adsorption (Figure 2) of nitrogen 
on mordenite show a marked decrease as the s i l i c o n content of the 
z e o l i t e increases. The r e s u l t i n g tflfso curve is not a con
tinuous funct ion, but rather has an abrupt d iscont inui ty at 
S i / A l of 4.70. The curve consists of two approximately h o r i 
zontal l i n e s having ΔΗι 8 0 equal to 9.3 to 9.5 at S i / A l below 
4.70 and A H i s o of 7.0 to 6.0 being obtained above the c r i t i c a l 
S i / A l r a t i o . These resul t s indicated that the i n i t i a l nitrogen 
adsorption i n mordenite takes place at two s i t e s energet ical ly 
d i f f e r e n t by 2.5 Kcal/mole and the existance of the high 
energy s i tes require that the S i / A l be less than 4.70. 

Z e o l i t e pore diameters increase as aluminum is i s o -
morphically substituted for s i l i c o n i n the c r y s t a l s t ructure . 
Given the re la t ionship observed between the i n i t i a l heat of 
adsorption and the s i l i c o n to aluminum r a t i o , we suggest that 
a s t e r i c a l l y d i f f e r e n t adsorption s i t e becomes avai lable for 
nitrogen when the S i / A l is below the c r i t i c a l value of 4.70. 
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The a v a i l a b i l i t y of such a new s i t e would most l i k e l y be the 
consequence of the mordenite structure undergoing a c r y s t a l 
l a t t i c e expansion, opening the 8-membered r i n g side pocket for 
adsorption. 

In order to insure the v a l i d i t y of the resul ts pre
sented, heats calculated were found to be i d e n t i c a l to those 
measured for NaA at near-ambient-temperature by other 
investigators (21, 22). 

Nitrogen-15 NMR Analysis 
The nitrogen-15 nmr spectra (Figure 3) of sodium 

exchanged Alaskan and HB33 mordenites were analyzed for the 
chemical s h i f t anisotropy tensors. The chemical s h i f t aniso-
tropy tensors have been measured for s o l i d nitrogen at 4.2K(23) 
and calculated to be 603.2
observed chemical s h i f
o r i e n t a t i o n a l parameter ξ, where 

4) 
J-

<Otf - O i > i s the observed, motionally averaged chemical s h i f t 
anisotropy axiàC^ ~<.χϊ& the s t a t i c anisotropy. 

The o r i e n t a t i o n a l order parameter is the second 
Legendre polynomial of cos8 and, where the chemical s h i f t 
dispersion is reduced by r o t a t i o n a l averaging, ξ is given 
by 

ξ - 1/2 <3cos 2 6-l> 9 5) 

where θ depends on the angular amplitude of the r o t a t i o n . 
The same motion which reduces the chemical s h i f t 

dispersion of the adsorbed nitrogen also reduces the f i e l d -
gradient quadrupole in terac t ion energy. For a molecule which is 
undergoing ro ta t ion we can combine Equations 1 and 5 to give 

i< - -12 r 6) 
/ p - Q 2r . ° ' 

where ζ is d i r e c t l y measured from the nmr powder spectrum. 
Using the or ienta t ional order parameter from the motional 
narrowing of the chemical s h i f t d ispers ion , we can calculate 
the f i e l d - g r a d i e n t quadrupole interac t ion energy without 
any assumptions concerning the adsorbate motion. 

For N 2 adsorbed on Alaskan mordenite, the chemical 
s h i f t dispersion from the chemical s h i f t anisotropy is reduced 
to about 190 ppm and so ζ= O.31. For sodium-exchanged Zeolon 
113330^ -0χ>= 90 ppm and ξ = O.19. From Equation 6, and as
suming that F of the adsorption s i t e s are s i m i l a r for the 
two z e o l i t e s , we estimate that the contribution of jZ%-Q is 

about twice as large for the Alaskan mordenite as for HB33. 
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1 I 1 ' ' ' I 1 ' 1 1 1 ' ' ' ' , ' ' ' 
10000 5000 0 -5000 Hz 

Figure 3. 
20.72MHZ N-NMR of adsorbed nitrogen on Na± HB33 (upper) and 
Alaskan mordenite (lower). 
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CONCLUSIONS 

Both the heat of adsorption and the N^-NMR resul ts 
indicate that , for mordenite samples with a S i / A l of less than 
4.70, nitrogen is s e l e c t i v e l y adsorbed into the side-pocket 
adsorption s i t e . In the sodium-exchanged form of mordenite, 
the pore-shaped side pockets are accessible from the 12-
membered r i n g main channel and a sodium cation is located at 
the opposite end e f f e c t i v e l y c los ing o f f t h i s 8-membered r i n g 
channel (16). The shape of the side-pocket is such that ad
sorbed nitrogen molecules have r e s t r i c t e d ro ta t ional freedom. 
Such a forced alignment of the quadrupole axis with the cat ion 
f i e l d gradient causes <3COŜ 6-1>Q to assume i t s maximum value 
r e s u l t i n g i n an increas

The discont inui t
t i o n with decreasing S i / A l resul ts from the isomorphic sub
s t i t u t i o n of aluminum for s i l i c o n i n the 8-membered side 
pocket r ing s tructure . As the aluminum content of the z e o l i t e 
increases, the s i z e of the side-pocket increases corresponding
l y . This occurs to a degree where nitrogen can enter this 
adsorption s i t e without s t e r i c hindrances. In mordenites with 
Si/Al>4.70, the side-pocket dimensions are reduced to the point 
where nitrogen can no longer enter these energet ical ly favored 
s i t e s and adsorption can only take place i n the z e o l i t e ' s 
12-membered-ring main channel. Side-pocket nitrogen adsorption 
is therefore, considered to be unique to mordenites with S i / A l 
of less than 4.70. 
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Diffusion in A, X, and Y Zeolites 
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Diffusion of hydrocarbons and other simple molecules 
in A, X and Y zeolite
of experimental
rate measurements, chromatography and NMR. The 
advantages and limitations of these techniques are 
considered and results of recent experimental 
studies are reviewed with emphasis on the detailed 
microdynamic information obtainable by NMR. 

E a r l i e r studies of i n t r a c r y s t a l l i n e d i f f u s i o n in zeol i tes 
were car r ied out almost exclusively by di rec t measurement of 
sorption rates but the l i m i t a t i o n s imposed by the intrusion of 
heat transfer and e x t r a - c r y s t a l l i n e mass transfer resistances were 
not always f u l l y recognized. As a resul t the reported d i f f u -
s i v i t i e s showed many obvious inconsistencies such as differences 
in d i f f u s i v i t y between adsorption and desorption measurements(1~3)9 

d i f f u s i v i t i e s which vary with f r a c t i o n a l uptake(4) and large d i s 
crepancies between the values measured in d i f f e r e n t laboratories 
for apparently s imilar systems. More recently other experimental 
techniques have been a p p l i e d , including chromatography and NMR 
methods. The l a t t e r have proved espec ia l ly useful and have 
allowed the microdynamic behaviour of a number of important systems 
to be elucidated in considerable d e t a i l . In t h i s paper the ad
vantages and l i m i t a t i o n s of some of the common experimental 
techniques are considered and the resul ts of studies of d i f f u s i o n 
in A , X and Y z e o l i t e s , which have been the subject of several 
detai led invest igat ions , are b r i e f l y reviewed. 

Sorption Rate Measurements 

Measurement of the transient adsorption or desorption curve 
for a sample of zeol i te c r y s t a l s exposed to a step change in 
ambient sorbate concentration (pressure) provides, in p r i n c i p l e , 
a simple and direc t method of measuring the i n t r a c r y s t a l l i n e 
d i f f u s i v i t y (D). Such measurements are conveniently carr ied out 
by gravimetric , volumetric or piezometric methods. The 
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diffusional time constant (D/r2) is determined by matching the 
experimental uptake curve to the appropriate transient solution 
of the diffusion equation, which, for the simplest case of a set 
of uniform spherical crystals subjected to a step change in con
centration at time zero, is given by: 

mt/moo ~ 1 - ( 6 / ϊ Τ 2 ) ? — . exp (-n27T2D t/r 2) (1) 
n-1 n 2 

This methods depends on the implicit assumption that the up
take rate is controlled entirely by intracrystalline diffusion in 
an isothermal system, with all other resistances to either mass or 
heat transfer negligible. This is a valid approximation i f dif
fusion is sufficiently slow or i f the zeolite crystals are 
sufficiently large but
sional resistance shoul
verification. In many practical systems, particularly with small 
commercial zeolite crystals, the external heat and mass transfer 
resistances are in fact dominant. A detailed discussion of such 
effects has been given by Lee and Ruthven(5-7), 

In order to minimize external (bed) diffusion resistance and 
maximize the heat transfer rate it is desirable to use a very 
small adsorbent sample with the crystals spread as thinly as 
possible over the balance pan or within the containing vessel. To 
minimize the effect of non-linearities, such as the strong con
centration dependence of the diffusivity, measurements should be 
made differentially over small concentration changes. Variation 
of the step size and comparison of adsorption and desorption 
curves provide simple tests for linearity of the system. The 
large differences between adsorption and desorption diffusivities, 
reported in some of the earlier work, have been shown to be due 
to the concentration dependence of the diffusivity (8 ) and in dif
ferential measurements under similar conditions no such anomaly 
was observed. 

Variation of the crystal size and/or the adsorbent sample bed 
configuration provide simple and direct experimental tests for 
intracrystalline diffusion control. As an example diffusional 
time constants for CO2 in several different size fractions of 4A 
crystals 

(9) 
are shown in f igure 1. For the larger crystals the 

data conf irm intracrystalline control in a near isothermal system 
since the values of D/r 2 give consistent values of D. For the 
smallest (7.3ym) crystals, however, analysis of the uptake curves 
according to eqn. 1 leads to apparent values of D/r 2 which show 
an unusual concentrât ion dependence and which are only slightly 
larger than the values for the 21.5μιη crystals. Detailed analysis 
reveals that in the smallest crystals heat transfer resistance is 
important. Re-analysis of the uptake curves according to the 
non-isothermal model of Lee and Ruthven(5) leads to diffusivity 
values which are entirely consistent with the data for the larger 
crystals. 
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Chromatography 

In the chromatographic method a pulse or step change in sor-
bate concentration is introduced into the c a r r i e r stream at the 
i n l e t of a packed adsorption column and the d i f f u s i o n a l time con
stant is determined from the dispersion of the response signal at 
the column o u t l e t . Since heat transfer i n a packed bed is much 
fa s t e r than i n a closed system the chromatographic method may, i n 
p r i n c i p l e , be used to follow somewhat fa s t e r sorption processes. 
The choice between step or pulse inputs is governed solely by 
p r a c t i c a l convenience since the same information may be obtained 
from ei t h e r measurement. Although most commonly used with an i n e r t 
c a r r i e r to measure the l i m i t i n g d i f f u s i v i t y at low sorbate con
centrations, the method may be extended to the study of d i f f u s i o n 
at any concentration b ( 1 6 , 2 1 )

The theory of chromatograph
l i n e a r system with d i f f u s i v i t y independent of concentration over 
the relevant range. The v a l i d i t y of t h i s assumption may be con
veniently tested by varying the pulse (or step) s i z e . 

The a n a l y s i s of chromatographic data is commonly c a r r i e d out 
by determining the f i r s t and second moments of the response peak. 
This method is simple and convenient although somewhat more 
accurate r e s u l t s may be obtained by more sophisticated methods 
such as Fourier transform or d i r e c t matching of the response 
curves i n the time domain (10-14) . 

The d e f i n i t i o n s of the moments and t h e i r r e l a t i o n s h i p to the 
system parameters for a biporous (macropore-micropore) adsorbent 
such as a commercial p e l l e t e d molecular sieve are given by the 
following equations 

( 1 5 , 1 6 ) . 

μ Ξ /c.t.dt /A.dt = è)tl+(i=£)Kj (2) 
η Ο V t . r 

2 μ 2 2 μ 2 ο ° 

uk + ( L ) ( V ) f R + R 2
 + ^ 2 1 Γχ + §. f 2

 (3) 
vL + Η - ε ' V L 3k + 159D p

 + 1 5 K p D j L 1 + ( l - e ) K p J 

where Kp Ξ Θ + ( 1 - 0 ) K C . F o r a s t r o n g l y a d s o r b e d s p e c i e s ( K p , 1 . 0 ) 
e q n . 3 r e d u c e s t o the f a m i l i a r f o r m : 

2v " 2 μ 2 ν v2 + W l 3 k f 15θϋρ + 1 5 D K p J W 
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In order to determine the i n t r a c r y s t a l l i n e d i f f u s i o n time 
constant from a chromatographic measurement, it is necessary to 
ensure that the contributions from other mass transfer resistances 
(external f i l m and macro d i f f u s i o n ) are not important. This can 
often be achieved by reducing the size of the adsorbent p a r t i c l e s . 
Var ia t ion of the p a r t i c l e size provides a simple and convenient 
test for the s ignif icance of ex t racrys ta l l ine resis tance . It is 
in p r i n c i p l e possible to eliminate external mass transfer r e s i s 
tance by packing the column with unaggregated crys ta ls rather 
than with pel le ted mater ia l . In pract ice it is however d i f f i c u l t 
to obtain s u f f i c i e n t l y large quanti t ies of the larger c rys ta ls to 
pack any reasonable length of column. 

The el imination or estimation of the a x i a l dispersion con
t r i b u t i o n presents a more d i f f i c u l t problem. Established cor 
re la t ions for the a x i a l
unrel iable for small p a r t i c l e
it has recently been shown that dispersion i n a column packed with 
porous p a r t i c l e s may be much greater than for inert non-porous 
p a r t i c l e s under s imilar hydrodynamic conditions(19,20) β one method 
which has proved useful is to make measurements over a range of 
v e l o c i t i e s and plot ( σ 2 / 2 μ 2 ) ( L / v ) vs l / v ^ . It follows from eqn. 6 
that in the low Reynolds number region where D L is e s s e n t i a l l y 
constant, such a plot should be l inear with slope D L and intercept 
equal to the mass transfer resistance term. R e p r é s e n t a t i v e data 
for several systems are shown plot ted in t h i s way in f igure 2(21). 
CF4 and 1C4H10 molecules are too large to penetrate the 4A zeol i te 
and the intercepts correspond only to the external f i l m and macro-
pore d i f f u s i o n resistance which varies l i t t l e with temperature. 
For Ν2 which can penetrate the sieve the intercept is much larger 
and strongly temperature dependent, as a resul t of the dominance 
of i n t r a c r y s t a l l i n e d i f f u s i o n resis tance . 

Several systems have been investigated by both gravimetric 
and chromatographic methods with consistent results(16 ,21) . 
Since the ex t racrys ta l l ine resistances to both heat and mass 
transfer are c e r t a i n l y d i f f e r e n t in the gravimetric and chroma
tographic systems such agreement confirms i n essence the v a l i d i t y 
of both experimental methods. 

NMR Methods 

The appl ica t ion of NMR to the study of d i f f u s i o n i n zeol i tes 
involves the refinement and extension of methods o r i g i n a l l y 
developed to study s e l f d i f f u s i o n in l i q u i d s and low melting 
s o l i d s . The method is r e s t r i c t e d to species such as hydrocarbons 
which contain a s u f f i c i e n t l y high density of atoms such as Η with 
unpaired nuclear spins . Authori ta t ive reviews of the appl ica t ion 
of NMR to the study of adsorbed molecules have been given by 
Pfeifer(22,23) a n d only a b r i e f outl ine is included here. 

Relaxation Time Measurements The e a r l i e r NMR measurements 
depended on determining the c o r r e l a t i o n time for molecular r e 
or ientat ion ( T c ) which was considered as equal to the average time 
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Figure 2. 
Plots of ( σ ^ / 2 μ 2 ) ( L / v ) vs v""^ from chromatographic data 
for 4A sieve . (iso-butane at 398K, ο ; 448K, . : CF4 at 
333K, D ; 353K, m; 373K, x : N 2 at 308K, Δ ; 363K, A.) 
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between molecular jumps. This quantity may be found from measure
ments of the longi tudinal ( s p i n - l a t t i c e ) relaxation time as a 
function of temperature. The d i f f u s i v i t y is then estimated from 
E i n s t e i n ' s equation (D = Χ2/6τ for an i sot ropic cubic l a t t i c e ) 
using a reasonable estimate for the mean square jump length ( λ ? ) . 
Since the jump length generally cannot be estimated with confidence 
this represents a severe l i m i t a t i o n of the method. 

Pulsed F i e l d Gradient (PFG) Self D i f f u s i o n Measurement(24) 
This method, which was f i r s t developed by Stejskal and TannerC25-26) 
for l i q u i d s , provides a more r e l i a b l e measurement of the se l f 
d i f f u s i v i t y since the mean square molecular displacement, i n a 
known time in terva l of a few ms, is measured d i r e c t l y . 

A pulsed magnetic f i e l d gradient is applied to a sample pre 
pared by a radio frequenc
This s tar ts the nuclear
determined by the pos i t ion of the molecule at time zero. After a 
known time in terva l the gradient pulse is reversed. If there were 
no d i f f u s i o n the second gradient pulse would exactly counteract the 
effect of the f i r s t pulse , leaving all spins i n phase. However, 
as a resul t of molecular migration the cancel la t ion is incomplete 
and the attenuation of the s ignal provides a d i rec t measurement of 
the mean square displacement during the known time in terva l between 
gradient pulses . A number of conditions concerning the duration of 
the time interval r e l a t i v e to the relaxation time must be f u l f i l l e d 
and the rms displacement must be less than the c r y s t a l 
diameter (24,27). χ η β net resul t of these l i m i t a t i o n s is to 
r e s t r i c t the method to r e l a t i v e l y rapidly d i f f u s i n g systems 
( D ^ l O ^ c n ^ . s " 1 ) . 

The var ia t ion in apparent d i f f u s i v i t y with temperature and 
c r y s t a l size is of the form i l l u s t r a t e d i n f igure 3. At lower 
temperatures and i n larger c r y s t a l s the rms displacement is always 
smaller than the c r y s t a l diameter and under these conditions the 
i n t r a c r y s t a l l i n e d i f f u s i v i t y is measured d i r e c t l y . At higher 
temperatures and for smaller c rys ta ls the molecule escapes from the 
c r y s t a l during the time interval of the measurement and the 
apparent d i f f u s i v i t y corresponds to the long range e f f e c t i v e extra-
c r y s t a l l i n e or macro d i f f u s i v i t y . In the intermediate region there 
is a plateau region of r e s t r i c t e d d i f f u s i o n in which the molecules 
do not have s u f f i c i e n t energy to escape from the c r y s t a l and are 
ref lec ted from the surface. The d i f f u s i v i t y at the plateau is 
simply related to the c r y s t a l size and t h i s provides a direc t check 
on the consistency of the method. Other simple tests such as 
blocking the i n t e r c r y s t a l l i n e space with CCI4 have also been per 
formed in order to confirm that the signals are associated with 
i n t r a c r y s t a l l i n e rather than ex t racrys ta l l ine d i f f u s i o n ( 2 7 ) . 

Combining the PFG self d i f f u s i o n measurement with a measure
ment of the cor re la t ion time provides a means of determining 
d i r e c t l y the mean jump distance. 
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Γ 

1 ^ 
τ 

Figure 3. 
Variation with temperature of effective diffusivity 
from NMR PFG experiment for n-hexane in NaX zeolite. 
r=O.9ym, 0=O.49, O; r=2ym, Θ=O.39, V; r=9ym, 0=O.35, 
Ο and r=25ym, 0=O.29, o. ( 0 = fractional saturation; 
saturation capacity 215 mg/g). 
(Reproduced with permission from Ref. 24. Copyright 1976, 

Z. Chemie.) 
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Fast Tracer Desorption There are many z e o l i t i c systems in 
which i n t r a c r y s t a l l i n e d i f f u s i o n is too slow to measure d i r e c t l y 
by the PFG method. A modification of th is method which makes it 
p o s s i b l e , under cer ta in condit ions , to measure much slower d i f 
fusion processes has recently been introduced by Karger(28,29). 
By increasing the time interval in a PFG experiment an increasing 
f r a c t i o n of the molecules escapes from the c r y s t a l during the time 
interval of the measurement. If there is a s u f f i c i e n t l y large d i f 
ference between the i n t r a c r y s t a l l i n e and e f f e c t i v e ex t racrys ta l l ine 
d i f f u s i v i t i e s it becomes possible to determine the f r a c t i o n 
escaping during the time interval of the measurement from the 
var ia t ion of the s ignal attenuation with the intensi ty of the 
gradient pulse . By varying the time i n t e r v a l it is then possible 
to determine the desorption curve for the spin label led molecules 
under equil ibr ium condit ions
found by matching t h i s desorptio
time constants measured d i r e c t l y by the PFG method provides direc t 
evidence concerning the s ignif icance of any 'surface b a r r i e r ' to 
mass transport . 

Comparison of NMR and Sorption D i f f u s i v i t i e s 

The re la t ionship between the transport d i f f u s i v i t y (D), as 
measured under non-equilibrium conditions i n an uptake experiment 
and the tracer se l f d i f f u s i v i t y ( D s ) , measured under equil ibr ium 
conditions in an NMR experiment, has been discussed by Ash and 
Barrer(30) and Karger (31,32) 9 w n o show that 

D(c) = D s (c ) . ( | ΐ Β Ε ) [ 1 - ί ] - 1 (5) 

where f represents a pos i t ive function of the concentrations of 
marked and unmarked molecules and the straight and cross c o e f f i -
ents of i r r e v e r s i b l e thermodynamics. It follows that the corrected 
d i f f u s i v i t y (DQ) and se l f d i f f u s i v i t y are related b y : 

D 0 - D(31nq/81np) = D s / ( l - f ) (6) 

At low sorbate concentrations f-.o and eqn. 6 reduces to the f a m i l i a r 
Darken equation(33). i n comparing the resul ts of sorption and NMR 
d i f f u s i v i t y measurements it is l o g i c a l to compare D 0 with D s , even 
though exact agreement can be expected only at low sorbate con
centrat ions . At higher concentrations one may expect D Q ^ D s / ( l - f ) . 

D i f f u s i o n in Type A Zeoli tes 

The channels of zeol i te A are obstructed by 8-membered oxygen 
rings of free diameter ^4.2A. In the Ca form (5A) the windows are 
open whereas in the Na form (4A) or Κ form (3A) the windows are 
p a r t i a l l y obstructed by Na+ or K + ions. For all but the smallest 
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molecules, passage through the window is hindered by a s i g n i f i c a n t 
repulsive energy b a r r i e r and d i f f u s i o n a l a c t i v a t i o n energies of 
several kcal/mole are t y p i c a l . As a consequence of the r e l a t i v e l y 
high a c t i v a t i o n energy d i f f u s i v i t i e s are generally less than about 
10~8 cm2.s~l at room temperature (except for very small molecules 
i n 5A). D i f f u s i v i t i e s of th is magnitude are s u f f i c i e n t l y low to 
permit r e l i a b l e determination from uptake rate measurements, 
p a r t i c u l a r l y in the larger c r y s t a l s (20-50ym) which are e a s i l y 
synthesized by C h a r n e l l . s method(34). Measurement of d i f f u s i o n of 
C1-C4 alkanes in 5A is also possible by NMR methods but d i f f u s i o n 
in 4A or of higher hydrocarbons in 5A is too slow to measure by 
the PFG method. 

The behaviour of some representative systems is i l l u s t r a t e d in 
f igures 4-6. The d i f f e r e n t i a l d i f f u s i v i t y generally shows a strong 
increase with sorbate concentratio
n o n - l i n e a r i t y If the re la t ionshi
as defined by the equil ibr ium isotherm. Corrected d i f f u s i v i t i e s , 
calculated according to eqn. 6, are e s s e n t i a l l y constant within 
the l i m i t s of experimental uncertainty. The d i f f u s i o n a l a c t i v a t i o n 
energy depends strongly on the diameter of the sorbate molecule 
r e l a t i v e to the sieve window, as is to be expected i f the repulsive 
energy required to pass through the window is the major energy 
b a r r i e r . In f igure 4 the van der Waals radius is used as a measure 
of molecular diameter but , although the corre la t ion is good, it is 
c lear that shape of the molecule is also important since molecules 
such as 1C4H10 (σ 0 %4.48Α) and cyclohexane ( σ 0 ^ 4 . 8 A ) cannot 
penetrate the 5A l a t t i c e while l inear p a r a f f i n s with much larger 
van der Waals radius can penetrate e a s i l y . 

The var ia t ion of d i f f u s i v i t y with ion exchange in the Na-CaA 
zeol i tes has been shown to be consistent with a simple model based 
on a random d i s t r i b u t i o n of open (5A type) and p a r t i a l l y closed 
(4A type) windows(36). χ η β model predicts a sharp change in both 
d i f f u s i v i t y and ac t iva t ion energy at 33% Ca..+ exchange and t h i s is 
confirmed by the experimental data . 

Measurements for a given sorbate in several d i f f e r e n t 4A and 
5A sieve samples show large differences in d i f f u s i v i t y but l i t t l e 
v a r i a t i o n m ac t iva t ion energy 

(9,35,36,41). D i f f u s i o n of n-butane 
and propane in large Charnell 5A crys ta ls has been measured by both 
sorption and NMR (PFG) with consistent resul ts (figure 5)(^1). 
However, the NMR measurements showed l i t t l e difference in d i f 
f u s i v i t y between the small Linde c r y s t a l s and the large Charnell 
c r y s t a l s whereas the uptake measurements show a very large d i f 
ference in d i f f u s i v i t y . This and other s imilar observations led to 
the suggestion that the uptake rate in the small Linde c rys ta ls 
may be l imited by a surface b a r r i e r rather than by a true d i f -
fus ional resistance(27) . j n apparent support of t h i s hypothesis 
measurements of uptake rates in 5A c r y s t a l s showed a large decrease 
in apparent d i f f u s i v i t y with c r y s t a l s s ize(42) . This however 
appears to have been due to the intrusion of heat transfer r e 
sistance which becomes s i g n i f i c a n t for the smaller c r y s t a l s . A 
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3.0 4.0 5J0 6.0 
<.Ό (A) 

Figure 4. 
Variat ion of d i f f u s i o n a l ac t iva t ion energy with van der 
Waals radius ( σ 0 ) for d i f f u s i o n in 4A and 5A zeoli tes 
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Figure 5. 
Arrhenius plot showing comparison of corrected sorption 
d i f f u s i v i t i e s (D 0) and NMR se l f d i f f u s i v i t i e s (D s) for 
A , butane and B, propane in 5A zeol i te c r y s t a l s . (x,o 
55ym and 2 7ym Charnell c rys ta ls I . • , m 34ym and 
7.3ym Charnell c rys ta ls I I ; +, 3.6pm Linde c r y s t a l s ; 
Α, Δ 21ym Charnell c rys ta ls III at 2.0 and 3.5 
molecule/cage.) 
(Reproduced with permission from Ref. 41. Copyright 1981, 
J. Chem. Soc.) 
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Figure 6. 
Arrhenius p lo t showing temperature dependence of cor 
rected d i f f u s i v i t y for N 2 in various di f ferent samples 
of 4A c r y s t a l s . 
(Reproduced with permission from Ref. 35. Copyright 1980, 

J. Chem. Society. ) 
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s i m i l a r study c a r r i e d out i n t h i s laboratory, i n which heat 
transfer was allowed f o r i n the analysis of the uptake curves(5) 
showed the d i f f u s i v i t y to be e s s e n t i a l l y indpendent of c r y s t a l 
size(35). 

With the development of the f a s t tracer desorption NMR method 
a more det a i l e d i n v e s t i g a t i o n of these systems became possible. Â 
study of d i f f u s i o n of C2H6 i n 5A by t h i s method showed no 
s i g n i f i c a n t surface b a r r i e r , even when the sieve was dehydrated at 
600°C under conditions s i m i l a r to those used commercially(28,29), 
The sorption capacity and x-ray pattern were e s s e n t i a l l y the same 
as for a s i m i l a r sample dehydrated under milder conditions at 4 0 0 ° C . 
For the larger c r y s t a l s the d i f f u s i v i t y was also e s s e n t i a l l y 
independent of the dehydration conditions but for the small (<lym) 
c r y s t a l s the d i f f u s i v i t y was dramatically reduced by high tempera
ture dehydration to w i t h i
reported sorption data fo
Furthermore the reduction i n d i f f u s i v i t y was accompanied by an i n
crease i n a c t i v a t i o n energy from 1.3 kcal/mole to 2.8 kcal/mole, 
very close to the value of 3.0 kcal/mole for the Linde 
crystals(39). 

I t seems cle a r that, at least i n the case of 5A z e o l i t e , the 
large differences i n d i f f u s i v i t y between the uptake rate data f o r 
commercial c r y s t a l s and the NMR data f o r laboratory synthesized 
c r y s t a l s r e f l e c t a subtle difference i n structure r e s u l t i n g from 
differences i n the i n i t i a l dehydration conditions. One can 
sepeculate that a r e d i s t r i b u t i o n of the exchangeable cations may 
be involved but t h i s has not yet been proved. There seems to be 
no obvious explanation for the greater s e n s i t i v i t y to thermal 
treatment shown by the smaller c r y s t a l s . 

D i f f u s i o n i n Type X Zeolites 

The l a t t i c e of the f a u j a s i t e z e o l i t e s (types X and Y) is much 
more open than that of z e o l i t e A. The windows consist of 12-
membered oxygen, rings which are unobstructed by cations. The free 
diameter OW.5A) is large enough to admit quite large molecules 
such as naphthalene, mesitylene, neo pentane and t e r t i a r y amines. 
D i f f u s i o n is rapid and generally too f a s t to measure by conventional 
gravimetric or chromatographic methods except i n large c r y s t a l s . 
Recent experimental studies(43) and d e t a i l e d t h e o r e t i c a l 
analysis(6,7) reveal that e a r l i e r reported d i f f u s i v i t i e s f o r 
hydrocarbons i n z e o l i t e X, determined from uptake rate measure
ments (44-46)9 w e r e almost c e r t a i n l y i n error due to the i n t r u s i o n 
of e x t r a c r y s t a l l i n e mass and/or heat transfer resistance. A 
s i g n i f i c a n t repulsive energy b a r r i e r associated with passage 
through the sieve windows is observed only with very large 
molecules such as triethylamine or tributylamine and, i n contrast 
to the hydrocarbons, d i f f u s i o n of these species is slow enough to 
be determined from uptake rate measurements (-^ . 
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Saturated Hydrocarbons. A detai led study of the d i f f u s i o n of 
a series of l inear p a r a f f i n and cyclohexane in NaX has been r e 
ported by Karger, P f e i f e r et al.(47). The resul ts of these i n 
vestigations reveal a consistent pattern of behaviour which d i f f e r s 
in several s i g n i f i c a n t ways from d i f f u s i o n in zeol i te A. The 
general features are i l l u s t r a t e d in figures 7-9. The self d i f 
f u s i v i t y in all cases decreases strongly with increasing sorbate 
concentration but t h i s decrease in d i f f u s i v i t y is not due to an 
increase in d i f f u s i o n a l ac t ivat ion energy which, in the case of the 
l inear p a r a f f i n s , is e s s e n t i a l l y independent of loading. Compari
son of PFG self d i f f u s i o n measurements and relaxation measurements 
shows that the reduction in d i f f u s i v i t y ar ises from a reduction in 
the rms jump distance which f a l l s to about 1A at high loadings 
(see f igure 9 ), presumably as a resul t of the increasing im
portance of intermolecula
f u s i v i t y and d i f f u s i o n a
and free l i q u i d (figure 8) suggests that at higher loadings 
i n t r a c r y s t a l l i n e d i f f u s i o n occurs by e s s e n t i a l l y the same 
mechanism as l i q u i d d i f f u s i o n . Indeed the free volume theory has 
been successfully extended to i n t r a c r y s t a l l i n e d i f f u s i o n 

(47). 
The behaviour of cyclohexane 

(48) and i s o - p a r a f f i n s 
(41) IS 

b a s i c a l l y s imilar to that of the l inear alkanes. Act iva t ion 
energies are somewhat lower than for the l inear p a r a f f i n with the 
same carbon number and, in the case of cyclohexane, the a c t i v a t i o n 
energy decreases with loading (3.0-2.1 k c a l s ) . 

Benzene Benzene dif fuses much less rapidly than cyclohexane 
and the ac t ivat ion energy is higher (y5 kcal /mole) . Detailed 
studies by Lechert and co-workers(49-51) reveal that in zeol i te Y, 
which has no delocal ized cat ions , the benzene molecules tend to 
occupy tetrahedrally disposed s i tes with the molecules oriented 
p a r a l l e l to the six r i n g at a distance 3.2Â from the S2 c a t i o n . 
Up to a coverage of 4 molecules/cage the rms jump distance remains 
reasonably constant (3-4Â) and is approximately consistent with 
the s i t e - s i t e distance. 

Olef ins The d i f f u s i v i t y in NaX zeoli te decreases by about a 
factor of 10 in the sequence n-butane>t-butene>l-butene>cis-
butene(52). Ac t iva t ion energies for all these species are s imilar 
and increase somewhat with loading. Correlat ion times are also 
s imilar and the difference in d i f f u s i v i t y is due to a difference 
in the rms jump distance, which evidently varies as a resul t of 
d i f f e r e n t degrees of s te r i c hindrance to passage through the 12-
membered 0 r i n g . Thus for every jump between cages, the slowest 
d i f f u s i n g species (cis-butene) makes, on average, about. 8 jumps 
within a cage compared with only about two int ra cage jumps for 
trans-butene. This difference is a t t r ibuted to the or ient ing effect 
of the small but s i g n i f i c a n t dipole moment of c is -butene. 

P a r t i a l ion exchange of Na+ for A g + leads to a dramatic 
reduction in d i f f u s i v i t y for the o l e f i n s (more than two orders of 
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c o n c e n t r a t i o n / m g g"1 

Figure 7. 
Concentration dependence of s e l f d i f f u s i v i t y for 
i-octane n-heptane 7, η-octane, Φ and n-deeane 
at 358K. Points i n parenthesis are f o r f u l l y saturated sieve. 
(Reproduced with permission from Ref. 41. Copyright 1981, 
J. Chem. Soc.) 
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Comparison of d i f f u s i v i t i e s and d i f f u s i o n a l a c t i v a t i o n 
energies for l i n e a r paraf f ins as free l i q u i d s and ad
sorbed on NaX z e o l i t e . 
(Reproduced with permission from Ref. 47. Copyright 1980, 

J. Chem. Society. ) 
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Figure 9. 
Variation of rms jump distance with sorbate concen-
tration for saturated hydrocarbons on NaX zeolite. 
(Reproduced with permission from Ref. 47. Copyright 1980, 
J. Chem. Society.) 
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magnitude at 20% exchange) as a result of the strong o l e f i n - A g + 

interact ion(53) β There is a p a r a l l e l increase in corre la t ion 
time, r e f l e c t i n g a dramatic increase in the mean residence time at 
an adsorption s i te rather than any change in rms jump distance. 
Ion exchange for T1+ has the opposite e f f e c t , increasing the d i f 
f u s i v i t y r e l a t i v e to the N a + form. The reasons are less obvious. 

Theoretical Model As a simple model we may represent the 
potent ia l f i e l d within the zeol i te by a symmetric three 
dimensional s inusoidal f u n c t i o n : 

U - U 0 + i V 0 ( l - C o s ^ ) + i V o ( l - C o s ^ ) + è V 0 ( l - C o s ^ ) (7) a a a 
From t h i s model, fol lowin
derive theoret ical expression
constant(55,56), 

Vo v 0
 3 

Kc = K 0 e x p ( - U 0 / k T ) ; KQ - [ e x p ( - ^ ) . I Q ( ^ ) ] ( ^ ) (8) 

and for the d i f f u s i v i t y at low concentration: 

a V o . 
D - D . exp( - V 0 / k T ) ; D = — (—) (9) 

. l/2 m 

Using for V 0 the experimental value of the d i f f u s i o n a l ac t ivat ion 
energy one may estimate theoret ical values for the pre-exponential 
factors D . and K Q , which may then be compared with the exper i 
mental values. Such a comparison is shown in table 1 and it is 
evident that in spite of the obvious approximations, the model 
provides a good representation of the behaviour of these systems 
at low concentrations. 

NMR Sorption Comparison Dif fus ion of the large t r i -
ethylamine molecule is s u f f i c i e n t l y slow that r e l i a b l e d i f -
f u s i v i t i e s can be determined from uptake rate measurements in 
^50ym crystals(57)^ a t least over a l imited range of condit ions . 
A comparative study, carr ied out with the same zeoli te samples 
showed good agreement between the sorption and PFG NMR measure
ments, both as to the magnitude of the d i f f u s i v i t y (^10"^cm^.s~^ 
at 445K) and the trends with concentration and temperature(41). 
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TABLE I 

Comparison of Theoretical and Experimental Values of K Q and 
D . for Hydrocarbons in NaX Zeoli te 

(after Karger et al.(47)) 

Experimental Values 

(sorbate concentration 15-30 mg/g) 

Notation 

v 0 
D . x l 0 3 K Q X I O 9 . Theory &o)Theory 

(kcal/mole) (cm2.s" 1 ) (molecule/ 
cage.Pa) 

(Do>Expt (Ko)Expt 

CH4 1.6 3.5 7.6 1.3 1.5 

C2H6 2.3 

n C 4 H i 0 2.5 

n C 6 H 1 4 3.5 6.3 1.5 O.5 1.9 

n C 7 H 1 6 3.0 1.6 2.3 1.6 1.6 

cyclo 
C 6 H 1 2 

3.7 6.4 1.5 O.5 1.7 

a l a t t i c e parameter 
c sorbate concentration 

( f l u i d phase) 
D i n t r a c r y s t a l l i n e d i f f u s i v i t y 
D 0 corrected d i f f u s i v i t y ( e q n . 6 ) 
D L a x i a l dispersion c o e f f i c i e n t 
Dp macropore d i f f u s i v i t y 
D s NMR sel f d i f f u s i v i t y 
D . pre-exponential factor 

(eqn. 9) 
f function of concentration 

and cross c o e f f i c i e n t s 
(eqn. 5) 

k Boltzmann's constant (eqn.8,9) 
kf external mass transfer co

ef f i c ient (eqn. 3) 
Kc dimensionless adsorption 

equil ibr ium constant 
(crystal basis) 

Kp dimensionless adsorption 
equil ibrium constant (pellet 
basis) 

L column length 
m mass of sorbate molecule 
Ρ sorbate pressure 
r c r y s t a l radius 
R p e l l e t radius 
t time 
Τ absolute temperature 
U , U 0 potent ia l energy (eqn.6) 
V 0 amplitude of potent ia l 
V volume of super cage 
ν i n t e r s t i t i a l v e l o c i t y 

x , y , ζ coordinates 
μ mean retention time 

variance of chromato
graphic response 

ε bed voidage 
Θ p a r t i c l e porosity 
λ2 mean square jump distance 
τ corre la t ion time 
σ 0 van der Waals radius 
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Acidity in Zeolite ZSM-5 

G. W. SKEELS and W. H. FLANK 
Union Carbide Corporation, Tarrytown Technical Center, Tarrytown, NY 10591 

Acidity in zeolit
thermogravimetry an
measurements on NH4+- and H3O-exchanged 
samples subjected to various thermal treatments. 
Stoichiometric decomposition of the NH4+ moiety 
to NH3 and a hydroxylated zeolite occurs below 
400°C, and is characterized by a first-order weight 
loss step that corresponds closely with changes 
observed in the infrared spectra. Weight loss due to 
dehydroxylation occurs over a temperature range from 
less than 400°C to about 1100°C, with a first-order 
dehydroxylation step over the interval 750°-1000°C. 

Results from the filtrate titrations of the 
calcined zeolite samples treated in salt solution 
show that a large fraction of the acidic hydroxyl 
groups have been lost at temperatures as low as 
400°C. An additional 35% decrease in acidity 
occurs when the calcination temperature is increased 
from 400°C to 700°C, and almost no acidity 
remains after calcination at 1000°C. Maintenance 
of crystallinity in all samples was confirmed by X-ray 
powder diffraction data. The NH4+-exchanged ZSM-5 
forms a minor amount of weaker acidity attributable to 
hydroxoaluminum cations, which is not found in the 
H3O+-exchanged material. Both forms exhibit substan
t i a l strong acidity due to the formation of H3O+. 

These results are consistent with the generalized 
reaction scheme, i n i t i a l l y presented by Rabo et al., 
in which both NH4+- and H3O+-exchanged zeolites 
decompose to produce an H+-form that upon further 
heating becomes a decationized zeolite. This behavior 
is similar to that reported earlier for calcined 
ion-exchanged synthetic mordenites, where two distinct 
sources of acidity were found in the NH4+-form 
but not in the H3O+-form. 
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Acidity in zeolites, particularly Bronsted or proton 
acidity, was shown many years ago by Rabo, Pickert and co-workers 
(1) to be more complex than was originally proposed. Later it 
was shown that the thermal treatment of NH4Y zeolite produces a 
zeolite containing hydroxoaluminum cations as the stable end 
product, rather than solely protons, in order to balance 
framework negative charges following the decomposition of the 
ammonium ions, as established by Breck and Skeels in 1976 (2^). 
On the other hand, the acidity in acid-exchanged synthetic 
mordenite has been shown by Flank and Skeels in 1977 to arise 
from either H30+ or, following removal of adsorbed water at 
elevated temperatures, H + species balancing framework negative 
charges (3). The same study showed that the acidity of calcined 
NH4+-mordenite arises from two separate and distinct acid 
centers. Nearly two-thirds of the acidity is due to the presence 
of Ηβ0 + or H+ species.
is due to the formatio
thermal treatment. 

The techniques used to determine acidity in zeolites can be 
briefly described. The calcined zeolite is treated in a slurry 
with concentrated NaCl solution. Hydroxoaluminum cations are 
exchanged and hydrolyzed, producing acid and a soluble aluminum 
species which, i f not trapped in the zeolite, can be removed with 
the filtrate. Hydronium ions are exchanged in the slurry with no 
subsequent removal of aluminum. The acid strength, expressed as 
pKa, of the solutions containing exchanged H3O"." is nearly two 
orders of magnitude greater than the pKa of the solutions 
containing exchanged hydroxoaluminum cations. When both 
hydronium ions and hydroxoaluminum cations are present, two 
separate and distinct steps are observed in the potentiometrie 
titration curve. 

In addition, from the equivalence point of the titration 
curve, it is possible to calculate whether the acidity in 
solution arises from the exchange of H3O"." or from 
hydroxoaluminum cations. For example, i f the equivalence point 
of a titration is 2.35 milli-equivalents per gram (meq./g) of 
zeolite and 2.00 g of sample were slurried in 50 cm̂  of NaCl 
solution, then the calculated pH of the i n i t i a l slurry is 1.03, 
using the simple relation pH = -log [H+] and assuming all 
acidity is due to the exchange of hydronium ions. Clearly, then, 
i f the i n i t i a l slurry pH was measured as 3.25, this assumption is 
not correct and the acidity did not arise from the exchange of 
hydronium ions, but rather from some other species such as 
hydroxoaluminum cations. This type of chemistry is well-
established. Equations and log Κ values involving 
hydroxoaluminum cations in zeolites were published by Breck in 
1974 (4), and a generalized treatise on aluminum species in 
solution was published by Baes and Mesmer in 1976 (5). 

The study of acidity in the H30+- and NH4"1"-

exchanged forms of ZSM-5, which is the subject of the 
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present paper, is part of an o v e r a l l study, the objective of 
which is to define the source and nature of a c i d i t y i n zeol i tes 
i n general . 

Experimental 

A sample of ZSM-5 was prepared, using the reactant 
compositions described i n the patent l i t e r a t u r e (6) . The 
synthesis was performed by Dr. R. L . Patton of Union Carbide's 
Tarrytown Technical Center. Part of the sample was exchanged 
three times for one hour each at re f lux with a 10/1 (weight) 
r a t i o of 10% NH4CI solut ion to z e o l i t e , washed chlor ide-f ree 
and dried at 100°C. Another part of the sample was treated 
three times with a 10/1 (weight) r a t i o of IN HC1 to z e o l i t e , at 
95°C for 1 hour, followin  which th  acid-exchanged z e o l i t
washed chlor ide-f ree an
of the s ta r t ing ZSM-5 an  exchange
Table I . 

Thermogravimetry (TG) data were obtained on the 
N H 4 + - and H30+-exchanged ZSM-5 samples, as w e l l as on a 
separately prepared NH4 +-exchanged sample of s imi lar 
composition, for confirmation purposes. A duPont Model 951 
thermogravimetric analyzer was used i n conjunction with a Model 
990 Recorder-Controller . The TG curves were obtained on 
approximately 25 mg samples, at a heating rate of 10°C per 
minute, and under flowing a i r at a rate of 38 cm-. per minute. 
For some samples, the high-temperature port ion of the curve was 
obtained at a heating rate of 5°C per minute and an a i r purge 
rate of 19 cnP per minute. The s e n s i t i v i t y was varied between 
O.2 mg per inch i n the lower temperature regions to O.05 mg per 
inch at elevated temperatures. An example is shown i n Figure 1. 
The resul ts at the bottom are for this one curve. Overal l means 
and standard deviations are discussed below. 

It was ascertained from the TG data that: (a) N H 4 + 

ions were decomposed by 400°C., (b) for both the N H 4 + - and 
the H30+-exchanged ZSM-5 samples, further weight loss due to 
dehydroxylation occurs i n a temperature range from less than 
400°C to about 1100°C., with a f i r s t - o r d e r dehydroxylation 
step over the i n t e r v a l 750-1000°C., and (c) dehydroxylation is 
e s s e n t i a l l y complete by 1000°C. Maximum hydroxyl concentration 
should be obtained subsequent to complete deammination and pr ior 
to dehydroxylation. Therefore, a c i d i t y measurements were made on 
samples calcined i n a shallow bed under flowing dry a i r at 
temperatures of 400°C., 500°C., 700°C (where a c i d i t y should 
be at or near a maximum), and af ter ca lc inat ion at 1000°C 
(where a c i d i t y should drop to nearly zero) . 

A c i d i t y measurements were obtained either from the s lurry or 
from the r e s u l t i n g f i l t r a t e of the calcined z e o l i t e treated with 
concentrated NaCl s o l u t i o n . Approximately 3 g (anhydrous weight) 
of the calcined z e o l i t e were treated i n 50 cm-. of 3.4 molar 
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Table I . Chemical A n a l y s i s Data f o r ZSM-5 Samples 

Na+-ZSM-5 NH4

+-ZSM-5 H30+«ZSM-5 
COMPONENT 
NaaO, WT. % O.89 

(NH4)20, WT. % -

Al203, WT. % 3.0 

Si02,WT% 83.1 

MOLAR RATIO 

Si02/Al203 47.04 

Na20/Al203 O.49 

(NH4) 2O/AI2Q3 -

<O.03 

1.40 

3.06 

86.50 

47.97 

O.90 

<O.03 

2.77 

86.50 

53.02 

O.2 mg 

24.84 mg SAMPLE SIZE 

10°C/MIN 
PROGRAM RATE 

38 CM3/MIN 
AIR PURGE 

O.05 mg 

0 100 300 500 700 900 
TEMPERATURE, °C 

O.22% \ ^ 

wt. loss I 
O.67% wt. loss • O.66% wt. loss 

1100 

H 
F i g u r e 1. Thermogravimetry curve f o r H^0+-ZSM-5 sample. 
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NaCl s o l u t i o n . In one set of experiments, the s l u r r y was 
t i t r a t e d with O.1 normal NaOH solution i n one cm^ increments 
to a pH of about 10. The samples of this set are referred to as 
the " s l u r r y " samples ( t i t r a t i o n of the calcined zeol i te - NaCl 
solut ion s l u r r y ) . In another set of experiments, the calcined 
z e o l i t e - NaCl solut ion s lurry was f i l t e r e d , the f i l t e r cake 
washed with about 100 cm. d i s t i l l e d water, and the combined 
f i l t r a t e s were t i t r a t e d with O.1 Ν NaOH s o l u t i o n , again to a pH 
of about 10. The samples of th is l a t t e r set are referred to as 
the " f i l t r a t e " samples (the zeol i te being removed by f i l t r a t i o n 
p r i o r to t i t r a t i o n of the f i l t r a t e ) . In addit ion to the manual 
t i t r a t i o n s , automated potentiometric t i t r a t i o n curves were 
obtained with a Metrohm E636 Titroprocessor , which has an 
estimated pH measurement accuracy of iO.001 pH unit and an 
estimated volumetric additio
(1 / i l ) . An example o
Figure 2. 

A l l of the treated z e o l i t e s o l i d s , both " f i l t r a t e " samples 
and " s l u r r y " samples, were further analyzed by X-ray powder 
d i f f r a c t i o n . The chemical compositions were determined by 
standard wet chemical analys is , and the f i l t r a t e s were analyzed 
for S1O2 and AI2O3 following t i t r a t i o n . The resul ts show 
that c r y s t a l l i n i t y was f u l l y maintained i n the s o l i d s and that 
the chemical reactions described i n this work are confirmed by 
the a n a l y t i c a l data and mass balances. 

Results and Discussion 

Two d i s t i n c t weight loss steps are seen i n the TG curve 
obtained on Nlfy"1"-exchanged ZSM-5, an example of which is 
shown i n Figure 3. One step is observable between about 250°C 
and 400°C., and the other is observable between about 750°C 
and 1000°C. This can be compared to the TG curve obtained on 
H30+-exchanged ZSM-5 shown i n Figure 1. In the case of the 
H30+-exchanged ZSM-5, only one weight loss step is observed, 
between about 750°C and 1000°C. The magnitude of these 
steps can best be measured by drawing straight l i n e s tangent to 
the three segments of the curve that define the step. I f that 
is done, it is obvious that the steps are superimposed on a 
background of continual weight loss due to dehydroxylation. 
Interpretation of these types of TG curve was described e a r l i e r 
with NH4Y (2). In that study, a normal probabi l i ty p l o t , l i k e 
that shown i n Figure 4, of weight loss data for 90% exchanged 
NH4Y showed that the region of the rapid weight loss step is 
obviously d i f f e r e n t i n slope from both the higher-temperature 
portion and the lower-temperature portion of the p l o t . A f a i r l y 
s t r a i g h t , k i n e t i c a l l y f i r s t - o r d e r , curve for k a o l i n i t e is shown 
for comparison. (The t a i l s t i c k i n g straight down merely shows 
that nothing happens between removal of surface-adsorbed water 
at drying temperatures and i n i t i a t i o n of decomposition 
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around 4 0 0 ° C . ) The separate portions of the NH4Y p l o t , with 
their d i s t i n c t i v e l y d i f f e r e n t slopes, depict mult iple independent 
processes overlapping each other over the ent ire temperature 
range. 

A summary of the weight losses ascribed to deammination and 
dehydroxylation of the various samples is shown i n Table I I . The 
assumption that the weight loss in the region 2 5 0 - 4 0 0 ° C 
observed with the NH4 + -ZSM-5 is due to decomposition of 
NH4"1., is j u s t i f i e d by infrared spectra taken of the samples 
over that temperature range. As the ac t iva t ion temperature 
increases to 400°C., the spectra show a decrease i n the N-H 
stretching bands and the growth of an OH band at 3610 cm"... 
A l l traces of Nlty"1" bands are removed following a i r a c t i 
vation at 4 0 0 ° C . A decrease i n the 3610 cm".- band is seen 
upon heating from 400°C  800°C.  quanti ta t ivel
corresponding to dehydroxylation
on the TG curves of th  NH4 ,  regio
250-400°C. , is not observed on the TG curves of H30+-ZSM-5, 
a further indica t ion that the 2 5 0 - 4 0 0 ° C weight loss step is 
associated with deammination. 

The TG data for NH4 +-exchanged ZSM-5 show a 
stoichiometric evolution of NH3 i n the temperature region 
associated with this weight loss step. The mean value and 
standard deviation for the weight loss step is O.88 ( Î 0 . 0 7 ) 
N H 3 / A I , which corresponds well with the NH4 /AI value of O.90 
obtained from chemical analysis and noted i n Table I . While no 
comparable weight loss step is observed i n the TG curves of 
H30+-exchanged ZSM-5, it is presumed that the water 
associated with the proton is gradually l o s t , as the curves 
imply. From 400°C to 1100°C the TG curves of both samples 
are nearly i d e n t i c a l . The mean value for the moles of H2O 
evolved per formula weight of AI2O3 i n the z e o l i t e i n the 
f i r s t - o r d e r step over the i n t e r v a l 7 5 0 - 1 0 0 0 ° C is O.95 
( i0 .06) . Note that the t o t a l moles of H2O per mole of 
AI2O3 that are los t between 400°C and 1100°C are about 
2.4 for both N H 4 + - and H30 +-ZSM-5. A l l these data are 
consistent with the generalized reaction scheme presented e a r l i e r 
by Rabo et al. for the preparation of decationized zeol i tes (1,8) 
and i l l u s t r a t e d i n Figure 5 for ZSM-5. Comparable intermediates 
are formed by heating of both ion-exchanged forms, and further 
heating produces a decationized product. 

I t was ascertained from both TG and IR data that NH4"1" 
ions were decomposed by 4 0 0 ° C . Thus, the samples calcined at 
400°C should contain a maximum concentration of Bronsted acid 
s i t e s . In order to determine the changes i n z e o l i t e a c i d i t y 
occurring between deammination and just p r i o r to the rapid weight 
loss step, samples were calcined for two hours at 7 0 0 ° C . 
F i n a l l y , i n order to show that loss of a c i d i t y accompanies 
completion of dehydroxylation, samples were calcined for two 
hours at 1000°C. 
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1000 

10 30 50 70 90 99 99.9 
PERCENT WEIGHT LOSS 

Figure 4. Normal probabi l i ty plots of TG weight loss data for 
NH^Y and Kaolinite.(Reproduced with permission from Ref. 7. 
Copyright 1980, John Wiley and Sons, L td . ) 

Table I I . Summary of Thermogravimetry Data for ZSM-5 Samples 

H 3 O + - Z S M - 5 
S T E P 1 

T E M P E R A T U R E R A N G E , °C 

P E R C E N T W E I G H T L O S S 

M O U E S N H 3 EVOLVED/AI IN Z E O L I T E 

S T E P 2 

T E M P E R A T U R E R A N G E , °C 

P E R C E N T W E I G H T L O S S 

M O L E S H 2 0 EVOLVED/ ΑΙ 2Ο3 IN Z E O U T E 

ADDITIONAL DEHYDROXYLATION 

T E M P E R A T U R E R A N G E , °C 

P E R C E N T W E I G H T L O S S 

M O L E S H2O EVOLVED/ ΑΙ 2Ο3 IN Z E O L I T E 

T O T A L DEHYDROXYLATION A B O V E 400°C 

T E M P E R A T U R E R A N G E , °C 

P E R C E N T W E I G H T L O S S 

M O L E S H2O EVOLVED/ ΑΙ 2Ο3 IN Z E O U T E 

N H ^ - Z S M - 5 

2 5 0 - 4 0 0 

O.97 (O.08). 

O.88(O.07) 

7 5 0 - 1 0 0 0 

O.55(O.02) 

O.95(O.06) 

4 0 0 - 1 1 0 0 

O.87(O.13) 

1.53(O.23) 

4 0 0 - 1 1 0 0 

1.42(O.16) 

2.48(O.27) 

7 5 0 - 1 0 0 0 

O.52 (O.03) 

O.95 (O.05) 

4 0 0 - 1 1 0 0 

O.77 (O.03) 

1.42(O.05) 

4 0 0 - 1 1 0 0 

1.28(O.05) 

2.36(O.09) 

k VALUES IN PARENTHESES ARE STANDARD DEVIATIONS 
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Potentiometrie t i t r a t i o n curves obtained with the f i l t r a t e s 
following NaCl treatment of these las t samples (treated at 
1000°C) are shown i n Figure 6. L i t t l e a c i d i t y is observed. 
A f t e r 700°C., Figure 7 shows appreciable a c i d i t y , with two 
steps v i s i b l e for the NH4 + -form. (Note the i n f l e c t i o n at 
about pH 4.) The most a c i d i t y is seen after 400°C c a l c i n a t i o n , 
and again two end-points are c l e a r l y noted for the NH4 + -
exchanged sample, as shown i n Figure 8. The curves are f a i r l y 
sharp for these f i l t r a t e samples because there are no hydrolysis 
reactions (9) to provide a buffering e f f e c t , as i l l u s t r a t e d i n 
the s lurry sample curves of Figure 7. A summary of the 
t i t r a t i o n end-points is shown i n Table III for all the above-
noted samples calcined at the three d i f f e r e n t temperatures. 

The las t column i n Table III shows that, as expected, 
maximum z e o l i t e a c i d i t
at 4 0 0 ° C . A c i d i t y decrease
increased to 700°C., showing that the hydroxyl groups los t i n 
this i n t e r v a l are also a c i d i c . Following the rapid weight loss 
step, af ter 1000°C., very l i t t l e a c i d i t y remains i n the 
sample. Strong a c i d i t y , as evidenced by the low i n i t i a l pH 
measurements, was obtained on all the samples. (Date are shown 
i n the t h i r d column of Table IV and the las t column of Table V . ) 

The calcined H30+-exchanged samples all give a smooth 
S-shaped t i t r a t i o n curve. This is indica t ive of the presence i n 
the solut ion of a single strong acid species, presumably 
ΗβΟ"1". The i n f l e c t e d t i t r a t i o n curves of all of the calcined 
NH4"1.-exchanged samples, examples of which can be found i n 
Figures 7 and 8, show the presence of two a c i d i c species . The 
stronger one is a t t r ibutable to ΗβΟ"1", and the weaker one is 
a t t r ibutable to hydroxoaluminum cation species. Slurry sample 
pH and t i t r a t e d a c i d i t y data are shown i n Table IV. The highly 
a c i d i c pH of these samples can be noted, as well as the 
increasing contribution from hydroxoaluminum cations i n the 
calcined NH4+-ZSMH5 samples as the temperature increases. 
A n a l y t i c a l data, however, show that the number of A l ions is not 
changing, so the effec t must be ascribed to progressive thermal 
s t r i p p i n g of OH groups from the A l cat ions . 

The relat ionships between measured pH, t i t r a t e d meq. 
ΗβΟ"1" per gram and calculated pH values, for the f i l t r a t e 
samples, are shown i n Table V . The molar H + / A 1 r a t i o is also 
tabulated, demonstrating that a t h i r d of the proton s i tes are 
dehydroxylated by 400°C and another t h i r d by 7 0 0 ° C . This is 
further supported by the observation of decreased absorbance of 
the OH band at 3610 cnT. i n the infrared spectrum as the 
temperature is increased from 400°C to 8 0 0 ° C . Assuming that 
all strong a c i d i t y is derived from the exchange of H + i n the 
z e o l i t e by Na + i n the concentrated NaCl s o l u t i o n , the f i l t r a t e 
pH is a direc t measure of that exchange, using the simple 
r e l a t i o n pH - - l o g [ H + ] . For H30+-ZSM-5 calcined at 
400°C., the f i l t r a t e sample t i t e r is O.431 meq. H30 + /g of 
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(1a) NH 4

+ ZSM-5 — H + ZSM-5+ NH 3t 

(1b) H 3 0 + ZSM-5 ^ H + ZSM-5 + H 2Ot 

(2) H + ZSM-5 — DECATIONIZED ZSM-5+ H 2Ot 

F i g u r e 5. R e a c t i o n scheme f o r the p r e p a r a t i o n of d e c a t i o n i z e d 
z e o l i t e ZSM-5. 

12 

10 

X 
a 

. tt 

a 
# 

I 

9 Δ H + - ZSM-5 
Ο NH4+- ZSM-5 

J I I L 

0 O.2 O.4 O.6 O.8 1.0 1.2 1.4 1.6 1.8 

meq. NaOH/g ZEOLITE 

F i g u r e 6. Potentiometric t i t r a t i o n curves f o r 1000° C c a l c i n e d 
NH 4- and H^O — ZSM-5 f i l t r a t e samples. 
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Table III. T i t r a t i o n Endpoints for Calcined NH + - and h\0 +-
ZSM-5 Samples 4 5 

EXCHANGED 
FORM 

CALCINATION 
TEMP., e C 

S A M P L E 
TYPE 

TITRATED ACIDITY, MEQ./GRAM 

H 3 0 + AI(OH)J<3-.> TOTAL 

N H 4 + 400 SLURRY O.387 O.071 O.458 

H 3 0 + 400 SLURRY O.565 - O.565 

N H 4 + 400 FILTRATE O.243 O.092 O.335 

H 3 0 + 400 FILTRATE O.431 - O.431 

N H 4 + 700 SLURRY O.213 O.211 O.424 

H 3 0 + 700 SLURRY O.389 - O.389 

N H 4 + 700 FILTRATE O.140 O.062 O.202 

H 3 0 + 70 -
N H 4 + 1000 FILTRATE <O.015 - <O.015 

H 3 0 + 1000 FILTRATE <O.015 — <O.015 

Table IV. Titrated Acidity Data for Slurry Samples of Calcined 
H o0 +- and NH.+-ZSM-5 3 4 

TITRATED ACIDITY 

S A M P L E 
CALCINATION 

TEMP., e C 
EQUILIBRIUM pH 
OF NaCl SLURRY 

H 3 0 + 

meq./gm 
Al (OH)J<3-.> 
meq./gm 

TOTAL 
meq./gm 

H 3 0 + - Z S M - 5 400 1.05 O.565 — O.565 

H 3 0 + - Z S M - 5 500 1.505 O.507 - O.507 

H 3 0+-ZSM-5 700 1.30 O.389 - O.389 

N H 4
+ Z S M - 5 400 1.20 O.387 O.071 O.458 

N H 4
+ - Z S M - 5 500 1.570 O.416 O.144 O.560 

N H 4
+ Z S M - 5 700 1.51 O.213 O.211 O.424 

Table V. Titrated Acidity Data for F i l t r a t e Samples of Calcined 
H o0 +- and NH.+-ZSM-5 

S A M P L E 
CALCINATION 

TEMP., e C 

TITRATED 
ACIDITY 
meq./g 

MOLAR 
H+/AI.. CALCULATED pH 

INITIAL 
M E A S U R E D p H 

H 3 0 + - Z S M - 5 400 O.431 O.65 2.14 2.08 

H 3 0 + - Z S M - 5 700 O.245 O.37 2.46 2.45 

NH4+-ZSM-5 400 O.243. O.63 2.48 2.44 

NH4+-ZSM-5 700 O.140. O.30 2.49 2.45 

. STRONG ACIDITY ONLY 

.. CALCULATED FROM THE ANALYSIS OF THE FILTERED SOUDS 
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Figure 7. Potentiometric t i t r a t i o n curves for 700 °C calcined 
NH^- and H^O - ZSM-5 s lurry samples. 

12 

O N H 4 + - Z S M - 5 
Δ H 30<--ZSM-5 

O.2 O.4 O.6 O.8 1.0 1.2 
meq. NaOH/g ZEOUTE 

1.4 1.6 1.8 

Figure 8. Potentiometric t i t r a t i o n curves for 400 °C calcined 
NH^— and H^O^- ZSM-5 f i l t r a t e samples. 
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z e o l i t e , which calculates out to a pH of 2.14. The i n i t i a l pH 
measured on the f i l t r a t e was 2.08. With H30+-ZSM-5 calcined 
at 700°C., the calculated pH and measured pH are even c loser . 

With the f i l t r a t e samples of the NH4+-ZSM-5, only the 
estimation of the f i r s t end-point, due to the strongest a c i d , was 
used i n the c a l c u l a t i o n s . For NH4+-ZSM-5 calcined at 
400°C., the f i l t r a t e t i t e r is O.243 meq. H30 + /g of z e o l i t e . 
The calculated pH is 2.48, compared to the i n i t i a l pH measured on 
the f i l t r a t e of 2.44. For NH4+-ZSM-5 calcined at 700°C., 
the values are also quite c l o s e . The agreement i n these measured 
and calculated numbers shown i n Table V is quite s a t i s f a c t o r y . 

The only question that might be raised is whether any of the 
observations, p a r t i c u l a r l y those r e l a t i n g to the use of 
concentrated NaCl s o l u t i o n , are an a r t i f a c t of the procedures 
employed. To address t h i s
3.4 M NaCl is dramaticall
sub-molar NaCl s o l u t i o n , so that comparisons with effects seen i n 
these media cannot be made. Furthermore, af ter undergoing all of 
the treatment chemistry described, the recovered sol ids s t i l l 
r e t a i n f u l l c r y s t a l l i n i t y , as measured by X-ray powder 
d i f f r a c t i o n and micropore sorption capacity . 

I t should also be remembered that the chemistry we are 
describing is k i n e t i c a l l y very fas t . I t takes place i n seconds, 
is a consequence o f , and merely r e f l e c t s what happened during the 
pr ior thermal treatment of the sample. I f attack on framework A l 
were to commence only upon contact with the NaCl s o l u t i o n , the 
extent of hydrolysis apparently observed after just 10 seconds 
would be k i n e t i c a l l y u n l i k e l y . Moreover, no further change can 
be seen over the next several hours. Given these circumstances, 
it is v i r t u a l l y inconceivable that some of the A l - 0 - S i bonds were 
not already ruptured when the calcined z e o l i t e came i n contact 
with the concentrated NaCl s o l u t i o n . 

Conclusions 

We can conclude that the o v e r a l l decat ionizat ion of ZSM-5 
proceeds i n accord with the o r i g i n a l l y proposed scheme of Rabo et 
al.Q) depicted i n Figure 5. With NH4 +-ZSM-5, deammination 
is complete by 400°C., and the r e s u l t i n g z e o l i t e product is 
e s s e n t i a l l y i n the c l a s s i c a l H + - z e o l i t e form. Formation of 
hydroxoaluminum cations is s l i g h t , and while the a c i d i t y 
at tr ibuted to the formation of these species appears to increase 
with increasing c a l c i n a t i o n temperature, as shown i n Table IV, 
the a n a l y t i c a l evidence suggests that the actual number of 
hydroxoaluminum cations remains constant at less than about 20%. 
The amount of A l coming out of the s o l i d and appearing i n the 
f i l t r a t e doesn't change with c a l c i n a t i o n temperature. Thus, the 
increase i n a c i d i t y due to the aluminum species can be at tr ibuted 
to change i n net charge on the aluminum ca t ion , i . e . , 
A1(0H) 2

+ •> A1(0H) 2 + . A l 3 + . 
The H +-ZSM-5 produced from the c a l c i n a t i o n of both 

H3O"1"- and NH4 +-ZSM-5, as shown i n Figure 5, begins to 
dehydroxylate at temperatures even below 400°C., as judged by 
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the H+/A1 ratio of the 400°C-calcined samples. As the 
calcination temperature increases between 400°C and 700°C., a 
substantial number of protons are lost through dehydroxylation. 
From the acidity measurements, it can be deduced that about 
one-third dehydroxylation of the proton sites has occurred by 
400°C., and another third has occurred by 700°C. This is 
quantitatively substantiated by the IR data. 

The rapid weight loss step in the TG curves which occurs 
above 750-800°C., and whose temperature range is proportional to 
Si/Al ratio (10), cannot be attributed merely to the condensation 
of the H + and lattice oxygens. Acidity measurements have 
already shown that more than two-thirds of the proton sites are 
dehydroxylated by heating to 700°C. The additional H20 
evolved during the rapid weight loss step must come from other, 
non-acidic, hydroxyl groups associated with the remaining proton 
sites in this silica-ric

The behavior of NH4
earlier with calcined NH4+-mordenite (3), in that two 
distinct sources of acidity were found, with the major one being 
H3O"1". This is in contrast to calcined NH4Y, where 
hydroxoaluminum cations predominate, as was shown by Breck and 
Skeels ( 2). In mordenite nearly two-third s of the measured 
acidity was due to H3O"1" and about a third was due to the 
hydrolysis of hydroxoaluminum cations. As in H30+-
mordenite, no hydroxoaluminum cation species were detected with 
H30+-ZSM-5. We conclude that acidity in ZSM-5 conforms 
rather well to the classic protonic picture. 
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23 
Conversion of C2-C10 to Higher Olefins over 
Synthetic Zeolite ZSM-5 

W. E. GARWOOD 
Mobil Research and Development Corporation, Paulsboro, NJ 08066 

The phenomena o
introduced and describe
version of C2-C10 olefins over ZSM-5 to higher 
olefins up to C30 and higher. Reaction conditions 
favoring higher molecular weight product are low 
temperature (200-260°C), high pressure (300-1500 
psig), and long contact time (0.5-1 WHSV). The 
reaction under these conditions proceeds through 
the acid-catalyzed steps of (1) oligomerization, 
(2) isomerization-cracking to a mixture of inter
mediate carbon number olefins, and (3) copolymeri-
zation to give a continuous boiling product con
taining all carbon numbers. The intermediates of 
step 2 at sub-atmospheric pressure are an 
equilibrium mix of primarily C4-C7 olefins. 
Amorphous s i l i c a alumina gives a product con
taining more aromatics, less total olefins, and 
more highly-branched olefins, confirming the 
shape-selective constraints of ZSM-5. 

The activity of acid-type catalysts for polymerization of 
olefins to higher boiling product has long been known, as reviewed 
by Oblad et a l . (1). Depending on reaction conditions, the pro
duct can be predominantly olefinic, or a mixture of olefins, 
paraffins, naphthenes and aromatics ("conjunct" polymerization). 

Previous publications on ZSM-5 have described i t s shape 
selective properties 12, 3) and also i t s use for conversion of 
light olefins to both olefinic (4) and aromatic (5) mixtures of 
hydrocarbons boiling in the gasoline range. Further, methanol 
yields a C5«C.^ aromatic gasoline over HZSM-5 at moderate reaction 
conditions via an intermediate mixture of light olefins (MTG 
process) (6). More recently, conditions for obtaining a high 
yield of C^-C. olefins from methanol have been reported (7). 
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The present paper describes the phenomena of shape-selective 
polymerization involved in converting c

2 " C IQ olefins over HZSM-5 
to higher boiling olefins and the similarities and differences 
compared to amorphous silica-alumina. The channel systems of 
ZSM-5 (8), Figure 1 f impose shape-selective constraints on the 
shape of the large molecules accounting for the differences with 
amorphous catalysts. 

Experimental 

The experiments were conducted in a high-pressure micro-
reactor capable of operating up to 2000 psig. The reactor, 
enclosed in a three^zone heater, had an isothermal reaction zone 
holding up to 10 cm of catalyst. Back pressure was maintained 
by an inverted Grove Loader

The olefin feed stock
purity, used without further purification. Light products <Cg 

were analyzed by both gas chromatography and mass spectrometry. 
Liquid analysis was done by gas chromatography and boiling point 
curves by ASTM method D-2887 (gas chromatography). 

Results and Discussion 

Effect of Temperature on Propylene Conversion at Atmospheric 
Pressure 

At 530eF, atmospheric pressure, O.6 WHSV, propylene converts 
to a mixture of predominantly C -C.- olefins (Table I) of the 
composition typical of that reported by Givens et al. (4). 

The products are 95% olefins, with the remainder mostly 
paraffins and some naphthenes in the higher carbon numbers. At 
higher temperature conjunct polymerization occurs (involving 
olefin cyclization to naphthene, followed by hydrogen transfer 
from naphthenes to olefin). The reaction proceeds essentially to 
completion at 730°F to give the mixture of paraffins and aromatics 
shown in Table II. 

Effect of Pressure 

Figure 2 shows that the boiling range of the heavy products 
from propylene increases steadily with increasing pressure. 
Propylene conversion is essentially complete at 400°F, 330 psig 
and higher. The range of the product at 1500 psig includes all 
carbon numbers from to about C 3 6-

Effect of Contact Time 
Evidence of oligomers appears at short contact time. Figure 

3 shows plateaus corresponding to the trimer, tetramer and penta-
mer of propylene at conditions of 2.7 WHSV, 400°F, 500 psig at 
which propylene conversion i f 67%. This contrasts with the smooth 
curve at O.4 WHSV, 98% propylene conversion. 
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F i g u r e 1 
Channel System i n ZSM-5 

K o k o t a i l o , et al. (Ref. 8) 
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C No. 

1000 
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1 
J- C36. 

— , , , 

~s~ C30= 

- r V 1500 psig J 

^ V 
500 psig^^ 

f 'I?" / ̂ s^ys^t'm psig 

^ 0̂ psig (525°F) 

, 1 1 1 
20 40 

% Overhead 
60 

C 3 Charge 

F i g u r e 2 
E f f e c t of Pressure 

O.4 WHSV 400 eF 

100 
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Approx. 
C No. 

700 «— 

100 I 1 1 1 1 1 
0 20 40 60 80 100 

% Overhead 
F i g u r e 3 

E f f e c t o f S p a c e V e l o c i t y 

C 3
e C h a r g e 500 p s i g 4 0 0 ° F 
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TABLE I 

CONVERSION OF PROPYLENE AT 530eF, 0 PSIG, O.6 WHSV 

Product Olefin Wt % 
C2 O.1 
C3 2.0 
C4 8.6 
C5 16.6 
C6 15.5 
C7 16.6 
C8 
C9 12.3 
C10 10.0 

4.7 11 
100.0 

TABLE II 

CONVERSION OF PROPYLENE AT 730eF, 0 PSIG, O.5 WHSV 

Total, 
Carbon No. Olefin Isoparaffin η-Paraffin Aromatic Wt % 

1 - - O.2 - O.2 
2 - - O.8 - O.8 
3 O.4 - 23.3 - 23.7 
4 O.7 17.1 9.1 26.9 
5 O.1 7.2 1.7 - 9.0 
6 O.1 1.0 O.2 2.0 3.3 
7 O.1 O.9 O.2 10.7 11.9 
8 - - - 12.8 12.8 
9 - - - 6.3 6.3 
10 - - - 2.1 2.1 
11+ - - 3.0 3.0 

1.4 26.2 35.5 36.9 100.0 

Olefin Charge 

Of the C2-C.Q olefins, ethylene is the least reactive. 
Figure 4 shows that charging a mixture of ethylene and propylene 
at 400 psig and increasing temperature from 400-600°F, propylene 
reacts before ethylene. At one Mwindowro conversion of propylene 
is 95%, compared to 5% for ethylene; thus, providing a separation 
procedure for the two monomers. Ethylene finally converts also, 
at a higher temperature. 
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Catalyst Temperature, °F 

F i g u r e 4 
C o n v e r s i o n o f Ci^/C^. M i x t u r e 

400 p s i g O.4-O.6 WHSV C 2
S S O.4 WHSV C 3

= s 
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C 5 and C 6 olefins convert at about the same rate (Figure 5), 
charging a mixture of the two. Also, 1-decene gives essentially 
the same boiling range product as propylene at O.5 WHSV, 1500 
psig, 450eF (Figure 6), ̂ 8 % conversion to liquid product. This 
shows conclusively that the final decene product is not a simple 
mixture of oligomers and suggests that the two widely different 
molecular weight charge olefins are going through a common inter
mediate stage. 

Reaction Steps 

The data discussed above provide evidence for the following 
reaction steps: 

1. Oligomerization (for example, C 3
= to C^88, C^., . , e t c ) . 

2. Isomerization-crackin
olefin charge) to a mixtur

3. Copolymerization of the intermediate mixture of olefins. 
An intermediate step similar to "2" is described in the 

literature (1), proceeding through carbenium ion species. 
However, isolation of the intermediates proving their existence 
has not been reported. Such isolation at the conditions used 
above was also not possible, suggesting that copolymerization 
"step 3" is very rapid. 

Equilibration of C^-C1Q Olefins at Sub-Atmospheric Pressure 

Isolation of a common group of olefin isomers has now been 
accomplished, charging olefins from c

2 ~ c i o o v e r HZSM-5 at sub-
atmospheric pressure. Conditions used were: 

Olefin partial pressure 1-2 psia 
Total pressure 1 Atmosphere (H2 and N 2 dilution) 
Temperature, °F 520-530°F 
WHSV O.5 - O.9 

Ethylene, propylene, a mixture of internal pentene isomers, 
1-hexene and 1-decene all give a mixture of predominantly Ĉ -C. 
olefins (Table III). 
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200 300 400 500 600 700 

F i g u r e 5 
C o n v e r s i o n o f C^/C^ M i x t u r e 

700 p s i g O.6 WHSV (-80% 1 - o l e f i n , -20% i n t e r n a l ) 
O.9 WHSV C 6

e (-80% l ~ o l e f i n , -20% i n t e r n a l ) 
ο C o n v e r s i o n . C o n v e r s i o n 
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TABLE III 

OLEFIN EQUILIBRATION CARBON NUMBER DISTRIBUTION 

C2~C10 0 l e f i n c h a r 9 e 

C2~ Product 
C3~ Product 
C ~ Product 
C5~ Product 
C 6" Product 
C 7~ Product 

Product 
Product 

c
1 0+ (unidentified) 

C2 C 3 = Mix b 
1 " C 6 = 

47.5 oa <O.1 <O.1 <O.1 <O.1 
5.6 11 8 10 9 4 
10.6 20 28 20 20 13 
11.3 21 30 27 23 26 
6.9 13 13 15 16 20 

4.1 8 6 7 8 8 
4.3 8 3 5 6 7 
3.5 7 1 5 8 5 

100 100 100 100 100 100 

a. Based on converted C ~. 
b. 88% 2M2C4,, 8% 2M1C4=. 

Ethylene again is less reactive than the higher olefins, but 
what is converted falls in the same carbon number range. The 
distribution of C 2" C6 o l e f i n s . normalized to 100%, is close to 
equilibrium (Table IV - equilibrium data are complete through C g 

only (9)). 

TABLE IV 

COMPARISON OF PRODUCT CARBON NUMBERS, WT%, WITH EQUILIBRIUM 
530eF 

Average of results 
charging c

2~ cio °.ef.ns. 
1-2 psia 

<1 
12 
29 
36 
23 

Equilibrium 
1.3 psia 

2 
11 
35 
38 
14 
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The product pentene isomers from the C
2~C1Q o l e f i n c n a r 9 e 

stocks also all approach equilibrium, as shown in Table V. 

TABLE V 

COMPARISON OF PENTENE PRODUCT ISOMERS WITH EQUILIBRIUM 

1-C.Λ Equilibrium 

2 2 
17 24 

13 9 
6 7 

61 56 

The common product distribution as established above at sub-
atmospheric pressures is evidence that a similar common distribu
tion also occurs at higher pressure, explaining the similarity of 
final products. 

Comparison of HZSM-5 and 46 AI Silica Alumina 

Amorphous 46 AI s i l i c a alumina is relatively inactive for 
the equilibration reaction charging propylene (Table VI). 

TABLE VI 

EQUILIBRATION REACTION - 46 AI Si/Al VS. HZSM-5 
C . CHARGE, O.5 WHSV, 1.3 PSIA, 530eF 

46 AI Si/Al HZSM-5 
s <O.1 <O.1 

C 3 = 

α 4 β 

C5~ 

91 8 C 3 = 

α 4 β 

C5~ 
<1 28 

C 3 = 

α 4 β 

C5~ 1 30 

C 3 = 

α 4 β 

C5~ 
4 13 
1 11 
1 
1 

6 
3 

C 1 0+ (unidentified) 1 1 
100 100 

Charge > C2 

Pentene Isomer, % 
1-C5- 2 
2M1C ~ 18 4 
3M1C/ 1 4 
T2C 5

= 11 
C2C 5^ 5 
2M2C„e 63 

530.F 

c£ C 5
eMix 

2 2 2 
16 18 18 

10 11 12 
5 5 5 

65 62 61 

'6 
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TABLE V I I 

INFRARED ANALYSIS - 46 AI Si/Al VS. HZSM-5 LIQUIDS 
FROM C3=, O.5 WHSV, 1500 PSIG, 450eF 

Band, cm 

980-965 

895-885 

840-790 

995-985 
910-905 

Hydrocarbon 

R, H 
\ / 

c=c 
/ \ H 

«1 
C=C 

/ \ 
Λ2 

.1 
\ / 
c=c 

/ \ 

H 

H 

~2 

.1 H 

/ \ 
H H 

Liquid Form 
46 AI Si/Al HZSM-5 

Weak 

Weak 

Weak 

Absent 

Medium 

V. Weak 

Absent 

Absent 

1600-1590 Aromatics weak V. Weak 

The activity of silica-alumina under these conditions is 
only sufficient to catalyze some dimerization of the propylene. 
As an acid catalyst, however, it has the potential for the same 
carbenium ion reactions at more drastic reaction conditions than 
needed for HZSM-5. It does make higher boiling product charging 
propylene at 1500 psig, as shown in Figure 7. It is significant 
that the shape of the curve is different from that of HZSM-5, 
showing more lower boiling product but a " t a i l " at the higher 
boiling range. Infrared analysis of the liquids showed less 
olefins and more aromatics in the silica-alumina product compared 
to HZSM-5 (Table VII). 

The absence of the more highly branched olefins and less 
aromatics over ZSM-5 are both indicative of shape-selective 
constraints. 
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0 I ι ι « « 1 
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Figure 7 
Comparison of HZSM-5 and 46 AI S i / A l 
C 3" Charge O.5 WHSV 1500 psig 

450 eF 
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Conclusions 

The applications of the ZSM-5 family of zeolites for shape-
selective cracking of paraffins in the gasoline (£, 10), d i s t i l 
late (11) and lube o i l range (12) have all been reported. In 
this paper, we have established evidence of the converse reaction, 
shape-selective polymerization, to produce hydrocarbons in the 
same product range. 
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Evaluation of Some New Zeolite-Supported 
Metal Catalysts for Synthesis Gas Conversion 

GORDON A. MELSON, JANET E. CRAWFORD, JAMES W. CRITES, 
and KETCHA J. MBADCAM 
Virginia Commonwealth University, Department of Chemistry, 
Richmond, V A 23284 

JOHN M . STENCEL and V. UDAYA S. RAO 
U.S. Department of Energy, Pittsburgh Energy Technology Center, 
Pittsburgh, PA 15236 

Series of zeolite-supporte
lysts with weight percent iron (% Fe) varying from ~1 
to ~17% Fe have been prepared from Fe3(CO)12 and the 
synthetic zeolites ZSM-5, mordenite and 13X by an ex
traction technique. The zeolites ZSM-5 and mordenite 
were used in the acid form, 13X in the sodium form. 
The catalysts were characterized by a variety of tech
niques including infrared spectroscopy, X-ray powder 
diffractometry, X-ray photoelectron spectroscopy, ion
-scattering spectrometry and Mössbauer spectroscopy. 
All catalysts contain highly dispersed, small parti
cle-sized γ-Fe2O3 with a small amount of the iron 
(0.6-1.5% Fe depending on the support) located in the 
pores of the support. Evaluation of the catalytic 
ability of some of these materials for synthesis gas 
conversion was conducted at 280°C and 300°C by using 
a fixed-bed continuous flow microreactor. A l l cata
lysts evaluated produce significant quantities of 
hydrocarbons. The distribution of hydrocarbons var
ies, depending upon the support used, for catalysts 
with similar weight percent iron. For the liquid 
hydrocarbons, Fe/ZSM-5 produces the highest percen-
tage of aromatics, Fe/mordenite produces the highest 
percentage of olefins, and Fe/13X produces the high
est percentage of saturates. The effect of support 
acidity and pore structure on hydrocarbon product 
distribution is discussed. 

The use of bifunctional metal/zeolite catalysts for the con
version of synthesis gas (carbon monoxide and hydrogen) to gaso
l i n e range hydrocarbons has recently attracted much attention. For 
example, the combination of metal oxides with the medium pore 
(-6A) z e o l i t e ZSM-5 and the use of a metal ni t r a t e impregnated 
ZSM-5 catalyst have been shown to produce gasoline range hydrocar-
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bons containing a high percentage of aromatics from synthesis gas 
(1-3). 

The e f f i c i e n c y and s e l e c t i v i t y of a supported metal catalyst 
is c lose ly related to the dispers ion and p a r t i c l e s i z e of the 
metal component and to the nature of the in terac t ion between the 
metal and the support. For a p a r t i c u l a r metal , c a t a l y t i c a c t i v i t y 
may be varied by changing the metal dispersion and the support; 
thus, the method of synthesis and any pre-treatment of the cata
l y s t is Important i n the o v e r a l l process of catalyst evaluation. 
Supported metal catalysts have t r a d i t i o n a l l y been prepared by im
pregnation techniques that involve treatment of a support with an 
aqueous so lut ion of a metal s a l t followed by c a l c i n a t i o n (4). In 
the Fe/ZSM-5 system, the decomposition of the i r o n n i t r a t e during 
c a l c i n a t i o n produces a-Fe2Û3 of r e l a t i v e l y large c r y s t a l l i t e s i z e 
(>100 1). This study wa
l y - d i s p e r s e d , thermall
e f f e c t i v e f o r synthesis gas conversion. The carbonyl Fe3(CO)^2 
was used as the source of i r o n ; the supports used were the a c i d i c 
z e o l i t e s ZSM-5 and mordenite and the n o n - a c i d i c , larger pore zeo
l i t e , 13X. 

Experimental 

The z e o l i t e supports were calc ined i n a i r p r i o r to use. ZSM-
5 ( S i 0 2 / A l 2 0 3 - 30) and mordenite (Si02/Al 2 03 , 11.4) were used i n 
the ac id form (H-ZSM-5, Η-Mord), and 13X ( S i 0 2 / A l 2 0 3 « 1) used i n 
the sodium form. Series of zeoli te-supported i r o n catalysts of 
weight percent i r o n (% Fe) varying from -1% to ~17% Fe were pre
pared from Fe3(CO)i2 and the calcined z e o l i t e s with cyclohexane as 
solvent by an extraction technique developed i n our laboratory 
(5). A l l materials were characterized by infrared spectroscopy, 
X-ray powder diffractometry (XRPD), X-ray photoelectron spectro
scopy (XPS), ion-sca t ter ing spectrometry (ISS), and Mossbauer 
spectroscopy. The weight percent of i r o n was determined by atomic 
absorption spectroscopy. 

For the c a t a l y t i c a c t i v i t y evaluation, selected materials 
were pressed into 1/8 inch diameter p e l l e t s , reduced under H2 at 
300 psig (20.7 bar) and 450°C for 24 hours, and then treated with 
synthesis gas (H 2 /C0 , 1/1) at 100 ps ig (6.9 bar) and 250°C for 24 
hours. C a t a l y t i c data were obtained by using a fixed-bed continu
ous flow microreactor. Conditions employed were 300 psig (20.7 
bar) pressure of 1/1 synthesis gas, GHSV -1000 h " 1 and reactor 
temperatures of 280°C and 3 0 0 ° C . The products obtained over a 48 
to 72 hour period from the microreactor were analyzed i n two f r a c 
t i o n s . The gaseous e f f l u e n t , inc luding C1-C4 hydrocarbons, was 
analyzed by use of a gas chromatograph that is an i n t e g r a l part of 
the microreactor. The l i q u i d product was col lec ted i n an i c e -
cooled trap located af ter a heated ( 1 7 5 ° C ) trap to c o l l e c t high 
molecular weight (wax) products. The l i q u i d product was separated 
into o i l and aqueous f r a c t i o n s ; analysis of the o i l f r a c t i o n was 
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accomplished by FIA chromatography on s i l i c a ge l (6) and by simu
lated d i s t i l l a t i o n (7). 

Results and Discussion 

Characterizat ion Infrared spectra of the prepared materials 
do not show the presence of ν(CO) bands; thus, it is concluded 
that decomposition of Fe3(C0) 1 2 accompanies adsorption onto the 
supports during the preparative procedure. For catalysts with low 
(<10%) i r o n loading, only the support is detected by XRPD suggest
ing that the p a r t i c l e s i z e of the i ron-containing species is <50A. 
However, above ~10% Fe loading a d i f f r a c t i o n pattern associated 
with Y-Fe2Û3 and/or Έε^Ο^ is observed i n addi t ion to that for the 
support. The XPS data confirm the presence of i r o n oxide i n all 
the prepared c a t a l y s t s
series of Fe/ZSM-5 catalyst
scat ter ing spectrometry, with ^ H e  sput ter ing , has been employed 
to study the surface of the i r o n / z e o l i t e c a t a l y s t s . For all sam
ples s tudied, large F e / S i i n t e n s i t y r a t i o s are obtained i n com
parison with those r a t i o s from i r o n / z e o l i t e catalysts prepared by 
wet-impregnation techniques using an aqueous so lut ion of i r o n n i 
t r a t e . I t is concluded that the i r o n oxide p a r t i c l e s i n the cata
l y s t s prepared from Fe3(C0)i2 a r e considerably smaller than those 
obtained by using i r o n n i t r a t e . Depth p r o f i l i n g studies (XPS and 
ISS) have demonstrated that some i r o n (~1%) is incorporated i n t o , 
and is strongly interac t ing w i t h , the z e o l i t e support; data for 
the Fe/ZSM-5 catalysts have been reported (8). Recent studies (9) 
of the infrared spectra of chemisorbed pyr idine on Fe/ZSM-5 cata
l y s t s prepared by the extraction technique from Fe3(CO)^2 1 1 3 8 s u 8 " 
gested that , i n the prepared form, the i r o n is not in terac t ing 
with the support at the Bronsted ac id s i t e s whereas for i r o n n i 
t rate impregnated Fe/ZSM-5 catalysts some ion exchange does take 
place . Mossbauer spectroscopy has i d e n t i f i e d the surface i r o n -
containing species as small p a r t i c l e - s i z e d Y-Fe2Û3 i n a superpara
magnetic form (10, 11). For Fe/ZSM-5 c a t a l y s t s , (15% to 16% Fe) 
magnetic and Mossbauer studies (12) have concluded that the car -
bony 1-impregnated samples contain y-Fe203 p a r t i c l e s of diameter 
60-66 A whereas the nitrate-impregnated samples contain a-Fe203 
of -100 Â diameter. 

Characterization of the used catalysts (-15% Fe) has shown 
the presence of X-Fe5C2 (Hagg carbide) and Fe3Û4 for all materials 
invest igated. For an Fe/ZSM-5 c a t a l y s t , it is estimated that -80% 
of the i r o n is i n the m e t a l l i c form a f t e r the reduction step (12). 
Following the carbiding step, χ - and ε - c a r b i d e s are detected i n 
addit ion to Fe304« 

It is concluded from the character izat ion s tudies , that the 
extraction technique which we have employed for the preparation of 
zeoli te-supported i r o n catalysts r e s u l t s i n the formation of h i g h 
l y dispersed, small p a r t i c l e - s i z e d y-Fe203 on the support surface 
and, i n a d d i t i o n , a small amount (~1%) of i r o n present as a spe-
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c i e s , possibly i n a non-oxide form, that interacts strongly with 
the z e o l i t e support. It is suggested that the strongly i n t e r a c t 
ing i ron may be incorporated into the pores of the z e o l i t e . The 
i r o n component i n the prepared catalysts is r e a d i l y reduced to the 
meta l l i c form which i n turn forms i r o n carbides which are act ive 
for hydrocarbon synthesis . 

C a t a l y t i c Evaluation In order to investigate support e f 
fects i n these i r o n / z e o l i t e catalysts prepared from Fe3(CO)i2 by 
the extraction technique, three catalysts of s i m i l a r weight per
cent i r o n loading were evaluated f o r the i r a b i l i t y to catalyze 
synthesis gas conversion; these cata lysts were 15.0% Fe/ZSM-5, 
16.4% Fe/Mordenite andl5.0% Fe/13X. A l l catalysts were evaluated 
under s i m i l a r conditions as described i n the experimental sec t ion . 
C a t a l y t i c data is presented  th  f i g u r e s h 
f igure the f i r s t three
at 280°C., the second three points are data at 3 0 0 ° C . 

The catalysts evaluated are ac t ive for synthesis gas conver
s i o n ; the percent conversion of H2 and CO is shown for each cata
l y s t i n Figure 1 as a function of time under evaluation conditions 
and temperature. At 280°C the percent conversion of synthesis gas 
increases with time for the a c i d i c zeoli te-supported c a t a l y s t s , 
Fe/ZSM-5 and Fe/Mordenite, but decreases for the larger pore, non-
a c i d i c zeoli te-supported catalyst Fe/13X. The percent conversion 
increases for all catalysts at 300°C.; for Fe/ZSM-5 and Fe/Mordenite 
the conversions remain constant at t h i s temperature for several 
days, although for Fe/13X the conversion increases with time. The 
trends i n % synthesis gas conversion, p a r t i c u l a r l y % CO, are r e 
f l e c t e d i n the weight % hydrocarbons, carbon dioxide and water ob
tained i n the reactor e f f luent over the period of evaluation, see 
Figure 2. It is apparent that the catalysts are e f f e c t i v e f o r the 
production of hydrocarbons from synthesis gas, but also catalyze 
the water gas s h i f t r eac t io n ; the % hydrocarbons and % CO2 obtained 
are greater at the higher temperature (300°C) whereas the % H2O is 
less at t h i s temperature than at 2 8 0 ° C . 

The d i s t r i b u t i o n of the hydrocarbons is presented i n f igures 
3(a) through (d) and Figures 4(a) and (b) as a weight percent of 
the t o t a l hydrocarbon product. Figure 4(a) represents C54. hydro
carbons obtained from the ice-cooled trap and Figure 4(b) the high 
molecular weight waxy products obtained from the heated t r a p . A l l 
catalysts produce a wide range of hydrocarbon products; the Fe/ 
ZSM-5 catalyst produces the highest y i e l d of methane and the low
est y i e l d of o i l of the three catalysts invest igated. High meth
ane and low o i l y i e l d s may be related to the small p a r t i c l e s ize 
of the i ron-containing species i n t h i s c a t a l y s t . Carbon monoxide 
chemisorption data on Fe/Mordenite catalysts have indicated the 
presence of larger p a r t i c l e s izes for the i ron-containing species 
i n these catalysts compared with those i n the Fe/ZSM-5 catalysts 
(13). It has also been observed (14) that for the Fe/ZSM-5 cata
l y s t , c a l c i n a t i o n i n a i r (300°C and 500°C) leads to an increase i n 
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Figure 2. 
(a), Weight % Hydrocarbons; (b), weight % Carbon Diox
ide; (c), weight % water in the reactor effluent. 
Key same as Figure 1. 
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Figure 3. 
(a), Weight % Cx; (b) , weight % t o t a l C 2 ; (c ) , weight 
% t o t a l C 3 and (d), weight % t o t a l C4 hydrocarbons of 
t o t a l hydrocarbons produced. Key same as Figure 1. 
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Figure 4. 
(a), Weight % o i l (C 5 +); (b), weight % wax of t o t a l 
hydrocarbons produced; ( c ) , propene/propane r a t i o f o r 
C3 hydrocarbons. Key same as Figure 1. 
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p a r t i c l e s i z e of the i ron oxide which resul t s i n decreased methane 
and increased o i l production f o r these catalysts compared with the 
as-prepared, uncalcined, c a t a l y s t . Simulated d i s t i l l a t i o n data 
for the o i l product (C5+ hydrocarbons) obtained by using Fe/ZSM-5 
and Fe/Mordenite catalysts suggest that ~90% of the product b o i l s 
i n the gasoline range (<204eC) compared with -70% for the o i l ob
tained by using Fe/13X. The Fe/ZSM-5 and Fe/Mordenite catalysts 
produce only small amounts of wax whereas Fe/13X produces s i g n i f i 
cant q u a n t i t i e s , p a r t i c u l a r l y at 3 0 0 ° C . I t should be noted that 
for the Fe/13X c a t a l y s t , the increase i n % CO conversion at 300°C 
with time is r e f l e c t e d i n the increased production of high molecu
l a r weight hydrocarbons at t h i s temperature. Thus, for synthesis 
gas conversion with the a c i d i c zeoli te-supported catalysts (Fe/ 
ZSM-5 and Fe/Mordenite) a lower molecular weight d i s t r i b u t i o n of 
hydrocarbons is obtained d with tha  fo  th  n o n - a c i d i c
larger-pore zeoli te-supporte
that the pores i n the ZSM-5 and mordenite z e o l i t e s r e s t r i c e 
formation of high molecular weight hydrocarbon products and/or 
the presence of Bronsted acid s i t e s i n these z e o l i t e s resul ts i n 
the cracking of any high molecular weight products which may be 
formed. However, the 13X z e o l i t e with l a r g e r - s i z e d pores and the 
lack of Bronsted ac id s i t e s , does not have the a b i l i t y to r e s t r i c t 
the formation of high molecular weight products and thus a higher 
molecular weight d i s t r i b u t i o n of hydrocarbons is obtained. 

Fluorescence Indicator Absorption (FIA) chromatographic 
analysis of the 05+ hydrocarbon f r a c t i o n was conducted on each 
sample obtained; the resul ts are presented i n Figures 5(a) through 
(c ) . Comparison of these resul t s for the three catalysts studied 
shows that the use of the Fe/ZSM-5 catalyst resul ts i n the forma
t i o n of the highest percentage of aromatics for all samples analy
zed, for the Fe/Mord catalyst the highest percentage of o l e f i n s is 
obtained and for the Fe/13X c a t a l y s t , the highest percentage of 
saturates is obtained i n the o i l . The r e l a t i v e l y high y i e l d of 
aromatics for the Fe/ZSM-5 catalyst may be related to the low p r o -
pene/propane (03.703) r a t i o found by using t h i s catalyst (see F i g 
ure 4 (c ) ) . This low r a t i o demonstrates the a b i l i t y of the Bronsted 
acid s i t e s i n t h i s catalyst to convert propene to aromatic pro 
ducts . I t has previously been demonstrated that propene is r e a d i 
l y converted into l i q u i d hydrocarbons containing a high percentage 
of aromatics by the a c i d i c form of ZSM-5 (15). For the Fe/Morden
i t e c a t a l y s t , it is concluded that the ac id s i tes which are pres
ent catalyze the oligomerization of l i g h t o l e f i n s to heavier 
( l iquid) o l e f i n s but are not as e f f e c t i v e as those i n the Fe/ZSM-5 
catalyst for the production of aromatic hydrocarbons from propene. 
The absence of Bronsted acid s i t e s i n Fe/13X evidently allows the 
polymerization of hydrocarbon intermediates to occur r e s u l t i n g i n 
the formation of higher molecular weight saturated hydrocarbons. 

The ef fec t of weight percent i ron on the c a t a l y t i c a c t i v i t y 
of Fe/ZSM-5 and Fe/13X catalysts was investigated by comparison of 
the c a t a l y t i c data obtained for 7.0% Fe/ZSM-5 with that for 15.0% 
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Figure 5. 
(a) , Weight % aromatics; (b), weight % o l e f i n s ; (c ) , 
weight % saturates i n the o i l ( C 5 + hydrocarbon) pro 
duct . Key same as Figure 1. 
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Fe/ZSM-5 and for 7.0% Fe/13X with that for 15.0% Fe/13X. These 
data indicate that an increase i n the weight percent i r o n loading 
resul ts i n an increase i n the carbon monoxide and hydrogen conver
sions and an increase i n the t o t a l amount of hydrocarbons i n the 
e f f l u e n t . However, there is no appreciable difference i n the d i s 
t r i b u t i o n of the hydrocarbons that are produced. 

Conclusions 

This study was i n i t i a t e d i n an attempt to produce h i g h l y -
dispersed, thermally-s table , zeoli te-supported metal catalysts and 
to investigate the effec t of a c i d i t y and pore s i z e of the z e o l i t e 
on the products obtained from synthesis gas conversion. As a r e 
s u l t of t h i s study, several conclusions can be made. 

F i r s t , the use of Fe3(C0)^
the preparation of zeoli te-supporte
formation of h ighly-dispersed , small p a r t i c l e - s i z e d y-Fe203 on the 
z e o l i t e surface with a small amount, ~1 Wt % Fe, present i n a non-
oxide form that interacts strongly w i t h , and may be incorporated 
into the pores o f , the z e o l i t e . 

Second, the i r o n oxide r e a d i l y forms the i r o n carbide x-Fe5C2 
af ter reduction i n hydrogen and subsequent carbiding i n synthesis 
gas. The thermally s table , l o n g - l i v e d catalysts that are obtained 
are ac t ive for synthesis gas conversion. 

T h i r d , the a c i d i t y and pore structure of the z e o l i t e support 
are important factors that influence the d i s t r i b u t i o n of products 
obtained during synthesis gas conversion. The catalysts Fe/ZSM-5 
and Fe/Mordenite contain Bronsted acid s i t e s and medium-sized 
pores and resul t i n the conversion of synthesis gas to gaseous and 
l i q u i d hydrocarbons containing a high percentage of unsaturates. 
Approximately 90% of the l i q u i d ( o i l ) products obtained by using 
these catalysts are i n the gasoline b o i l i n g range. The catalyst 
Fe/13X, which consists of a n o n - a c i d i c , l a r g e r - s i z e d pore z e o l i t e 
leads to the conversion of synthesis gas to a higher molecular 
weight d i s t r i b u t i o n of la rge ly saturated hydrocarbons. For t h i s 
c a t a l y s t , approximately 70% of the l i q u i d ( o i l ) product obtained 
is i n the gasoline b o i l i n g range. 

Fourth, by c a r e f u l choice of the z e o l i t e support i n the 
preparation of a b i f u n c t i o n a l catalyst f o r synthesis gas conver
s i o n , the product d i s t r i b u t i o n , p a r t i c u l a r l y for hydrocarbons, may 
be c o n t r o l l e d . This conclusion is of importance i n the design of 
catalysts for the production of l i q u i d transportation fuels from 
synthesis gas. 
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Intrazeolitic and Rare Gas Isolated Silver Atom 
and Silver Cluster Spectroscopy, Photoprocesses, 
and Support Interactions 
GEOFFREY A. OZIN, FRANCOIS HUGUES, DOUGLAS F. McINTOSH, 
and S. MATTAR 
University of Toronto, Lash Miller Chemistry Laboratories,    
Toronto, Ontario M5S 1A1, Canada 

Guest-host interaction
excited electroni
tical role i n determining the energetic properties 
and dynamical processes of s i l v e r atoms and small 
silver clusters isolated in faujasite-type zeolites and 
rare gas matrices. An investigation of the spectro
scopy and photoprocesses of these immobilized metal re
agents indicates that although the ground state metal
-support interactions can be classified as weak,the ex
cited state interactions are exceptionally sensitive 
to the nature of the support. In fact they are of 
s u f f i c i e n t magnitude to result i n a range of novel 
metal-support relaxation processes including cage
-relaxed metal atomic fluorescence/photodiffusion/ 
photoaggregation, metal cluster photofragmentation/ 
cage-relaxed metal atomic fluorescence/cage-recom
bination and metal cluster photoisomerization. An 
appreciation of these kinds of interactions is impor
tant as they c l e a r l y bear a relationship to metal
-support effects known to be operative i n supported 
metal catalysts. 

Experimental techniques for fabricating and spectroscopically 
probing s p e c i f i c naked metal clusters, with nuclearities spanning 
the range from atom to bulk have been the focus of intense scien
t i f i c interest over the past decade. Molecular beam and matrix 
i s o l a t i o n methods have  emerged as the premier approaches for 
studying ligand-free metal clusters in the gas and condensed pha
ses respectively (1). In the ideal c o l l i s i o n free environment of 
a molecular beam, the properties of a metal cluster can be consi
dered to be truely isolated from cluster-substrate e f f e c t s . There
fore, spectroscopic methods that can sel e c t i v e l y extract i n f o r 
mation from metal cluster beams hold great promise for illumina
ting diverse size dependent properties of aggregates of metal 
atoms i n their equilibrium configuration. Condensation of metal 
atoms and/or metal clusters, with rare gases at cryogenic 
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temperatures, from either je ts or beams represents the other main 
approach for observing nucleation phenomena from isola ted metal 
atoms to bulk metal agglomerates i n a weakly interac t ing s o l i d sup
port . In t h i s way the metal dispersion as wel l as the thermal and 
photolyt ic behaviour of p a r t i c u l a r metal atomic and c lus ter r e 
agents may be spectroscopically observed. The spectra obtained r e f 
lec t not only the properties of the guest but also t he i r in terac 
t i o n with the host.Because the s ize requirement of up to s ix metal 
atoms is of great p r a c t i c a l s ignif icance to the spectroscopic, che
mical and c a t a l y t i c properties of supported metal c lusters i n both 
weakly and strongly interac t ing environments ( 2 ) , i t is important to 
study very small metal c lusters i n various types of substrate as 
well as i n the gas phase.In th is way,one can hope to develop a scale 
of metal-support ef fec ts (guest-host interactions) and evaluate 
the role that they play i  divers  technological phenomena

In the past f i v e years
has developed to the point where a number of metal atomic and small 
c lus ter guests have been synthesized and unequivocally characte
r i z e d by spectroscopic and crysta l lographic techniques. The s i l v e r -
z e o l i t e A, X and Y systems i n p a r t i c u l a r have y ie lded a wealth of 
valuable s t ruc tura l and s i t e information pertaining to s i l v e r 
guests i n the size range of one to s ix atoms (3). The spectros
copy of these s i l v e r - z e o l i t e s can therefore be probed i n d e t a i l 
and compared with the corresponding data for s i l v e r atoms and s i l 
ver c lusters immobilized i n weakly interac t ing rare gas s o l i d 
supports (4). 

In th is paper, we w i l l concentrate on some of the more i n 
teres t ing photophysical properties observed for s i l v e r atomic and 
small c lus ter reagents entrapped i n rare gas s o l i d and f a u j a s i t e -
type z e o l i t e substrates. Attention w i l l be directed to matrix cage 
relaxat ion energetics and dynamics fol lowing uv and v i s i b l e photo-
exc i ta t ion of s p e c i f i c s i l v e r guests. Metal-support interact ions 
involving both ground and excited e lec t ronic states of the s i l v e r 
guest-cage unit w i l l feature prominently throughout this d i s c u s 
s i o n , as they play a c r i t i c a l ro le i n c o n t r o l l i n g the spectros
copy and relaxat ion dynamics of the entrapped metal guests. These 
interact ions c l e a r l y bear an important re la t ionship to metal-sup
port ef fec ts known to be operative i n supported metal c a t a l y s t s . 

Results and Discussion 

(A) S i l v e r Atoms and Clusters i n Rare Gas Solids The f l u o 
rescence emission and exc i ta t ion spectra of metal atomic and 
small c lusters immobilized i n cryogenic matrices exhibit a s p e c i 
f i c i t y which has for some time been recognized as a sensi t ive 
probe of the microscopic environment of the entrapped guest, s i g 
n a l l i n g subtle changes i n i t s surroundings as wel l as s p e c i f i c 
guest-host interact ions operating i n i t s ground and excited states 
(4, 5, 6, 7) . In t h i s context , a s t r i k i n g resemblance between 
the o p t i c a l spectra of rare gas and z e o l i t e Y isolated s i l v e r 
atoms and clusters has been previously noted and interpreted i n 
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terms of a weak metal-support interaction for these silver guests 
in a zeolite Y host (4). An objective of this paper is to eval
uate the spectroscopic consequences of large variations i n 
guest-host interactions (metal-support effects) in the 
ground and optically excited states of silver atoms and low nu-
clearity clusters in rare gas and faujasite-type zeolites. As most 
of the photophysical and photochemical information for Ag n/rare 
gas matrices (n = 1-6) has been previously reported, and the cor
responding zeolite X,Y data is new, we w i l l present the rare gas 
solid information pertinent to this paper i n a highly summarized 
form, where the original papers should be consulted for details. 
In Figure 1, typical uv-visible absorption spectra are shown which 
i l l u s t r a t e the isolation of Ag° (Figure ΙΑ),co-isolation of Ag°/ 
Ag2° (Figure IB), Ag0/Ag2

0/Ag3
0 (Figure 1C) and Ag n (where η = 1,2, 

3,4,5..-Figure ID). Th  correspondin  fluorescenc  emissio d 
excitation profiles fo
are displayed in Figures 2A, 2B, and 2C respectively. 

When these atomic and cluster species are embedded in a solid 
rare gas, dramatic alterations in their spectroscopic and photo-
l y t i c properties ensue which can be traced to specific ground 
and excited state interactions. These 
perturbations can be described in terms of attractive van der 
Waals interactions and short range repulsive forces due to over
lap between charge clouds on the metal and matrix atoms. It is 
evident that the potential energy of interaction between a metal 
atom or cluster and a support w i l l in general be different for 
distinct electronic states of the metal guest, since the polari-
z a b i l i t y , radial extent and symmetry of the electronic charge 
distribution w i l l generally vary from one electronic state to 
another. Studies of the energetics and dynamics of Ag°, Ag° and 
Ag° in rare gas solids have been completed (4-9). The absorption 
and fluorescence spectra are indicative of strong guest-host i n 
teractions in the low lying states of Ag°, Ag° and Ag°. Rather 
than presenting the spectroscopic and photolytic details, a sum
mary of the observed radiative and non-radiative relaxation pro
cesses of vi s i b l e and uv-photoexcited Ag°, Ag° and Ag° in rare 
gas solids is shown below: 

Scheme I 
Ag°(2S) / (R) 12hv(290-330nm) A g . ( 2 p ) / ( R ) χ 2 + Ag e(.P){Rh 2 

vibrationally 
(R=Ar,Kr,Xe) relaxed excited state 

cage complex 
Ψ 

Ag°(.S)/(R)i2 ^ A g 0 ( . s ) t / ( R ) 1 2 . Ag°(.S){R}12 + ^ 3 6 0 ^ 6 8 0 

Ag2,3,4... photomobile vibrationally cage-
photoag- ground state relaxed GS relaxed 
gregation silver atom cage complex fluorescence 

The most pertinent feature of the spectroscopy and photoprocesses 
of rare gas isolated Ag° atoms is the strong guest-host 
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300 400 500 600 700 nm 300 400 500 nm 

250 300 250 300 350 400 450 n m 

F i g u r e 1. 
O p t i c a l a b s o r p t i o n s p e c t r o s c o p y f o r (A) Ag° i n A r , K r , Xe at 
12K (B) Ag 0/Ag 2° i n A r , K r , Xe at 12K, (C) Ag 0/Ag 2

0/Ag3 0/Ag 4° 
i n Xe a t 12K (D) Ag n° (where η = 1, 2, 3, 4, 5, ... b u l k ) i n 
Ar at 12K (5, 6, 8, 9 ) . 
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2 0 0 ' 2 5 0 ' 3 0 0 ' 350" ' 4 5 0 ' 5 5 Ô ' n m 6 5 0 

Figure 2. 0 

(A) Fluorescence emission and absorption p r o f i l e s for Ag in Ar, 
Kr. Xe at 12K (B) Optical absorption and emission spectra for 
Ag /Ag °/Ag ° in Ar at 12K (C) Excitation p r o f i l e s for 
Ag°/Ag2°/Ag3 0 in Ar at 12K (4, 5, 9). 
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interact ions in the o p t i c a l l y excited Jahn-Tel ler act ive 2 Ρ state 
of A g ° , which resul ts i n fast v i b r a t i o n a l re laxat ion of the rare 
gas cage atoms around the A g ° ( 2 P ) atom, followed by cage-relaxed 
(strongly red shifted) atomic fluorescence. It is thought that 
the d e s t a b i l i z a t i o n caused by producing a ground state A g ° ( 2 S ) i n 
the relaxed excited state cage-configuration, provides the d r i v i n g 
force for photoinduced d i f f u s i o n of the Ag atoms which leads to 
photoaggregation.The phenomenon of p h o t o a ç g r e g a t i o n has been found 
to be a sensi t ive function of the metal dispersion,nature and tem
perature of the support (5). A v i b r o n i c coupling model which 
focusses at tention on a 2 Ρ Ag° atom i n an Oh symmetry Ag{R)i2 
tetradecahedral rare gas s u b s t i t u t i o n a l s i t e (quasi-molecule or 
cage-complex approximation) for the case of strong spin o r b i t and 
weak v ibronic coupl ing , has been used to unify the absorption and 
emission spectra , fluorescenc  l i f e t i m d depolar izat io  values
and d i f f u s i o n and aggregatio

The absorption and fluorescence spectra of Ag® i n rare gas 
s o l i d s (6,10) are also c l e a r l y i n d i c a t i v e of strong guest-host i n 
teractions involving the Α, 1 Σ 1 1

+ and C.,xnu states of Ag 2 , the f o r 
mer being summarized below: 

Ag2° ( ι Σ β + ) /(R), s
h V ( 3 9 0 n m , ? Ag2° ( 1EU+) / (R), g - . Ag° (« P) {R}+ Ag° (« S) / (R) 

Scheme II ^ A g « ( 2 S ) / ( R ) + A g . ( 2 S ) / ( R ) + h v ^ •680 

The atomic emission spectrum produced by A «- X, Ag 2 exc i ta t ion at 
390nm i n A r , K r , and Xe is interpreted i n terms of an excited 
state Ag 2 d i s s o c i a t i o n , involving strong d e s t a b i l i z a t i o n of the 
Α - s t a t e of Ag 2 (bound i n the gas phase) and strong s t a b i l i z a t i o n 
of the 2 Ρ + 2 S Ag° fragments by matrix cage relaxat ion effec ts 
(as described i n Scheme I f o r the 2 Ρ excited state of Ag i t s e l f ) . 
The net "cage-assisted" photofragmentation y i e l d is quite small 
(around 10%) due to the short range repulsive constraints of the 

matrix cage, r e s u l t i n g i n e f f i c i e n t recombination of the ground 
state Ag° atomic fragments as i l l u s t r a t e d i n Scheme I I . 

The o p t i c a l absorption, fluorescence and photochemical proper
t i e s of Ag 3 provide c lear evidence for the occurrence of two d i s 
t i n c t forms of Ag 3 i n each of the three rare gas matrices (4 ,8 ,9) . 
This observation shows that the matrix environment can act to 
s t a b i l i z e d i s t i n c t isomeric forms of t h i s species . It appears 
that a common form of Ag 3 is produced during matrix formation i n 
A r , Kr and Xe and a s t r u c t u r a l l y d i f f e r e n t yet common form of A g 3

1 

is produced by photoinduced aggregation of Ag° atoms i n Ar m a t r i 
ces and photoisomerization of Ag 3 i n Kr and Xe matrices. The r e 
sul ts avai lable for A g 3 , A g 3

 f i n rare gas matrices are summarized 
below: 
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Scheme III 

Ag°(X) + A g ° ( . P ) . Ag2
e(X) + A g ° ( . S ) + h v 4 g 0 m 

-440nm) 
12K 

Ag3°(A) 

In the case of the A g ° f isomer i n s o l i d A r , the spectroscopic and 
photochemical resul ts indicate the operation of an e f f i c i e n t 
Ag 3 .> Ag 2 + Ag photodissociative-recombination process l o c a l i z e d 
i n the matrix cage.However>fo
the avai lable data lean
t i o n to the A g 3 ' s t ruc tura l form within a deformable matrix cage. 
The observation of thermal and photolyt ic reversibi l i ty ,amongst 
other things,argues i n favour of a photoisomerization rather than 
a photodissociation or photoionization process f o r the Ag 3 i s o 
mer i n Kr and Xe matrices.These photoprocesses for Ag 3 and A g 3

1 

i n rare gas s o l i d s are summerized i n Scheme I I I . 
It is apparent that the effec ts discussed i n the preceding 

paragraphs have a s ignif icance over and above that of the 
deta i led form of the o p t i c a l spectroscopy of Ag° and A g n ° 
i n rare gas matrices. The evidence for cage-relaxed 
atomic fluorescence and photoaggregation processes for A g ° , cage-
assis ted photofragmentation/cage relaxed atomic emission/recom
binat ion processes for A g ° , and the s t a b i l i z a t i o n of d i s t i n c t 
isomeric forms of Ag 3 with c h a r a c t e r i s t i c photochemical and ther 
mal properties is most s i g n i f i c a n t because it represents a d i r e c t 
experimental i n d i c a t i o n that the rare gas matrix environment can 
exert a decis ive influence on the energetic , dynamical and s t r u c 
t u r a l properties of entrapped metal atoms and molecular metal 
c lusters (a s i m i l a r idea has been proposed for N i 3 i n s o l i d Ar 
(11)). Thus i n cer ta in cases it may not be appropriate to make 
di rec t comparison of the resul ts of spectroscopic and s t r u c t u r a l 
studies of entrapped metal c lusters with predict ions made on the 
basis of theoret ica l ca lculat ions on the corresponding atoms or 
c lusters i n the gas phase. Of course a great deal of very useful 
and interes t ing information can be obtained from such spectros
copic s tudies , even i f the entrapped metal atoms and c lusters are 
s i g n i f i c a n t l y perturbed by the matrix support. The e luc idat ion 
of the spectroscopic and s t ruc tura l properties of entrapped or 
supported metal atoms and c lusters is of interest from the point 
of view of the interac t ion between the c l us t er and the support, 
because such interact ions ,as described e a r l i e r , are expected to 
be of importance i n most s i tuat ions i n which metal atoms and 
c lusters are accessible for experimental studies and e s p e c i a l l y 
those s i tuat ions where the c lusters are involved i n chemical or 
c a t a l y t i c processes. The p o s s i b i l i t y that cer ta in c lus ter spe-
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cies can adopt more than one stable structural configuration in a 
rare gas matrix is an important consideration in spectroscopic, 
chemical and photochemical studies of entrapped cluster species. 
It is perhaps not surprising that this effect is important in the 
case of entrapped silver clusters, because molecular orbital cal
culations for these and related systems show that only small 
energy differences separate quite different structural forms of 
the clusters, such as straight chains and two and three dimen
sional structures. For example, on the basis of accurate SCF-CI 
calculations on the Ag3 molecule, Basch (12) has concluded that 
the energy difference between a linear and strongly bent form of 
Ag° is only O.14 ev or 3.2kcal.mol"^. This energy difference 
is of the same order of magnitude as the spectral shift of the 
Ag, absorption bands f rom Ar to Xe matrices, which can be taken 
as a rough measure of th  magnitud f th  inter
action energy (i.e. suppor
suggest that rare gas solid matri  effects, whic  might at f i r s t 
glance be categorized as weak support interactions, exert a sig
nificant influence on the energetic, dynamical and structural 
properties of entrapped silver atomic and cluster guests, and it 
is therefore of considerable interest to evaluate the nature of 
the metal-support effect for similar metal species in other sup
ports. In the following section we present such data for silver 
atomic and low nuclearity silver cluster guests in well defined 
sites of faujasite zeolite hosts. 

(B) Silver Atoms and Clusters in Faujasite Zeolites It has 
been shown recently by different techniques that small, charged 
silver clusters can be formed and stabilized in the cavities of 
zeolites A, X and Y. Uytterhoeven et al (3b) have shown that 
in completely silver exchanged zeolite X and Y, thermal treatment 
under vacuum followed by exposure to oxygen produced the clusters 
Ag2q+ and linear Ag3P+(p and q not defined). The formation of 
these charged clusters arises from the simultaneous occupancy of 
the hexagonal prismatic site I and one or two adjacent sites I f 

in the sodalite cage. No optical data have been published con
cerning these charged clusters. Kellerman and Texter (13) have 
however, obtained optical spectroscopic evidence that isolated 
silver atoms are formed during the dehydration of low exchanged 
silver zeolite Y (Ag8NaY). The appearance of an absorp
tion band at 306 nm, a fluorescence emission at 490 nm excited 
in the uv-range, as well as an excitation spectrum showing a 
maximum at 306 nm, constitute strong evidence for the existence 
of zeolite entrapped silver atoms by comparison with the corres
ponding data for gaseous and rare gas matrix isolated Ag° atoms. 
The resistance of this species to oxidation by molecular 02 led 
the authors to conclude that the isolated silver atoms most pro
bably reside in site I. 

In this section we describe our diffuse optical reflectance 
and fluorescence emission/excitation spectra (14) related to the 
silver atoms and silver clusters Ag^ <1+ and Ag3 P + stabilized in 
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faujas i te z e o l i t e s . We w i l l attempt to elucidate the mechanism 
of formation of the clusters and, i n p a r t i c u l a r compare the spec
troscopy, photoprocesses and metal-support interact ions of these 
z e o l i t e entrapped s i l v e r guests with changing S i / A l r a t i o , as 
wel l as with the data for the corresponding guests immobilized i n 
rare gas matrices. 

The f u l l y hydrated samples do not show any fluorescence or 
absorption i n the wavelength ranges examined. However, when sub
mitted to vacuum treatment at increasing temperature, the z e o l i t e 
samples show fluorescence emission and exc i ta t ion spectra whose 
intensi ty increases up to 5 0 0 ° C . In Figure 3A the exc i ta t ion and 
emission p r o f i l e s for AgxNaY500 are presented. These p r o f i l e s 
remain e s s e n t i a l l y invariant af ter oxygen treatment at 4 0 0 ° C . 

In the case of low loading samples (x = 3,6) the exc i ta t ion 
and emission bands at 308/31
(Figure 3A,A; 3A,B) ar
(13) and are best interpreted as a r i s i n g from isolated s i l v e r 
atoms res iding i n an inaccessible s i t e of the z e o l i t e l a t t i c e , 
most probably s i t e I at the center of the hexagonal prism. The 
dynamic and energetic properties of i n t r a z e o l i t i c s i l v e r atoms 
i n s i t e I appear to be quite s i m i l a r to those observed for s i l v e r 
atoms entrapped within the cubo-octahedral s i tes of the s o l i d 
rare gases (5) and w i l l be discussed i n the next sec t ion . In 
the case of the completely exchanged sample (x = 55), the r e f l e c 
tance spectrum taken af ter oxygen treatment at 300°C (Figure 3B, 
A) shows an intense and narrow absorption at 340 nm and the e x c i 
ta t ion spectrum shows a maximum at 340 nm associated with a broad 
emission centred around 544 nm (Figure 3A, F ) . At t h i s l e v e l of 
exchange, Uytterhoeven's crystal lographic resul ts (3) indicate 
the probable presence of a charged c lus ter A g ^ " . a r i s i n g from the 
simultaneous occupancy (at least to a cer ta in extent, measured by 
the excess of population i n s i t e I f ) of one s i t e I and one adja
cent s i t e I 1 by a s i l v e r i o n . Therefore, we associate the spe
cies giving r i s e to these o p t i c a l spectra with the c lus ter Ag2^"9 

the spectroscopic properties of which w i l l be described i n a 
la ter section (where q is shown to be u n i t y ) . 

In the case of Ag^NaY, the exc i ta t ion and emission spectra 
(Figure 3A,C) indicate the presence of a mixture of i so la ted atoms 
(313 nm, 495 nm respec t ive ly , i n l i n e with the spectral properties 
of Ag3NaY and Ag6NaY) as well as charged c lusters A g 2

+ associa 
ted with the shoulder at 334 nm i n the exc i ta t ion spectrum giving 
r i s e to the 530 nm emission band (Figure 3A,D). The Ag3sNaY sam
ple is found to contain mainly the species A g ^ + (exci tat ion maxi
mum at 338 nm, emission at 535 nm, Figure 3A,E) with a small 
amount of i sola ted s i l v e r atoms giving r i s e to a s l i g h t band 
broadening on the high energy side of the exc i ta t ion band. 

These resul ts demonstrate that beginning with i so la ted s i l v e r 
atoms i n the samples Ag 3NaY, an increase i n s i l v e r ion concentra
t i o n induces a growth i n the population of A g ^ + species , v i a a 
progressive occupancy of s i t e I ' adjacent to s i t e I . Taking into 
account the s i t e occupancies obtained by Uytterhoeven (3) for 
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Figure 3. 
(A) Fluorescence emission and excitation spectra 
of Aĝ NaYj-QQ, where χ varies from 3 to 55. (Ref. 14). 
(B) Diffuse reflectance spectra of Ag^^NaY^^^ as 
a function of oxygen treatment (400 torr) at in
creasing temperature. Lower trace shows baseline 
of the hydrated sample 
(Reproduced with permission from Ref. 14. Copyright, 
American Chemical Society.) 
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site I (12.8 Ag) and site I 1 (13.1 Ag) in Ag5eY, together with 
our fluorescence results (14), we can deduce that in completely 
exchanged silver zeolite Y there exists a strong tendency for the 
silver ions to simultaneously occupy the site I and I 1 positions 
to form Ag£+, up to a maximum of approximately 13 Ag| +/unit c e l l . 

In Figure 3B are presented the diffuse reflectance spectra 
obtained after oxidation of AgssNaY under 0 2 at increasing tem
perature. When the temperature of 02 treatment is raised above 
300°C up to 480°C., the sample turns yellow and one observes the 
progressive increase of a new band at 402 nm with a concomitant 
decrease of the 340 nm band associated with Aĝ ... The behaviour 
of these two bands indicates that the new species giving rise to 
the 402 nm absorption is generated at the expense of the A g ^ 
clusters. Moreover, the position of the new band suggests that 
it corresponds to a small silve  cluste  (4-10)  unlik ° d 
Ag£+, fluorescence emissio
silver cluster species anywhere in the range 200-700 nm (c.f. 
AgJ' in Ar described e a r l i e r ) . Taking into account that the l i 
near cluster AgjP. stabilized in the sodalite cage of zeolite A 
has been shown to absorb at 446 nm (3) and that Ag3 and Ag 3' iso
mers isolated in rare gas solids absorb in the range 400-440 nm 
and 440-474 nm respectively (8,9), we tentatively attribute our 
new 402 nm absorption to an A g 3 ^ cluster. Such a cluster could 
be envisaged to form from A g ^ by simply f i l l i n g the vacant site 
I' adjacent to a f i l l e d site I. It would in fact correspond to 
the Ag 3P + cluster identified by Uytterhoeven by x-ray diffraction 
analysis (3). The spectral shift from 402 nm to 446 nm probably 
reflects the different environment of Ag 3

p+ in the β- cage of 
zeolite A compared to site 1 + 2 site I 1 of Agf in zeolite Y, 
and/or the slightly different s i l v e r - s i l v e r bond lengths (2.85 -
3.00Â in zeolite A, 3.08 - 3.17Â in zeolite X and Y). The for
mation of A g ^ from Ag£+ requires the f i l l i n g of a vacant site V 
adjacent to a f i l l e d site I - site I 1 pair (illustrated i n Figure 
4), which implies the migration of a silver ion from another 
la t t i c e site ( I , I I , I I 1 ) to site I under the influence of 0 2 

treatment at elevated temperatures, which is consistent with 
Uytterhoeven's recent X-ray observations (3). Because site II 
shows the highest occupancy among the available sites, it is 
li k e l y that the migration preferentially depletes this s i t e , de
fining the AgP+ nucleation process as a migration from the super-
cage (II) to the sodalite cage (I v) sites. Without going into 
detail it should be noted that similar experiments to those de
scribed for AgxNaY have been performed for AgxNaX and the results 
are summarized, for low and high silver exchanged samples, i n 
Figures 5 and 6. In the context of this and the following discus
sions, the most important features to notice for Ag°, Ag£+ and 
Agf+ are (i) red spectral shifts in the Ag e emission and exci
tation band maxima on passing from ZY to ZX ( i i ) red spectral 
shifts for the Ag^ + emission and excitation band maxima on pas
sing from ZY to ZX ( i i i ) red spectral shifts for the emission 
and excitation band maxima of Ag£+ relative to Ag Q for ZY and (iv) 
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(C) 

Figure 4. 
Perspective drawing of the location and coordination 
of (A): Agi, (B): Ag+ , (C) : Ag24., in X and Y zeolites, 
where Ag° occupies site I (centre of the hexagonal 
prism) and Ag + one (or two) adjacent site I f 

(Reproduced with permission from Ref. 3b . ) 
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I I I I I I 
6 0 0 5 0 0 4 0 0 3 0 0 

λ(ηπη) 
Figure 5. 
Diffuse reflectance spectra (A) of Agĝ NaX taken during dehydra
tion under vacuum and oxygen treatment (400 torr). Fluorescence 
emission and excitation profiles (B) corresponding to stage C in 
Figure 5(A) (15). 
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a red spectral s h i f t for the emission maximum but a blue spectral 
s h i f t f o r the exc i ta t ion maximum f o r A g £ + r e l a t i v e to Ag° i n ZX 
(see l a t e r sec t ions) . In view of the consitency between the c r y s -
ta l lographic data and the e lec t ronic absorption and emission spec
troscopy for the proposed i n t r a z e o l i t i c s i l v e r guests A g ° , A g £ + and 
Agf"." it is surpr is ing that on the one hand there is no observable 
epr s ignal a t t r ibutable to these paramagnetic species (at least 
Ag° , the charges p and q for A g ^ + and A g D + being not p r e c i s e l y 
known) and on the other hand,considering the extensive previous 
epr work done, that no spectra have been reported for the vacuum 
dehydrated forms of AgNaX and AgNaY z e o l i t e s . Note that the epr 
spectra of s i m i l a r species (Agi and A g £ + 1 f o r η = 1,2,3, . . . ) have 
been observed i n hydrated or p a r t i a l l y dehydrated s i l v e r exchanged 
zeol i tes A,X and Y fol lowing γ - or X-ray i r r a d i â t i o n ( 1 6 ) . T h e epr s i 
lence for these specie
urat ion of the paramagneti
to s p i n - l a t t i c e re laxat ion e f f e c t s , coupled with broadening effec ts 
due to the existence of other paramagnetic species i n the v i c i n i t y 
of the s i l v e r guests. 

At th is point we note that the o v e r a l l form of the absorption, 
fluorescence emission and exc i ta t ion p r o f i l e s for A g f , A g £ + and 
Ag|.+. for AgxNaX and AgxNaY is s u p e r f i c i a l l y reminiscent of those 
observed for A g ° , A g 2 ° , and A g 3 ° entrapped i n rare gas so l ids 
(4-10). However, a number of important differences are also ap
parent. These d e t a i l s are discussed for each s i l v e r guest as a 
necessary prelude to the subject of metal-support i n t e r a c t i o n s . 

(C) I n t r a z e o l i t i c Ag° Spectroscopy and Photoprocesses In 
all discussions of the spectroscopy, photoprocesses and support-
interact ions of immobilized metal atoms (or c lusters) a knowledge 
of the l o c a l structure and symmetry of the trapping s i t e is man
datory. For the p a r t i c u l a r case of faujas i te z e o l i t e s containing 
s i t e I i so la ted Ag° atoms, the f i r s t coordination sphere is com
prised of s ix oxygen atoms, three from each hexagonal s i x - r i n g 
(17). As the crysta l lographic data for A g ^ i n faujas i te z e o l i t e s 
demonstrates that all of the s i t e I o Ag-0 bond lengths are approxi
mately equal (Ag (I) - 60(3) = 2.67A for Ag56NaY) conveying near 
perfect octahedral symmetry to the central Ag atom, it is reason
able to assume that the "gross" features of the e lec t ronic and 
o p t i c a l properties of s i t e I i so la ted Ag° atoms i n faujas i te zeo
l i t e s w i l l be governed by a model i n which the l o c a l symmetry of 
the s ix oxygen atoms is c u b i c . By taking into account the S i / 
A l d i s t r i b u t i o n , the effec ts of the f u l l symmetry of the hexa
gonal prism ( i l l u s t r a t e d i n Figure 7, based on MASNMR and 
Dempsey's rules (18, 19))can probably be treated as a non-cubic 
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ZX ZY 

• A l c 2 h 
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Figure 7. 
Distribution of aluminium atoms in the hexagonal 
prism of faujasite-type zeolites. According to 
2 9 S i Magic-Angle-Spinning NMR data (Ref. 18) and 
Dempsey's rules (Ref. 19) for zeolite X(Si/Al = 
1.18) and zeolite Y (Si/Al = 2 . 0 ) , the site 
distribution for zeolite X is D^: 9, C^: 1, 
C : 6 , and for zeolite Y the centrosymmetric site 
C« is strongly favoured (15). 
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perturbation on the model used to interpret the optical spectro
scopy (see later). 

The overall form, but not the detail, of the fluorescence 
emission and excitation profiles for Ag° atoms in site I of X and 
Y zeolites is similar to those observed for 
Ag° atoms isolated in the cubo-octahedral site of rare gas solids. 
The observation of multiple structure on the 2Ρ «- 2 S absorption 
and large red spectral shifts for the 2Ρ -.. 2 S emission of site I 
entrapped Ag° atoms, indicates that the guest-host interactions 
are markedly different for the 2 S and 2 Ρ states and can be ex
plained in terms of site I relaxation effects, using a vibronic 
coupling model similar to that described in detail for Ag° atom 
rare gas cage complexes ( 5 ) . 

In brief, the form of the potential energy surface in the 
simplest theory (20) fo ° ^
"quasi-molecule", for th
bronic coupling, is illustrated in the configuration coordinate 
diagram of Figure 8. If the non-cubic perturbations arising from 
the Si/Al distribution around the Ag06 coordination sphere are 
small compared to the Jahn-Teller interactions, then the model 
should be s t i l l applicable with some slight modification (see 
later). The Ui and U2 branches of the potential energy surface 
represent the two electronic states which replace the original 
2P 3/ 2 state ( 2G 3/ 2 u in the 0^ f double group) where the separa
tion at any point in the (Q2, Q3) coordinate space represents the 
vibronic splitting of the 2G 3/ 2 U state. The curve labelled U3 

represents the potential energy surface for the 2Ρχ/2 state (2Ei/2U 
in the double group Ô ') in which account has been taken of the 
effects of 2 P i / 2 ~ 2Ps/2 mixing of the spin-orbit components (20). 

Thus optical excitation of Ag06 into the Ui, U2 or U3 surfaces 
should be followed by rapid vibrational relaxation to the res
pective minimum points and subsequent radiative decay to the 
2S1/2 ( 2 A i g i n t n e double group 0^') ground state surface, as i l 
lustrated in Figure 8. The large spectral shifts of the emission 
bands of site I Ag° atoms can therefore be seen to be the conse
quence of the tendency for Jahn-Teller distortion of the excited 
state Ag° site I cage complex. The red shifts arise both from the 
stabilization of the excited state and accompanying destabiliza
tion of the ground state (Figure 8) . 

With the configuration coordinate diagram of Figure 8 which 
is applicable to perfect 0^ symmetry one can begin to interpret 
the major splittings and shifts in the emission/excitâtion spectra 
of Ag° in Ag6NaX5 0 0 and Ag6NaYsoo. However, to take into account 
the Si/Al distribution in X and Y zeolites, it is necessary to 
f i r s t consider how the model predictions would be altered for Ag° 
trapping sites exhibiting different actual site symmetries, re
membering that the f i r s t coordination sphere of a site I Ag° atom 
in faujasite zeolites is perfectly octahedral no matter what the 
Si/Al ratio. 

If the non-cubic perturbation is small compared to the vib
ronic interactions (which probably applies to the present case of 
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Figure 8. 
Vibronic coupling model used to explain the dynamic 
and energetic properties of the octahedral Ag°0^ cage 
complex ( A ) , appropriate for a silver atom in site I 
of faujasite-type zeolites (5) . 
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a next-nearest neighbour S i / A l perturbation on the Ag(>6 q u a s i -
molecule)then the model should s t i l l be a p p l i c a b l e , since the 
Jahn-Teller ef fec t can operate also i n the case of near degene
racy (20). However, the potent ia l energy surfaces would no l o n g 
er be expected to be symmetrical for tetragonal d i s t o r t i o n s along 
the x, y , ζ d i r e c t i o n s , since these direc t ions would be rendered 
inequivalent by the non-cubic perturbations. This could cause a 
s p l i t t i n g or broadening of cer ta in emission bands into two or 
more components because the accessible dis tor ted configurations 
would be energet ical ly inequivalent i n Figure 8. Furthermore, 
it is expected that the energetic posi t ions of the emission bands 
would be d i f f e r e n t for d i s t i n c t types of trapping s i t e s . C o n s i 
derations of this type could account for the appearance of broad 
structureless emission bands of s i t e I Ag° atoms i n Ag6NaXsoo 
and Ag6NaY5oo, where ther
I types with less than

One may conclude that the o p t i c a l emission and exc i ta t ion 
spectra for s i t e I Ag° atoms are probably best interpreted i n 
terms of a strong s p i n - o r b i t and weak v ibronic coupling model for 
the 2 Ρ excited state of Ag° i n an Ag0 6 cage, i n which weaker 
interact ions a r i s i n g from the S i / A l d i s t r i b u t i o n i n the second 
coordination sphere of Ag0 6 are seen i n X z e o l i t e as two major 
emissions from the high abundance D 3 ^ and C g s i t e s , a n d i n Y z e o l i t e 
as one major emission from the dominant C 2 ^ s i t e (15), both 
with superimposed non-cubic perturbations (Figure 7) . 

(V) Ag° - Support Interactions Recal l that the major 
absorption and emission processes of gaseous Ag atoms i n the 
uv-range are rather straightforwardly interpreted i n terms 
of e lec t ronic t ransi t ions between an i so t ropic 4 d 1 0 5 s 1 , 2 S i ^ 2 

ground state and a s p i n - o r b i t s p l i t 4 d 1 0 5 p 1 , 2 P 3 / 2 , x ^ 2 excited 
state (21). However, when implanted into a s o l i d support, 
dramatic a l terat ions i n the spectroscopic properties of Ag° atoms 
are expected as described e a r l i e r . 

In the s p e c i f i c case of Ag°atoms i n s i t e I of faujas i te type 
z e o l i t e s , one can q u a l i t a t i v e l y r a t i o n a l i z e the red s h i f t s ob
served for the 2 Ρ 2 S emission (485 to 544 nm)/ exc i ta t ion 
(308/312 to 310/325/330 nm) bands with increasing A l content on 
passing from Y to X z e o l i t e , i n terms of the anticipated i n c r e a 
sing e lec t ronic charge density on the oxygen atoms of the AgOç 
f i r s t coordination sphere. Short range repulsive interactions 
between the electronic charge clouds of the low l y i n g valence 
2s/2p o r b i t a l s of these oxygen atoms and the valence 5s/5p 
o r b i t a l s of an Ag° atom at the centre of s i t e I , would tend to 
d e s t a b i l i z e the 2 S state with respect to the 2 Ρ state of A g ° , t h e 
higher charge density on oxygen causing the greater reduction i n 
the 2 S 2 Ρ energy separation.With th is simple model one can s a 
t i s f a c t o r i l y account for the red s h i f t of the emission and e x c i 
ta t ion bands of s i t e I Ag° atoms on passing from Y to X z e o l i t e . 

Another way of viewing these metal-support ef fec ts described 
above is i n terms of a s i t e I e f fec t ive cage p o l a r i z a b i l i t y which 
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is sensi t ive to the S i / A l r a t i o . An increasing charge density 
on the f i r s t coordination sphere oxygen atoms i n the AgOs cage-
complex is accompanied by an increasing cage p o l a r i z a b i l i t y . One 
might therefore envisage that a c o r r e l a t i o n between cage p o l a r i 
z a b i l i t y and the 2 Ρ «-> 2 S emission and exc i ta t ion energies should 
exis t for Ag° i so la ted i n a var ie ty of matrices, i n which the 
metal-support i n t e r a c t i o n can be categorized as weak. In prac
t i c e , one f inds that a p lo t of the p o l a r i z a b i l i t y of the s o l i d 
rare gases A r , Kr and Xe (measured at 20K) versus the energies 
of the observed 2 P +-+ 2 S emission and absorption bands(employ
ing average values of the energies of the s p i n - o r b i t / v i b r o n i c 
components) f o r the major (thermally stable) cubo-octahedral 
trapping s i t e of atomic s i l v e r , is remarkably l i n e a r as seen i n 
Figure 9A, 9B. As a f i r s t approximation, these correlat ions can 
be considered to provid
z a b i l i t y with respect t
atoms i n a range of substrates. On placing the emission and 
exc i ta t ion energies of s i t e I Ag° atoms i n X and Y z e o l i t e s on 
the appropriate α versus Δ E ( 2 P 2 S) plots of Figure 9A, 9B, 
one f inds that the e f f e c t i v e cage p o l a r i z a b i l i t y for both the 
ground (2 S) and excited ( 2P) states of atomic s i l v e r is greater 
for z e o l i t e X than for z e o l i t e Y. This observation is consistent 
with the charge density arguments presented e a r l i e r . For the 
A g ° ( 2 S) atom the α value for ZX l i e s between those of Xe and Kr 
and for ZY between Kr and Ar (Figure 9A) . The apparent increase 
i n the e f f e c t i v e cage p o l a r i z a b i l i t y of Ag( 2 P) compared to Ag( 2 S) 
i n X and Y zeol i tes as seen i n Figure 9A, 9B is most l i k e l y due to 
the use of an α vs Δ E ( 2 P -> 2 S ) c o r r e l a t i o n based on 
the averaging of the emission energies of the U1/U2 and U 3 sur 
faces (Figure 8 ) for Ag° i n rare gas matrices. This discrepancy 
indicates that the Ag° emissions i n X and Y zeol i tes probably 
originate e n t i r e l y from the lower U 3 surface and that a more ap
propriate α vs Δ Ε ( 2 Ρ •> 2 S) c o r r e l a t i o n should employ the lower 
energy rare gas emission components of Ag° also graphed i n Figure 
9D. These data y i e l d e f f e c t i v e cage p o l a r i z a b i l i t i e s for Ag( 2 P) 
which are i n l i n e with those obtained for Ag( 2 S) i n Figure 9A, 
for which averaging of the Δ E ( 2 P «- 2 S) exc i ta t ion energies 
is more acceptable. 

(E) Support Interactions i n the Spectroscopy and Photo
processes of A g 9

f i n Zeol i te X and Y It is in teres t ing to 
compare the spectroscopic properties of s i t e I , I ' i so la ted Ag 2 

i n ZY with those for Ag 2 entrapped i n rare-gas so l ids (6). In 
the l a t t e r one f inds a strongly blue s h i f t e d gas to matrix X, 
xEg+ , A , t r a n s i t i o n which appears as a broad, s t ructure
less absorption band, and for which, photoexcitation produces 
atomic fluorescence as a resul t of an excited state Ag 2 d i s s o c i 
at ion process. The blue s h i f t is due mainly to strong d e s t a b i l i 
zation of the excited Α - s t a t e of Ag 2 (bound i n the gas phase) 
where the energetics is such that the o p t i c a l l y prepared state is 
unstable with respect to d i s s o c i a t i o n to excited atomic fragments. 
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Figure 9. 
Plot of fluorescence emission and excitation (absorption) band 
energies (cm ) versus polarizability (A-.) for Ag atoms isolated 
in solid Ar, Kr, and Xe (5, 22). In thes case of the excitation 
process, average energies of the extremal spin-orbit component 
bands have been plotted in graph (A). For the emission process, 
the average energies of the Û /Û  and component bands (see 
Figure 8) as well as the actual energies of the individual 
lL/u.2 and component bands have been plotted in graphs (B), 
(C) and (D) respectively. The observed excitation and emission 
energies for Ag,NaX,-nn and Ag , N a Y e n n have been placed on graphs 
(A), (B) and <DJ (see text for details). 
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On the other hand, the ground state of Ag 2 is found not to be 
strongly perturbed i n the rare-gas matrix. The i n s t a b i l i t y with 
respect to excited state d i s s o c i a t i o n arises from two f a c t o r s . 
F i r s t l y , there are repulsive (destabi l iz ing) A g 2 - r a r e gas i n t e r 
actions i n the excited state of Ag 2 which or iginate from e l e c 
t ronic repulsion ef fec ts due to the d i f f u s e charge density as 
sociated with the Α - s t a t e ( i . e . r e s u l t i n g i n blue gas to matrix 
s h i f t s ) . Secondly, the 2 S + 2 P atomic fragments, which c o r r e 
late with the o p t i c a l l y prepared Α - s t a t e of Ag 2 , are strongly 
s t a b i l i z e d by matrix-cage relaxat ion effec ts i n a manner ana
logous to that described i n d e t a i l for 2 Ρ atomic Ag° i n rare 
gas sol ids (5). The extent to which the d e s t a b i l i z a t i o n of the 
photoexcited Ag 2 is successful i n promoting net d i s s o c i a t i o n is 
determined by the detai led relaxat ion dynamics of the excited 
A g 2 - r a r e gas cage-comple  (6)  Thi  ide  is i l l u s t r a t e d sche
matical ly i n Figure 10

Compared to gaseous A g 2 , the gaseous cat ion Ag 2+ is expected 
to have a less strongly bound X-state ( 2 Σ g+) and a d i s s o c i a t i v e 
(or weakly bound) Α - s t a t e ( 2 £j " ) which correlate with the sepa
rated atom and ion l i m i t s 2 S ( A g ° ) + 1S(Ag+) and 2 P ( A g ° ) +xS(Ag+) 
respect ively (Figure 10). For z e o l i t e Y i sola ted A g 2

+ , r e p u l 
sive interact ions with the 0(3) atoms at s i t e I , I" w i l l act to 
further d e s t a b i l i z e the Α - s t a t e of A g 2

+ with respect to d i s s o 
c i a t i o n to excited Ag° 2 Ρ atomic fragments (Figure 10), where the 
l a t t e r w i l l be strongly s t a b i l i z e d by s i t e I cage-relaxation 
effec ts p r i m a r i l y involving the s ix 0(3) oxygen atoms. One there
fore expects the energetic and dynamical properties of A g 2

+ i n 
ZY to be such that the A +. X t r a n s i t i o n should be blue s h i f t e d 
compared to that of Ag 2 i n rare-gas s o l i d s ( A g 2

+ , 340 nm, ZY; 
Ag 2 , 389 nm, A r ; 390 nm, K r ; 391 nm, Xe ; 435 nm, gas phase (6)) 
and for which photoexcitation should produce cage-relaxed 2 Ρ Ag° 
atomic fluorescence as a resul t of e i ther an i n t r i n s i c / a n d or 
cage-assisted excited state d i s s o c i a t i o n process of A g 2

+ i n s i t e 
I , I . . This Ag° emission from kg2. i n ZY is expected to be some
what red s h i f t e d (544 nm) compared to the emission from cage-
relaxed 2 Ρ Ag° atoms i so la ted i n s i t e I (483/490 nm) as a resul t 
of short range repulsive interact ions with the neighbouring s i t e 
V , A g + i o n , the l a t t e r d e s t a b i l i z i n g the 2 S state to a greater 
extent than the 2 Ρ state of Ag° thereby reducing the 2 Ρ S 
energy separation. Overa l l therefore, a net charge of +1 seems 
quite reasonable and hence an Ag 2

 + formulation for the binuclear 
charged c lus ter i n z e o l i t e Y. 

The s e n s i t i v i t y of the 2 P . ^ 2 S t r a n s i t i o n energy of Ag° atoms 
i so la ted i n rare gas and faujas i te z e o l i t e matrices described i n 
section D, proved to be a valuable probe of the Ag°-support i n 
t e r a c t i o n . This suggests that s i m i l a r concepts might be applied 
to s i t e I , V i so la ted A g ^ + cations i n ZX and ZY. In pract ice one 
f inds that the uv-absorption band for Ag 2+ red s h i f t s (340+ 360nm) 
whereas the v i s i b l e emission band blue s h i f t s (544+ 510nm) on pas
sing from ZY to ZX. By considering Ag 2+ to have a bound Χ , 2 Σ + + 

ground e lec t ronic state and a d i s s o c i a t i v e ( o r weakly bound) A , 2 £ u 
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Figure 10. 
I l l u s t r a t i o n of the X and Α - s t a t e potent ia l energy 
curves for gaseous,rare gas so l id ,an d z e o l i t e Y 
isola ted A g ? and Ag (15). 
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excited state (Figure 10) one can r a t i o n a l i z e the spectral trends 
for Ag 2 + on passing from ZY to ZX simply i n terms of a greater Ag+ 
( Ι ' ) - 0 ( 3 ) i n t e r a c t i o n , This w i l l lead to a reduction i n the r e p u l 
sive interactions between the 0(3) oxygens and the d i f f u s e charge 
density of the Α - s t a t e of A g 2

+ , thereby r e s u l t i n g i n s t a b i l i z a t i o n 
of the Α - s t a t e r e l a t i v e to the X-state and an explanation for the 
observed red spectral s h i f t i n the absorption energy of A g 2

+ on 
passing from ZY to ZX. However, the greater Ag+(I f)-0(3) i n t e r 
act ion i n ZX than i n ZY w i l l also have the ef fec t of reducing the 
repulsive interact ions between the 0(3) oxygens and the s i t e I Ag° 
atom the l a t t e r being produced fol lowing the photoexcitation of 
A g 2

+ into the Α - s t a t e . O v e r a l l , t h i s w i l l be manifest as a blue 
spectral s h i f t i n the 2P 2 S emission energy on passing from ZY 
to ZX, i n agreement with the observations. 

At th is point one ca
r i c e s , the absorption an
z e o l i t e s are also c l e a r l y indica t ive of strong guest-host i n t e r
actions involving the low l y i n g e lec t ronic s tates . In p a r t i c u l a r , 
the absorption, fluorescence and exc i ta t ion bands for A g 2

+ show 
energy s h i f t s on passing from ZY to ZX which are consistent with the 
expected increasing charge density on the s i t e Ι , Ι ' 0(3) oxygen a t 
oms a r i s i n g from the lower S i / A l ratio.Furthermore,photoexcitation 
of the A-X absorption band of A g ^ + produces intense emission bands 
charac ter i s t i c of Ag° atoms i n s i t e I , às a resul t of an exc i ted-
state d i s s o c i a t i o n process. This involves strong s t a b i l i z a t i o n 
of the 2 Ρ atomic fragment by s i t e I cage relaxat ion e f f e c t s , 
analogous to those described f o r Ag 2 i n rare gas matrices (6). The 
quantum y i e l d for fluorescence is probably near unity but the net 
Ag 2+ photod is soc ia t ion y i e l d is zero probably because of the r i g i 
d i t y of the hexagonal prismatic s i t e I i n faujas i te z e o l i t e s and 
the close proximity of the Ag° and A g + photofragments i n adjacent 
s i tes I , I. r espec t ive ly . This should be contrasted with the smal l , 
but observable, net photodissociation of Ag 2 trapped i n the more 
deformable cages of the s o l i d rare gases (6). 

(F) Ag3 2+ i n Zeol i te X and Y. The A g 3
2 + c lus ter ca t ion has 

been c r y s t a l l o g r a p h i c a l l y characterized as the yellow chromophore 
i n s i l v e r exchanged, vacuum and oxygen pretreated A , X and Y 
zeol i tes (3). From Uytterhoeven.1 s work, A g 3

2 + i so la ted i n the 
sodal i te cage of ZA absorbs at 446 nm (3a). The present study 
defines the corresponding e lec t ronic t rans i t ions for A g 3

2 + en
trapped i n s i t e I , I f of ZX and ZY at 410 and 402 nm respec
t i v e l y . As described e a r l i e r , t r i s i l v e r i so la ted i n rare gas matrices 
exis ts i n two s t r u c t u r a l l y d i s t i n c t forms denoted Ag 3 ° absorbing 
at 400, 420, 440 nm and A g 3 ° f absorbing at 440, 470, 474 nm i n 
A r , Kr and Xe respect ively (8, 9) . 

It is apparent from the support s e n s i t i v i t y of these low l y i n g 
e lec t ronic t ransi t ions that guest-host interactions play a s i g n i 
f i c a n t role for A g 3 ° and Ag 3 ° T i n rare gas 
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matrices,as wel l as for Ag 3 + i n ZA, ZX and ZY. Before one can 
draw meaningful comparisons between the o p t i c a l spectra of Ag 3 

and A g 2 + i n rare gas and z e o l i t e matrices and evaluate support-
in terac t ions , it is important to f i r s t elucidate the e lec t ronic 
state(s) responsible for the low energy absorption (yellow 
c o l o u r ) . Although it has previously been assumed to or iginate 
from a t r a n s i t i o n common to both the neutral and cat ionic t r i -
s i l v e r c l u s t e r s ( 3 ) , as discussed below t h i s need not necessar i ly 
be the case. 

From the rare gas i s o l a t i o n studies of t r i s i l v e r (8 ,9) , it is 
thought that the A g 3 ° s t ruc tura l isomer has an e q u i l a t e r a l t r i 
angular form (trapped i n a 6 0 ° t r i s u b s t i t u t i o n a l vacancy s i te ) 
with an E f e lec t ronic ground s ta te . Its spectroscopy is best 
described i n terms of a v i b r o n i c a l l y a c t i v e , pseudo rota t ing 
t r ia tomic , as calculate
The A g 3 ° ' isomer,on th
or bent form and i n the context of the present discussion is 
thought to be the most appropriate triatomic c lus ter for compa
r i s o n with z e o l i t e entrapped Ag 2 +. 

When comparing the o p t i c a l spectroscopy of the 
l inear forms of A g 3 ° and A g | + , one must examine the effec t 
of gradually depleting the valence 
electron density from A g 3 ° on such properties as the e lec t ronic 
ground state , the ordering and spacing of the molecular o r b i t a l 
energy l e v e l s , the number, energy and intensi ty of dipole allowed 
e lec t ronic t r a n s i t i o n s , the o r b i t a l i o n i z a t i o n potentials and the 
g and hyperfine tensors. In this b r i e f discussion,we w i l l address 
only those points d i r e c t l y related to the i d e n t i f i c a t i o n of the 
low l y i n g e lec t ronic t ransi t ion(s ) responsible for the yellow hue 
i n A g 3 ° ' and Ag|+ . Our approach to th is problem is to compute 
the molecular o r b i t a l s for l i n e a r A g 3 , A g 3

+ and A g | + wi thin 
the framework of Χα theory (25) and to examine which e lec t ronic 
t ransi t ions are l i k e l y candidates for the A g 3 ° f and A g | + o p t i c a l 
absorptions i n question. As a f i r s t approximation we decided to 
neglect the effec ts of the rare gas and z e o l i t e supports feee f o r 
example (26)) and to compute the e lec t ronic structure of naked 
A ? 3

q (q β 0 ,1 ,2 ) . Furthermore, the Ag-Ag bond lengths were 
held equal at the bulk meta l l i c distance of 2.88 A , and the 
calculat ions were performed with 10% overlapping spheres. 
R e l a t i v i s t i c effec ts were not included at th is l e v e l of c a l c u 
l a t i o n . Preliminary ground state molecular o r b i t a l schemes for 
A g 3 ^ + (q s 0,1,2) are displayed i n Figure 11. The ef fec t of 
an increasing p o s i t i v e charge on l i n e a r t r i s i l v e r can be seen as 
an o v e r a l l re laxat ion of all valence l e v e l s , with corresponding 
energy spacings generally becoming more pronounced (s imilar e f 
fects seen for A g 2 ° and A g 2

+ , ( 2 7 ) ) . T h e l a t t e r e f fec t is more n o t i 
ceable for the 5s and 5p derived valence levels compared with the 
more t i g h t l y bound, mainly ,4d-valence levels (Figure 11). 
The SCF-Xa-SW MO calculat ions show the presence (12, 
26) of a three l e v e l valence o r b i t a l set ( 3 a g

+ , 2au+, 4ag+) 
for A g 3 ° , A g 3

+ and Ag 2+ derived mainly from the 5s atomic 
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Figure 11. 
SCF-Xa-SW c lus ter model MO ca lculat ions for i so la ted 
l i n e a r A g 3

q (q = 0, 1, 2). (21). 
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orbitale, producing ( 3 a g + ) 2 (2α^+)\2EU+; ( 3 o g + ) 2 , ^ g+; and 
(3a g+)Vz g

+ elect ronic ground state configurations and terms 
for the 3, 2 and 1 electron t r i s i l v e r clusters respectively (12,26). 

On the basis of these calculations one can tentatively asso
ciate the low energy absorption of Ag3°' (440-474 nm) with the 
2 ^ g + 2 ^ u + dipole allowed electronic transition, i.e., 
(3σ,+)2(2σι1+)1 ( 3 a g + ) 2 ( 4 a g

+ ) 1 calculated to occur around 
600°nm. The other candidate ( 3 a g + ) 2 (2au+) ( 3 a g

+ ) 1(2a U + ) 2 is 
calculated to occur i n the near îr around 1500 nm and therefore 
seems to be a less l i k e l y assignment for the 440-474 nm band of 
rare gas isolated Ag3°'. This observation has great significance, 
since the corresponding ( 3 a g + ) 2 (2a u+) 1 ( 3 a g + ) 2 (4a g+K 
transition cannot occur for Ag2+ (Figure 11) and the 
(3°g+)1 ( 2 % + ) χ transition s t i l l occurs at energies around 1300 
nm which are too small
yellow band 402-446 nm o
more plausible assignment from these Χα calculations would appear 
to be a transition from the l a

u + or 1KU levels of the completely 
f i l l e d d-type valence levels to the half f i l l e d 3 a g + level,computed 
to be around 350-310 nm (Figure 11).On these grounds,it therefore 
does not seem to be j u s t i f i e d to assume that an electronic tran
s i t i o n , common to both Ag 3° v and A g 2 + is responsible for the 
low energy absorption, even though spectroscopically they appear 
very similar (3). Some additional support for this 
idea comes from the observation that photo-excitâtion into 
the 440 nm band of Ag3°. in solid Ar results in a photofragmen-
tat ion/cage recombination process as seen by cage-relaxed 2Ρ Ag° 
atomic fluorescence (8,9). However, no such process has so far 
been observed for 400-410 nm photoexcitation of A g 3

+ i n site 
I, I 1 of ZX or ZY. These observations are consis
tent with the population of the antibonding 4 0 g

+ excited 
state for Ag3 °. which could lead to Ae2 ° + Ag° dissociation, 
whereas the proposed la u+, l:rr uto3a g+ low energy excitation for 
Ag2+ increases the population of the 3 a g

+ 

molecular o r b i t a l , which could lead to a strengthening of the 
metal-metal bond (Figure 11). Further studies w i l l clearly 
be required to confirm these proposals. 

Conclusion 

Rather dramatic alterations in the electronic properties and 
relaxation dynamics of supported silver atoms and clusters have 
been traced to extremely subtle differences in ground and excited 
state guest-host interaction potentials. For Ag° and A g 2

+ in 
faujasite zeolites, pronounced changes i n their optical 
absorption and emission profiles are observed with increasing 
Si/Al r a t i o , which are attributed to increasing electronic charge 
density on the 0(3) oxygens of the sites I , I f . For zeolite iso
lated Ag° atoms, these metal-support interactions are described 
in terms of an "effective cage po l a r i z a b i l i t y " for site I, which 
is sensitive to the Si/Al distribution. In conjunction 
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with the corresponding data for rare gas s o l i d supports, a c a l i 
bration of effective cage p o l a r i z a b i l i t y with respect to the 
2 P - 2 S energy gap of atomic Ag° and a scale of Ag°- support 
interactions i s proposed. Photo-excitation of the A-state of Ag 2+ 
in ZX and ZY i s best described i n terms of a photofragmentation/ 
cage-recombination process, as determined by the observation of 
si t e I cage-relaxed Ag° atomic fluorescence, analogous to,but not 
identica l i n d e t a i l with that observed following photoproduction 
of the A-state of Ag 2° i n rare gas matrices. In the case of t r i -
s i l v e r clusters, spectroscopic and Xa electronic structure c a l 
culations for linear A g ^ * (q = 0,1,2) al e r t one to the care 
that should be exercized when attempting to correlate o p t i c a l 
absorptions of matrix isolated Ag 3 ° and zeo l i t e entrapped Ag2+. 
This relates to the complications associated with the existence 
of at least two structu r a l l  °
solids and the likelihoo
appear spectroscopically  o r i g i y 
correspond to excitations between en t i r e l y different electronic 
states. 

The results of this study suggest that s i l v e r atom 
and cluster optical absorption and fluorescent probes offer a 
very sensitive method for assessing the strength of a metal sup
port interaction and a way of monitoring subtle alterations 
i n electronic charge density at the trapping s i t e of a metal 
guest. 
Acknowledgments 

Financial assistance from the Natural Sciences and Engineer
ing Research Council of Canada9 s Strategic Energy Programme and 
a Special Research Grant from the Connaught Foundation of the 
University of Toronto are both greatly appreciated. 

Literature Cited 

1. Proceedings of the Second International Meeting on Small 
Particles and Inorganic Clusters, Lausanne, Switzerland, 
1980; Surf. S c i . , 1981, 106,1; Ozin, G.A., Cat. Rev. Sci. 
Eng., 1977, 16, 191; Coord. Chem. Rev., 1979, 28, 117; 
J. Macromol. Sci., 1981, A16 ,167 (and references c i t e d 
therein). 

2. "Growth and Properties of Metal Clusters; Applications to 
Catalysis and the Photographic Process", Proc. 32nd Int. 
Meeting of Soc. de Chim. Phys., Ed. Bourdon, J.; Elsevier, 
New York, 1980 (and references c i t e d therein). 

3. (a) Gellens, L.R.; Mortier, W.J.; Schoonheydt, R.A.; 
Uytterhoeven,J.B.; J. Phys. Chem., 1981, 85, 2783; (b) 
Gellens. L.R.; Mortier, W.J.; Uytterhoeven, J.B.; Zeolites, 
1981, 1, 11; 1981, 1, 85 (and references cited therein). 

4. Ozin,G.A., Faraday Symp. Chem. Soc., 1980, 14, 7 (and 
references cited therein). 

5. Ozin, G.A.; Mitc h e l l , S.A.; Farrell, J.; Kenney-Wallace, G., 
J. Amer. Chem. Soc., 1980, 102, 7702. 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



25. OZIN ET AL. Silver Atom and Silver Cluster Spectroscopy 437 

6. Ozin, G.A.; Farrell, J.; Kenney-Wallace, G.; Mit c h e l l , S.A., 
J. Amer. Chem. Soc., 1981, 103, 6030. 

7. Ozin, G.A.; Garcia-Prieto, J.; Mi t c h e l l , S.A., J. Phys. 
Chem., 1982, 86,473. 

8. Ozin, G.A.; Mitc h e l l , S.A.; Huber, H.X., Inorg. Chem., 1979, 
18, 2932. 

9. Ozin, G.A.; Huber, H.X., Inorg. Chem., 1978, 17, 155; 
Mitc h e l l , S.A., Ph.D. Thesis, University of Toronto, 1982. 

10. Ozin, G.A.; Huber, H.X., McIntosh, D.F.; Mitchell, S.A.; 
Norman, J.G. Jr.; Noodleman, L., J. Amer. Chem. Soc., 1979, 
101, 3504. 

11. D i L e l l a , D.P.; Moskovits, M., "Metal Bonding and Inter
actions i n High Temperature Systems", A.C.S. Symp. Series, 
179, Ed. Gole, J.L.; Stwalley, W.C., ACS Washington. 

12. Basch, H., J. Amer
13. Kellerman, R.; Texter
14. Ozin, G.A.; Hugues, F., J. Phys. Chem., (in press). 
15. Ozin, G.A.; Hugues, F., (manuscript in preparation). 
16. A. Abou-Kais, J.C. Vedrine and C. Naccache,J. Chem. Soc. 

Faraday T1, 1978, 74, 759. N. Narayana, A.S.W. Li and L. 
Kevan, J.Phys. Chem., 1981, 85, 132; N. Narayana and L. 
Kevan, J. Chem. Phys., 1982, 76, 3999. 

17. "Zeolite Molecular Sieves", Breck, D.W., Wiley-Interscience, 
New York, 1974. 

18. Lippmaa, E.; Mägi, M.; Samoson, A.; Tarmak, M.; Engelhardt, 
G., J. Amer. Chem. Soc., 1981, 103, 4992; Engelhardt, G.; 
Lippmaa, E.; Mägi, M., J. Chem. Soc. Chem. Comm., 1981,712. 

19. Dempsey, E., in "Molecular Sieves", Soc. of Chem., Ind., 
1969, 293; J. Catal, 1975, 39, 155.. 

20. Engleman, R.,"The Jahn T e l l e r Effect i n Molecules and 
Crystals", Wiley, New York, 1972; Moran, D.R.; Phys. Rev., 
1965, 137; Fulton, T.A.; Fitchen, D.B., Phys. Rev., 1969, 
179, 846; Sturge, M.D.; Solid State Phys., 1967, 20, 91; 
Liehr, A.D., J. Phys. Chem., 1963, 67, 389; Öpic,U; Pryce, 
M.H.L., Proc. Roy. Soc., 1957, A238, 425; (and references 
cited therein). 

21. Moore,C.E.; Natl. Bur. Stand.(US), Circ. 1958, No.467,Vol.2,3. 
22. "Cryochemistry", Ed. M. Moskovits; Ozin, G.A., Pub. John 

Wiley and Sons, New York, 1976. 
23. Gerber, W.H.; Schumacher, E., J. Chem. Phys.,1978, 69, 1962. 
24. Thompson, G.P.; Lindsay, D.M., J. Chem. Phys.,1981, 74, 959; 

Thompson, G.A.; Tischler, F.; Garland, D.; Lindsay, D.M., 
Surf. S c i . , 1981, 106, 408. 

25. "Cluster Model Theory", Messmer, R.P., in "Nature of the 
Chemical Bond", Ed., Rhodin, T.N.; Ertl, G., Pub., North 
Holland, N.Y. 1979. 

26. Gellens, L.R.; Mortier, W.J.; Lissillour, R.; LeBeuze, A., 
J. Phys. Chem., 1982, 86, 2509 (and references cited therein). 

27. Ozin, G.A.; Hugues, F.; McIntosh, D.F., (manuscript in prepara
tion). 

RECEIVED November 4, 1982 

In Intrazeolite Chemistry; Stucky, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



26 
Low Temperature Water Gas Shift Activity of 
Ruthenium in Zeolites in Relation to Its 
Chemistry 

P. A. JACOBS, R. CHANTILLON, P. De LAET, J. VERDONCK, 
and M. TIELEN 
Katholieke Universiteit Leuven, Centrum voor Oppervlaktescheikunde en 
Colloïdale Scheikunde, de Croylaan 42, B-3030 Leuven (Heverlee), Belgium 

The chemical transformation of Ru-complexes in 
faujasite-type zeolites in the presence of water and 
of carbon monoxide-water mixtures i s reviewed and 
further investigated by IR, UV-VIS spectroscopic and 
volumetric techniques. The catalytic a c t i v i t y of these 
materials in the watergasshift reaction was followed in 
a p a r a l l e l way. The major observations could be 
rationalized in terms of a c a t a l y t i c cycle involving 
Ru(I)bis and triscarbonyl intermediates s t a b i l i z e d in 
the supercages of the faujasite-type z e o l i t e . The 
turnover frequency of this cycle is found to be 
determined by the nature, number and position of the 
charge compensating cations, as well as by the nature 
of the ligands present in the Ru-coordination sphere. 
If these factors increase the electron-donor capability 
of the Ru-cationic intermediate, an increase in activi
ty results. 

It has been reported e a r l i e r 2) that upon activation of 
ruthenium(III)hexammine complexes exchanged in faujasite-type 
zeolites, a very active low-temperature watergasshift (WGS) 
catalyst was formed. The geometry of the faujasite-supercage was 
found to be a prerequisite for the formation of the active 
intermediate. The catalysis was of a redox nature and a tentative 
mechanism was advanced, taking into account the major observations 
(1). These catalysts at low activation and reaction temperature 
(1), are selective since no methane i s formed. When the same 
zeolite i s reduced at higher temperatures, a highly dispersed 
metal phase i s formed (3), which i s active as high temperature WGS 
catalyst (J_, 2, 4) but i s less selective since methane i s always 
formed. This i s the result of the successive occurance of the WGS 
reaction (equation 1) and the methanation (equation 2). The over-

0097-6156/83/0218-0439$06.00/0 
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all react ion is known as the Kolbel-Engelhardt synthesis 
(equation 3) (4) . 

CO + H 2 0 it C0 2 + H 2 (1) 

3H 2 + CO Jj2L CH 4 + H 2 0 (2) 

4C0 + 2 H 2 O ^ C H 4 + 3C0 2 (3) 

The chemistry fo Ruthenium i n Y zeol i tes has been extensive
l y investigated (5), and seems to p a r a l l e l i n many respects i t s 
behavior i n homogeneous media. More p a r t i c u l a r l y , the chemistry 
of R u ( I I I ) ( N H 3 ) £ i n the supercages of Y-type zeol i tes has r e c i e v -
ed considerable at tention Q , 6 - 1 0 ) , e i ther i n vacuum, i n e r t 
atmosphere, or i n presenc

In view of what precedes
work to i d e n t i f y the Ru-species present i n faujas i te - type 
z e o l i t e s act ivated under WGS-conditions, making use of the a v a i l -
albe l i t e r a t u r e data. The a c t i v a t i o n procedure of Ru(III)hex-
ammine i n NaY has been related to i t s c a t a l y t i c performance as 
low temperature WGS-catalyst. Subsequently, the b a s i c i t y of the 
material was related to i t s c a t a l y t i c behavior i n the same 
react ion , by changing the nature of the parent complex, of the 
charge compensating cations and of the aluminum content of the 
faujas i te - type z e o l i t e . 

Experimental 

Faujasi te- type z e o l i t e s with d i f f e r e n t A l content were from 
Union Carbide. NH^-exchanged Y - z e o l i t e was dealuminated using 
gaseous SiCl4 (13) or v i a a steaming treatment at 5 5 0 ° C . Ru was 
exchanged into the zeol i tes by an ion exchange procedure using the 
chloride sa l ts of : [Ru(III)(NH ) , ] 3 + [Ru(II)(NH ) Cl]2+, 
[Ru(III)(NH 3 ) 5 0 Ru(IV ) (NH 3 )40 R u ( I I I ) ( N H 3 ) 5 ] 6 + , 
[Ru(I)(NH 3) 40HC1] . In one case Ru3(CO)\2 was impregnated on NaY 
from a n-pentane s o l u t i o n . The amount of Ru i n weight % precedes 
the sample notat ion. 

The sample character izat ion techniques consisted of s t a t i c 
and dynamic volumetric methods, IR and VIS-UV spectroscopy and 
have been described i n d e t a i l (7, 8) . Catalysis was done i n a 
continuous flow reactor (2). 

Results and discussion 

Influence of pretreatment procedure on the WGS a c t i v i t y of 
Ru(III)-hexammine i n z e o l i t e NaY A c t i v a t i o n of Ru(III)-hexammine 
i n iner t atmosphere When the Ru(III)(NH 3)6 complex exchanged i n 
NaY-zeolite is heated at temperatures below 323 Κ i n vacuum or i n 
an iner t atmosphere, the volumetric and spectroscopic resul ts 
indicate that the complex is hydrolyzed into a pentammine-hydroxy 
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complex (Table 1), which doesnot catalyse the WGS-reaction. This 
type of hydrolysis has been repeatedly reported for the same 
complex on d i f f e r e n t zeol i tes or on s i m i l a r zeol i tes with d i f f e r 
ent complexes (7-10). 

At higher temperatures, the res idual hydration water causes 
further hydrolysis and Ru-Red becomes a dominating species (Table 
2). The color of the sample (wine-red) as well as the absorption 
i n the UV-VIS region (7, K>) are t y p i c a l . The volumetric tech
niques indicate that almost 80 % of the Ru contributes to this 
species. The continuing hydrolysis of the Ru(III)pentammine-
hydroxy to the f i n a l Ru-Red complex may occur i n a way s i m i l a r to 
the aqueous solut ion phase chemistry, as proposed e a r l i e r (7) : 

[ R u m ( N H 3 ) 5 0 H ] 2 + + H 2 0 — > t - [ R u I V ( N H 3 ) 4 ( O H ) 2 ] 2 + 

• 
2H20 + [ R u m ( N H 3 ) 5 0 R u I V ( N H 3 ) 4 0 R u m ( N H 3 ) 5 ] 6 + 

The condensation of pentammine-hydroxy with trans-tetrammine 
dihydroxy species, explains the formation of Ru-Red. 

At increasing temperatures i n the presence of only z e o l i t e 
hydration water, Ru-Red is transformed into a R u ( I I ) n i t r o s y l -
ammine moiety, using the assignments of previous work (7, 8) 
(Table 3) . The three remaining ligands could not be defined 
accurately and may consist of res idual water, hydroxy groups and/ 
or l a t t i c e oxygen atoms (0&). Af ter ac t iva t ion at 523 K, the 
material has a very low res idual WGS-activity (Figure 1) compared 
to a material activated i n water gas ( i . e . i n a 1:1 molar mixture 
of CO and H 2 0 ) . 

A c t i v a t i o n of Ru(III)hexammine i n CO atmosphere At a c t i v a 
t i o n temperatures below 373 K, Ru(III)hexammine i n the presence 
of CO is transformed into a Ru(II)pentammine complex. The 
i d e n t i f i c a t i o n of this complex is based on e a r l i e r work (7, 8) 
and the information is summarized i n Table 4. This transformation 
is almost quanti tat ive and the material formed shows already a 
low WGS-activity. Chemically, th is transformation can be 
v i s u a l i z e d as follows (8) : 

2[Βο Ι Ι Ι Ο Ι Η , ) , ] 3 + T « ' 2 [ Κ α Ι Ι ( Ν Η 3 ) 5 < Χ > ] 2 +
 ( 5 ) 

+ 3C0 + H 2 0 + C0 2 + 2NH+ 

At s t i l l higher ac t iva t ion temperatures, the Ru(II)pentammine 
carbonyl is transformed into a Ru(I ) t r iscarbonyl , the character
i s t i c s of which are shown i n Table 5a. It should be noted that 
the volumetric data shown, have been corrected f o r a simultaneous
l y occurring WGS-activity using the method described e a r l i e r (8). 
This complex shows a charac ter i s t i c t r i p l e t of bands i n infrared 
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Table I 

Pretreatment of 6RuNaY i n helium at 323K. 

[ l u I I I ( N H 3 ) 6 ] 3 + + H 2 0 T . 3 2 3 K , [ R u 1 1 ^ ) 5 O H ] 2 + + NH. 

265 nm : LMCTa 

325 nm : d-da 
1360 cm" 1 : 6 S NH 3 

278 nm 

1330 em"1 

1440 cm" 1 

: LMCTa 

: δ 8ΝΗ 3 

NH 3/Ru average : 6 5 
Ru/NH+ (IR) : - 4.2 

WGS a c t i v i t y at 323K : none 

â , r e f . 7 

Table I I 

Pretreatment of 6RuNaY i n helium at 373K. 

Η 0 
[ R u m ( N H ) 0 H ] 2 + 1 , [ R u ^ ^ ( N H ) 0 R u I V ( N H . ) , 0 R u m ( N H , ) , . Î . 

Τ $ 373K J 3 J . J 3 

yellowish wine-red 

NH 3/Ru : 5 3.9 ( 4 . 7 ) a 

278 nm 258 nm 
390 nm 
550 nm 
780 nm 

WGS-activity at 373K : none 

a : expected value 
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Table III 

A c t i v a t i o n of 6RuNaY i n helium at 5 2 3 K . 

Ru-Red 3 7 3 ^ Τ ^ 5 2 3 K R u I I ( N 0 + j ( m j ^ ( Ο Η , Ι ^ Ο , Ο ^ 

187

4 4

3 3 0 nm > c / t acidonitrosylammines 
245 nm J 

Table IV 

Pretreatment of 6RuNaY i n watergas atmosphere at 3 7 3 K. 

[RuIII(NH3)6]3+IiJZ3J^ [ R u I I ( N H 3 ) 5 C O ] 2 + 

1950 cm : ν Ρ Λ i n Ru pentacarbonyl 
τ τ 

3 6 0 nm : lA\ + .Ti i n Ru 
S g ι 

265 nm : dir(Ru) -> π-( C O ) + . Α ι Τ 

Ru/C0 = 1 

C 0 2 / R u = O . 5 

WGS-activity : traces of CO, 
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373 423 473 523 

reaction temperature/Κ 

Figure 1 

A c t i v a t i o n of [ R u I I T ( N H 0 ) J 3 + i n 6RuNaY i n : a , helium at 523K, 

and b , CO : H ? 0 (molar ra t io ) at 523K. 
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Table V . a 

A c t i v a t i o n of 6RuNaY i n watergas 

Ru I Ipentamminecarbonyl 423K <.T < 523K^ Ru^triscarbonyl 

2055  2005  1960 cm" 1 

CO/Ru =2 .8 R u I 

C0 2 /Ru =O.4 

WGS-activity : high 

Table V.b 

A c t i v a t i o n of 6RuNaY i n watergas 

Ru^triscarbonyl 
H2O 

Rt^biscarbonyl Ru^triscarbonyl 
423K < Τ < 523K 

Rt^biscarbonyl 

2025 cm" 1 

2090 cm" 1 

: v c o sym. 

: asym. 
of R u I ( C 0 ) 2 

WGS-activity : high 
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and a very high WGS-activity (Figure 1). Comparative earlier 
work on other zeolites and on commercially used low temperature 
WGS-catalysts,indicates that this material is superactive in the 
reaction mentioned ( 1 , 2). 

The Ru(I)triscarbonvl in an excess of water can be easily 
transformed into a Ru(I)triscarbonyl species. The latter entity 
is characterized by a doublet of IR bands in the CO stretching 
region. The identification of both the Ru(I)bis- and triscarbon
yl species has been discussed in detail (8). Table 6 gives an 
assignment of Ru-CO species in IR on different supports. This 
table shows that the proposed assignment is consistent with the 
literature data. 

Influence of the Al-content of the faujasite-type zeolite 
upon the WGS-activity I
Ru(III)hexammine in zeolite
transformed into an active catalyst when the zeolite is of the 
faujasite-type (1^ 2). It has also been reported (I) that X-type 
zeolites are in this respect more active than Y-zeolites. In 
Figure 2, it is shown that the rate of watergas conversion at 
430 Κ increases linearly when the Al content per unit cell of the 
faujasite-type zeolite is increased. The f i r s t two samples 
correspond to dealuminated materials using SiCl^ (13) and obey 
the relationship. A steamed NĤ Y sample subsequently exchanged 
with Ru(III)hexammine and properly activated is deviating. This 
relation shows that as a result of geometrical changes in the 
supercages, which are expected to occur upon steaming, the right 
geometry is no longer present to form the active complex. Mild 
dealumination procedures (S1CI4 treatments) do not affect the 
formation of this species. It is also evident that the turnover 
frequency of the active sites increases with the Al-content of 
the material and thus with its basic characteristics. 

Figure 3 indicates that the increased catalytic rates are 
not the mere result of changes in basicity but that also the size 
of the counter-ions and their number present in supercages 
positions determine the activity. If basicity would be the only 
parameter determining the turnover frequency of the active Ru-
complex, the following sequence would be expected : 

Li < Na < Κ 
The high activity observed for NaX and the lowest rate for BaX 
zeolite is an indication that the size and the number of the 
supercage cations are important in stabilizing the active complex. 
Indeed, zeolites X or Y exchanged with bivalent ions, have a 
decreased number of supercage cations compared to monovalent 
exchanged zeolites (14). Thus, it seems that the number of 
active Ru-species formed in faujasite-type zeolites is determined 
by the basicity of the zeolite as well as by number, size and 
location of the charge compensating cations. 
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Table VI 

Assignment of v p n i n ruthenium-carbonyl complexes. 

v/cm Treatment Support Assignment Ref. 

1939 

1951 

(I)Ru...hexammine+ 

CO at 373

NaXb R u n ( N H 3 ) 5 C O 8 

2010,2080 (D + NaXb R u X ( C 0 ) 2
a 8 

2025,2090 CO at 423K NaYb R u ^ C O ) ^ 1 

1937,1988,2040 (D + NaXb R u I ( C 0 ) 3
a 8 

1960,2005,2055 CO at 493K NaYb R u I ( C 0 ) 3
a 8 

2040,2080,2145 R u 3 ( C 0 ) 4 HYb Ru 3(CO)4 12 

2086,2100,2156 CO, 290K Ru(0)Y Ru^CO 1 

2075 CO, 290K Ru(0)Y Ru(0) C0 e 

X 
1 

(1934),2045, 
(2134 CO, 290K Ru(0)Y Ru(0) n CO d 1 

2070,2130 CO, 290K Ru on s i l i c a R u ^ C O ) . 11 

2002,2070 CO, 290K I e Ru on alumina Ru (C0) 2 11 

1970,2050 CO, 290K I e 
Ru on alumina Ru (C0) 2 11 

a, other ligands are N H 3 , and eventually Η and/or OH 
b , zeol i tes not previously degassed and containing res idual water 
c, Ru(0)carbonyl c luster 
d , Ru(0) p a r t i c l e with chemisorbed CO 
e, i n the o r i g i n a l work, these species are denoted as c a t i o n i c -

low valency mononuclearbiscarbonyl 

American Chemical 
Society Library 

H55 is. st. N. w. 
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25 5

Al/unit c e l l 

Figure 2 

WGS rate at 430K of [ R u I I I ( N H 3 ) 6 ] 3 + act ivated i n watergas at 

523K i n 6RuNa faujasi tes with d i f f e r e n t A l contents (Al per 

unit c e l l ) . The 2 samples with lowest A l content are obtained 

v i a dealumination with S i C l ^ . The open point correspond to a 

steamed z e o l i t e support (ul trastable z e o l i t e ) . 
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Nature of the active complex and i t s influence on the WGS 
a c t i v i t y The a c t i v a t i o n of Ru-complexes with a chloride ligand 
i n i t s coordination sphere was then performed i n order to test the 
b a s i c i t y concept. [Ru(I)(NH 3 ) 4 0HC1] + and [Ru(II)(NH3>5C1] 2 + 

exchanged i n NaY and activated i n optimum conditions show improved 
c a t a l y t i c properties (Figure 4) . Chemical analysis of the 
catalyst gives a Ru/Cl r a t i o close to O.65. This indicates that 
the major part of CI af ter ac t iva t ion remains i n the catalyst and 
most probably i n the Ru-coordination sphere. The complex is 
therefore expected to have enhanced electron donor propert ies , so 
that the higher c a t a l y t i c a c t i v i t y can be explained v i a this 
increased b a s i c i t y . It is s t r i k i n g that the two Cl~-containing 
complexes are transformed into materials with the same a c t i v i t y . 
It is therefore l o g i c a l to assume that i n both cases the same 
intermediate is formed

The data of Figure
parent complex is of only minor importance. Indeed, when the two 
Cl~-containing complexes exchanged i n NaY are activated i n very 
mild conditions ( in watergas at 393 Κ ) , i d e n t i c a l a c t i v i t y is 
obtained. It c l e a r l y indicates that the presence of C l ~ causes 
the a c t i v i t y increase and stresses the importance of the basic 
character of the act ive s i t e . 

Table 7 shows the IR characterizat ion of RuNaY, using parent 
complexes of d i f f e r e n t chemical nature. Several conclusions can 
be drawn from these data : 

. the p o s i t i o n of the bands of Ru(I)(C0) 2 and Ru(I)(C0>3 
species is d e f i n i t e l y influenced by the presence of C l ~ : the 
expected s h i f t to lower wavenumbers is observed. The increased 
b a s i c i t y also seems to s h i f t the equil ibrium r a t i o of the b i s to 
t r iscarbonyl complexes. 

. the act ive complex is of mononuclear nature. Indirect 
evidence for this was derived e a r l i e r from the dependence of 
c a t a l y t i c a c t i v i t y on the degree of cat ion exchange ( 1 ) . Table 7 
shows that the t r inuclear Ru-dodecacarbonyl requires a pre-
steaming and therefore a hydrolyzing treatment before any WGS-
a c t i v i t y can be generated. In Figure 6 it is i l l u s t r a t e d that 
depending on the severi ty of the steaming treatment of Ru3(CO)j2 
impregnated on NaY, a catalyst with enhanced a c t i v i t y is obtained. 
It should be noted that this system is less se lec t ive than the 
previously described systems. Indeed, i n the former system never 
is methane formed, while the catalysts derived from the Ru-
carbonyl always form CH4. This indicates that besides ca t ionic Ru 
also Ru-metal is present i n the l a t t e r case. 

R a t i o n a l i z a t i o n of the data i n a mechanism for WGS-activity 
The major observations of the present and e a r l i e r work are : 

. the high a c t i v i t y and s e l e c t i v i t y of Ru-faujasites i n the 
WGS-reaction, 

. the presence of Ru(I)bis and t r i scarbonyl species , thei r 
possible interconversion under react ion condit ions , and the low 
wavenumbers at which they absorb i n IR, 
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reaction temperature/K 
Figure 4 

WGS a c t i v i t y of 6RuNaY prepared from : 
ITT Q + τ + 

4, [Ru (NH ) , Γ ; Δ, Ru-Red; . , [Ru (NH«), 0HC1 ] ; 
II 2+ 

0, [Ru (NH ) CI] af ter a c t i v a t i o n i n watergas at 523K. 

20 

273 373 
reaction temperature/K 

Figure 5 

WGS a c t i v i t y of 6RuNaY prepared from 0, [Ru I(NH ) ,0HC1] + and 
II 2+ 

. , [Ru ( N E J . C 1 ] af ter a c t i v a t i o n i n watergas at 393K. 
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Table VII IR character izat ion of RuNaY. 

Start ing A c t i v a t i o n Ru I (CO) 2 Ru I(CO> 3 ca rbonyl a 

i n temp./K cm 1 

R u 3 ( C O ) 1 2 WGb 523 - - -
Wc 523 2020,2085 1955,2000, 

2055 
5.0 

Ru I (NH 3 ) 4 OHCl WG 393 2010,2080 1940,1990, 
2035 

2.0 

R u I i : ( N H 3 ) 5 C l WG 393 2005,2080 1945,1990, 2.1 

Ru-Red WG 523 2020,2085 1955,2000 
2055 

Ru(NH 3 ) 6 WG 523 2020,2085 1955,2000 
2055 

3.2 

a, r a t i o of 2080 to 1950 bands 
b , WG « watergas (1:1 molar r a t i o of CO and H 20) 
c, 2000 kP of steam 

373 473 573 

reaction temp./ Κ 
Figure 6 
WGS a c t i v i t y of R u 3 ( C O ) j 2 impregnated NaY after a c t i v a t i o n 
at : a, 523K i n watergas b , 473K i n watergas 
c, 523K i n 2000 kPa of steam 
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. the influence of basic i t y changes of the material on the 
ca t a l y t i c behavior caused, either by a variation of the nature and 
number of the residual cations, or by a substitution of some of 
the ligands of the Ru-complex by CI", 

. the existence of formate species on the catalyst surface 

. the mononuclear nature of the Ru-intermediate. 
A l l this can be rationalized using the following c a t a l y t i c cycle : 

This cycle i s unique in the sense that a zeolite with the 
structure of faujasite i s required to s t a b i l i z e the active 
intermediates. It i s a typical example of the use of a zeol i t e as 
a s p e c i f i c solvent for the s t a b i l i z a t i o n of inorganic intermediat
es which in the usual solvents do not seem to be formed. 
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27 
Zeolite Mediated Carbonylation 

PATRICK GELIN, FRÉDÉRIC LEFEBVRE, BOUBAKER ELLEUCH, 
CLAUDE NACCACHE, and YOUNÈS BEN TAARIT 
Institut de Recherches sur la Catalyse, C.N.R.S., 2 avenue Albert Einstein, 69626, 
Villeurbanne Cédex, France 

Transition metal ions, within the zeolite framework, 
may undergo a reductiv  carbonylatio  t  giv
nuclear monovalen
ultimatly to giv
clusters. The rhodium(I)and iridium(I)carbonyls were 
id e n t i f i e d using spectroscopic and volumetric methods, 
the zerovalent rhodium and iridium clusters M4(CO)12 

were also synthetized in the zeolite matrix and 
their structure investigated using IR, NMR and spin 
labelling methods. 
Carbonylation of organic substrates was investigated 
using these well defined complexes. These carbonyl 
compounds exhibited c a t a l y t i c properties in the car
bonylation of organic substrates. In particular metha
nol carbonylation to methyl acetate in the gas phase 
was successfully attempted. Mechanistic and ki n e t i c 
studies of this reaction over rhodium and iridium 
zeolites showed the similarities between the homoge
neous and the zeolite mediated reactions. Aromatic ni
tro compounds were also converted to aromatic isocya-
nates using similar c a t a l y t i c systems. The mechanis
tic aspect of this reaction will be also examined. 

In a r e l a t i v e l y few years zeolites were promoted from simple 
adsorption agents to catalysts of wide spread use in a l l f i e l d s of 
chemistry. Apart from their acidic properties generated by exchan
ging their Na + or K + starting forms by ammonium ions and subse
quent decomposition of the l a t t e r , their unique properties as sup
ports for various precious metals and their solution behaviour 
attracted much of the attention devoted to cat a l y s i s . 

In sustained efforts to l o c a l i z e transition metal cations 
within the zeolite framework, EPR, UV, IR and X-ray d i f f r a c t i o n 
studies were undertaken by several authors (1-5). This l o c a l i z a 
tion was thought to help c l a r i f y and possibly account for v a r i a 
tions of c a t a l y t i c properties upon various parameters including 
the exchange l e v e l . The overwhelming conclusions of these i n v e s t i 
gations was the high mobility of the exchanged transition metal 

0097-6156/83/0218-0455$06.00/0 
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cations induced by the presence or removal of p o t e n t i a l ligands be 
they organic or inorganic (1-5). 

Furthermore, it was shown that these ligands when competing 
with l a t t i c e oxide ions may w e l l form defined coordination com
plexes with the t r a n s i t i o n metal cation (1-5). In some complexes 
the ligands were loosely bound (almost r e v e r s i b l y ) to the cation' 3' 
i n others the complexes may have the same structure and s i m i l a r 
s t a b i l i t y as those formed i n s o l u t i o n (1, 4) . 

Then z e o l i t e s r a p i d l y appeared as most convenient matrices or 
s o l i d solvents capable of accomodating and solvating coordination 
complexes of p o t e n t i a l c a t a l y t i c use. 

The valuable advantages of heterogenizing homogeneous cata
l y s t s w i t h i n the z e o l i t e porous structure was then envisioned. 
Some of the complexes were introduced w i t h i n the z e o l i t e using sim
ple sublimation and adsorptio  technique  (6  7)  Other  d i
r e c t l y synthesized i n s i t u
t r a n s i t i o n metal catio y  ion-exchang
(1, 4, 8). 

Faujasite type z e o l i t e s because of the s i z e of t h e i r c a v i t i e s 
and apertures were the most frequently used i n t h i s purpose. Their 
w e l l known structure, acid-base and redox properties helped much 
i n s e l e c t i n g those z e o l i t e s . 

Many e f f o r t s were devoted to many aspects of the i n t r a z e o l i -
t i c chemistry of t r a n s i t i o n metal ions. Carbonylation reactions 
both of the t r a n s i t i o n metal ions themselves and organic substra
tes were widely investigated i n view of t h e i r academic i n t e r e s t 
as w e l l as p r a c t i c a l use. These studies were favoured by the r a p i 
dly expanding chemistry of carbon monoxide which grew to a major 
research f i e l d . Carbon monoxide would appear as a p o t e n t i a l subs
t i t u t e to the vanishing o i l and perhaps more surely as a p r i v i l e 
ged reagent used to fu n c t i o n a l i z e or to expand organic molecules 
( 9 ) . 

Carbonylation of methanol and nitroaromatics, hydroformylation 
of o l e f i n s and alcohol homologation were among the p r i n c i p a l reac
tions aimed at producing high added value molecules. 

The various aspects of carbonylation i n z e o l i t e media usually 
include the carbonylation of the inorganic precursor to form the 
active carbonylation complex. The transfer of the activated carbon 
monoxide molecule to an organic one may subsequently take place. 
We s h a l l r e s t r i c t ourselves to the a c t i v a t i o n of carbon monoxide 
by the exchanged t r a n s i t i o n metal ions and the r e s u l t i n g formation 
of t r a n s i t i o n metal carbonyls. 

The mechanistic aspects of the transfer of carbon monoxide to 
other substrates w i l l be examined i n the l i g h t of spectroscopic 
k i n e t i c and other data a v a i l a b l e i n the l i t e r a t u r e or provided by 
recent r e s u l t s i n our laboratory. 

Synthesis and structure of t r a n s i t i o n metal carbonyl i n the z e o l i -
te medium 

Early work showed the a f f i n i t y of carbon monoxide f o r t r a n s i 
t i o n metal cations introduced in t o z e o l i t e s by conventional ion 
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exchange. E s s e n t i a l l y IR, gravimetric , UV, EPR and NMR techniques 
were used to probe the structure of the complexes, t h e i r s t a b i l i t y 
and the nature of the bonding of the CO molecule to the t r a n s i 
t i o n metal cat ion (3, 10, 11, 12). In par t i cular , the IR spectros
copy of such complexes has been recently reviewed and it appeared 
that the i n t e r a c t i o n was rather weak with absorptions at high 
frequency usually higher than free carbon monoxide (3). 

The general conclusion was that rather weak bonding was es ta 
bl i shed between the cat ion and the carbon monoxide molecule. The 
scheme of the bonding was depicted as e s s e n t i a l l y a transfer of 
the carbon lone p a i r to the cat ion empty o r b i t a l s with a var iable 
extent back-donation from the cation f i l l e d o r b i t a l s to the a n t i -
bonding Π . o r b i t a l s of the CO molecule. This bonding scheme gene
r a l l y resulted i n an electron d e f i c i e n t carbonyl carbon e s p e c i a l l y 
i n view of the weak back-donatio  Π .
CO. This makes the carbo
attacks by e l e c t r o p h i l e s . 

However more stable and better defined complexes are also 
formed with rhodium, i r i d i u m and ruthenium exchanged z e o l i t e s . 
Upon react ion with C0;we s h a l l r e s t r i c t ourselves to the f i r s t two 
elements to give a detai led picture of the i r carbonyls. These may 
involve one or more metal nucleus at a time. Therefore we s h a l l 
d i s t i n g u i s h mononuclear and polynuclear carbonyls. 

The Mononuclear Carbonyls When exchanged into the z e o l i t e 
as | R h ( N H 3 ) ^ C l t h e rhodium ammine complex could decompose 
i n an oxygen stream at temperatures ranging 150-350°C into a rho
dium III-hydroxy-species with a p a r t i a l reduction into diamagne-
t i c Rh(I) and paramagnetic (less than 10%) R h l l species . 

E q u i l i b r a t i o n with carbon monoxide at room temperature and 
low pressure (a few torr ) y ie lded the rhodium (I) -dicarbonyl com
pound (13) i n addi t ion to the Rh(I)(C0) paramagnetic complexe (11). 
The structure of this complex was elucidated by ESCA and UV mea
surements (13) which showed that the t r i v a l e n t rhodium was indeed 
reduced to the monovalent state and by infrared spectroscopy which 
provided evidence for a gem dicarbonyl (14). Use of 1:1 CO : 
13co mixture confirmed the i d e n t i f i c a t i o n of the complex. Assuming 
a C2v . symmetry for the complex, predic t ion of the adsorption f r e 
quencies depending on the degree of CO subst i tu t ion is possible 
(15) and it was confirmed that the observed frequencies agreed 
remarkably with the predicted ones thus confirming the assumed 
symmetry and therefore the number of CO ligands per rhodium (14). 

whether the rhodium dicarbonyl was attached to the z e o l i t e 
l a t t i c e or to an extra-framework anion such as OH, 0^ or a l a b i l e 
i o n , could be also decided upon using IR spectroscopy. Indeed l a t 
t i c e v i b r a t i o n between 1300 and 300 cnT. c h a r a c t e r i s t i c of an NaY 
zeol i te (16) are sensi t ive to the in terac t ion of l a t t i c e oxide ions 
with ca t ions . In p a r t i c u l a r , it was observed that an IR absorption 
band at 877 cm~l grew simultaneously with the growth of CO 
absorptions at 2115-2048 c h a r a c t e r i s t i c of the dicarbonyl (13) .This 
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former band was interpreted as due to the lengthening of T-0 bonds 
as a resul t of the interac t ion of the concerned oxide ion with the 
monovalent rhodium. This provided evidence for the bonding of the 
rhodium I dicarbonyl to a l a t t i c e oxide i o n . 

Moreover using C NMR spectroscopy only a broad featureless 
absorption was observed even though the sample was highly enriched 
with . 3 C 0 while more cumbersome molecules such as Mo(CO)^ (17), 
Cr(CO) 6 0 7 ) , N i ( C O ) 4 (18), Fe(CO) 5 and even F e 3 ( C O ) J 2 sublimed 
into NaY zeol i tes gave rather sharp 1 3 C resonances. This is a 
c lear indica t ion that while these l a t t e r compounds retained thei r 
degrees of freedom, the rhodium dicarbonyl motion is p a r t i c u l a r l y 
r e s t r i c t e d thus giving r i s e to an important anisotropy. Indeed 
fast spinning (^ 3000 Hz) at the Magic Angle (M.A.S. ) gave r i s e to 
a sharp absorption at 183 ppm downfield with respect to TMS consis 
tent with a Zeo-O-Rh(I ) (C0)  complex  I  tabl  value f th

chemical s h i f t of variou
apparent that the z e o l i t  l igan
i o n . 

Table 1 : Values of 6 ( 1 3 C ) for XRh(C0) 2 compounds. 

Compound Solvent 6 ( , 3 C ) 

(n
5-c5H5)Rh(co)2 CH 3 C1 3 190.9 

(pyridine)Rh(CO) 2C1 CH 2 C1 2 181.1, 181.2 

(acac)Rh(C0) 2 C H 2 C 1 2 183.8 

IR studies showed that each band of the VCO doublet characte
r i s t i c of the Rh(I) gem dicarbonyl was s p l i t into two components. 
Recent experiments (14) showed that the presence of res idual water 
i n var iable c o n t e n t s T i g n i f i c a n t l y al tered the intensi ty r a t i o of 
the two components of each of the two bands. Only the low frequen
cy components appeared i n the case of the s t r i c t l y anhydrous zeo
l i t e . As the residual water content increased (as monitored by 
the vOH absorptions at 3640 and 3550 cm" 1 ) , the high frequency 
components grew simultaneously. 

A f u l l y hydrated z e o l i t e was characterized by a clean doublet 
at 2090-2030 cm" ' . Evacuation of excess water restored the low 
frequency components of the doublet. Thus the presence of one or 
more water molecules as ligands of the monovalent rhodium s i g n i 
f i c a n t l y al tered i t s back-donating potent ia l towards the Π. of the 
CO molecule and modified the bond angle as w e l l (table 2). 
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Table 2 : Values of v r n for Rh(I)(CO) 0 i n NaY z e o l i t e . 

Compound 
v c o ( c m ' l ) 

Rh(I)(CO) 2 i n NaY 2101 2022 

Rh(I)(CO) 2 with water i n NaY 2090 2030 

Hence the rhodium III solvated by l a t t i c e oxide ions and pre
sumably extra framework oxide ions or hydroxo ligands (depending 
on the dehydration state) could be carboxylated reductively to 
rhodium I dicarbonyl accordin f th  followin  react io
scheme depending on th

Rh(III) + 3 CAl ^ S i ' ) " + 3 CO Rh(I)(C0) o + ( " S i ' ^ A l ' T + C0 o 

+ OAl'°X)~ (VA1 Si) + 

when t o t a l l y dehydrated. " x ' / ^ ' s 

or / 
Rh(lII) (0H) o + ( V A l ^ S i )" + 3 CO -.C0 o + H o 0 + ^ A l ^ S i ' ) " 

- Rh(I)(C0) 2 

when hydrated. 
Rh(I) could complete i t s coordination s h e l l by binding to lat 

t i ce oxide ions or to free water molecules i n addit ion to at least 
one oxide i o n . 

The Iridium Carbonyl Iridium (III )zeoli te could be obtained 
by conventional ion-exchange of sodium ions by I r ( N H 3)cCl^ + com
plex i n aqueous s o l u t i o n and subsequent a c t i v a t i o n i n flowing oxy
gen at temperatures not exceeding 2 5 0 ° C . Then Ir(III)-hydroxo 
species were obtained (8) . This l a t t e r may undergo subsequent car
bonylation at low or atmospheric pressure i n the temperature range 
1 5 0 - 1 7 0 ° C . 

The r e s u l t i n g complex was analyzed using d i f f e r e n t volumetric 
spectroscopic and spin l a b e l i n g methods. 

Volumetric measurements showed that , upon treatment with car
bon monoxide at 170°C under about 5 t o r r , assuming all i r i d i u m has 
been involved, 4 CO molecules were consumed per ca t ion . Hence as
suming reduction of the t r i v a l e n t cat ion to the monovalent s tate , 
as usual for i r i d i u m , the carbonyl compound should include three 
CO l igands . Indeed IR determinations showed two strong VQQ bands 
at 2086-2001 cm" 1 which could be due to ei ther I r ( C 0 ) „ (O, symme
try) or Ir(C0)3 (0^ν symmetry). Unambiguous assignment couYd be 
sought through analysis of the IR spectra of the ^QOi ^ C O com
pound. Indeed it was confirmed that the compound included a M(C0)g 
moiety thus equally demonstrating the reduction of the t r i v a l e n t 
i r i d i u m to the monovalent s ta te . S i m i l a r l y the s h i f t of the la t t ice 
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vibration upon formation of the iridium compound to about 877 cm"1 

again provided evidence for the binding of the monovalent iridium 
tri-carbonyl to the zeolite lattice. 

Polynuclear Carbonyls Zeolite attached Rh(I)(CO)^ complexes, 
though fairly stable at room temperature under CO and water, slow
ly transform to another compound when subjected to C0:H«0 mixture. 
The slow transformation was perceptible at room temperature but 
was more important around 50°C. The new species was again charac
terized via its IR and NMR spectra. 

As the vCO absorption bands due to the dicarbonyl decreased 
an IR band at 2340 cm"1 due to C0« developed gradually together 
with a set of absorptions around 2100-2000 cm"1 due to new linear 
carbonyls and absorptions around 1800 cm"1 presumably due to brid
ged carbonyls (14). C0
tion of the further reductio
CO or via the water gas shift reaction producing H  which is 
reported to occur on monoculear monovalent carbonyls (19, 20). As 
rhodium I was reduced to the zerovalent state, the observed VCO 
bands were ascribed to Rh^(CO)j2 compound, in view of the excel
lent agreement between the observed frequencies and those repor
ted for Rh^(CO)j« in CH^Cl^ or nujol or when adsorbed on fully 
dehydrated zeolite. 

Again 1^C0 labeling gave rise to an IR spectrum in the brid
ged VCO region which confirmed the assignment to a M3 (CO)3 sys
tem with a Όsymmetry thus confirming the structure of the com
pound (14). Also 1 3C NMR measurements obtained under the (M.Â.S.) 
conditions gave two sharp absorptions corresponding to the linear 
and bridged carbonyls at the same chemical shifts reported in so
lution (34) except that the resolution reached in solid state NMR 
precluded observation of Rh-C coupling usually of previous help in 
structure determinations. However the chemical shifts values being 
close to those observed in solution indicate that the interactions 
between the zeolite and the carbonyl compound do not exceed Van 
der Waals interaction similar to that prevailing between Rh, (CO)j 2 

and such solvents as CHCl^, CH2C12, etc... a situation similar 
to that reported for mononuclear zerovalent carbonyls (17). Kine
tics of the formation of Rh^(CO)J2 in zeolites showed that the 
rate of formation decreased with increasing temperature, an indi
cation of a reaction order > 2 and of a rather complex mechanism 
of formation starting from zeolite bound Rh(l)(C0) 2. 

The stability domain of Rh.(CO)J2 in zeolites does not expand 
over a few tens of degrees (30-/0°C) and at even mild temperatures 
yet a new carbonyl compound formed also readily obtainable using 
a C0:H2 mixture as reported by Mantovani et al.(21) who identified 
this compound characterized by an infrared spectrum showing vCO 
bands at 2095, 2080, 2060 and 1765 cm"1 which they assigned to the 
linear and bridged carbonyls of Rh^(CO). In agreement with 
Montovani et al. recent synthesis of Rh^CO) . u s i n g a C0:H2 mix
ture at atmospheric pressure, starting from Rn I (CO)2Y was car
ried out at 100-150°C. Characterization of the structure was made 
by analogy of the IR spectra of sublimed Rh6(C0)j£ into the 
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z e o l i t e . Further use of ^ C O i ' ^ C O i n a 1:1 r a t i o i n the synthesis 
mixture gave r i s e to CO bands due to the face bridged carbonyls 
which f i t t e d a Td symmetry consistent with an Rh f i(CO)^ model thus 
confirming the assignment of the IR spectrum to the Rh^(CO)]^ com
pound . 

The zeol i te i n t e r a c t i o n with this compound was evidenced by 
the low frequency s h i f t experienced by the CO v i b r a t i o n of the 
face bridged carbonyls. Competition between residual or added wa
ter was witnessed suggesting that the solvat ing properties of the 
zeol i te and water were s i m i l a r and rather weak. Therefore the 
s t a b i l i z a t i o n of these zerovalent carbonyls within the z e o l i t e 
porous structure should be at t r ibuted to a cage rather than to a 
chemical e f f e c t . 

When treated with a C O ^ O mixture or a CO:H 2 mixture Ir(I) 
(C0)~ could be transforme
IR absorption pattern charac ter i s t i
dures i d e n t i c a l to those described previously helped to determine 
the structure of the new carbonyl compound : mass spectrometry and 
IR spectroscopy associated with , 3 C 0 l a b e l i n g , magic Angle Spin
ning high resolut ion NMR and f i n a l l y extract ion of this common
l y known as an iner t compound i n r e f l u x i n g toluene and further 
spectroscopic measurements to confirm the " i n s i t u " i d e n t i f i c a t i o n . 
Higher nucleari ty i r i d i u m carbonyl c lusters were also thought to 
form under more severe conditions i . e . higher CO:H 2 pressures. 
However the in teres t ing feature concerning the I r / f C O ) . 2 synthesis 
i n the z e o l i t e medium is c e r t a i n l y the rather mild conditions used 
compared to those imposed i n so lut ion chemistry where I r C l ^ ^ O 
yielded Ir^(C0)j2 provided a CO pressure of over 100 atmospheres 
is used. Also it is noteworthy that zeol i tes appear to be better 
solvat ing material than any other known solvent for I r ^ ( C 0 ) - 2 . 
This is a p a r t i c u l a r l y in teres t ing example of solvat ing a b i l i t i e s 
of zeol i tes towards iner t compounds. 

Carbonylation of organic substrates 

Apart from the property of inorganic species to add carbon 
monoxide, this molecule could add to or be inserted into organic 
substrates. 

Carbonylation of Methanol Carbonylation of methanol provides 
an example of a react ion catalyzed i n homogeneous and heterogene
ous media using monovalent rhodium or i r i d i u m carbonyl complexes. 
Due to the tremendous importance of this reaction from the p r a c t i 
cal point of view, numerous studies were devoted to the i n v e s t i g a 
t i o n of i t s mechanism and k i n e t i c s . On the other hand this reaction 
provides yet an i n t e r e s t i n g example of the f i r s t C-C bond forma
t i o n which could be matched with that occuring during conversion 
of methanol to hydrocarbons. Generally this reaction proceeds 
under mild conditions i n the presence of an iodide promotor (HI or 
CH^I). The homogeneous phase studies (22, 23) established three 
major steps following the formation of the monovalent carbonyl : 
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these could be summarized as : ( i ) oxidative addi t ion of the pro-
motor e s s e n t i a l l y the methyl hal ide (formed by the react ion 
CH^OH + HI i f not added d i r e c t l y ) ( i i ) methyl migration to inser t 
the carbonyl between the metal and the a l k y l . The C-C bond is then 
formed ( i i i ) the reductive e l iminat ion of the acetyl hal ide and 
subsequent e s t e r i f i c a t i o n to methylacetate. 

The r e l a t i v e importance of these steps from the k i n e t i c point 
of view may vary depending on the nature of the c a t a l y s t . 

In the case of zeol i tes with the declared aim of heterogeni-
zing soluble catalysts sustained e f f o r t was devoted to understand 
the react ion mechanism, the role of the central metal , the impor
tance of the promotor, the importance of the medium, e t c . . . 

The Kinet ics of Methanol Carbonylation Over RhX, RhY and IrY 
zeol i tes Carbonylatio
r i c pressure under mil
react ion 2CH3OH + CO ->. CH^COOCH  + H 2 0 produces mainly methyl 
acetate and water. Acet ic ac id was detected at high conversions 
and high temperatures. Traces of dimethyl ether could also form. 
In most cases the s e l e c t i v i t y to methyl acetate was at least 90% 
i n presence of the iodide promotor. 

As i n homogeneous media carbonylation of methanol exhibited a 
f i r s t order rate law with respect to methyl iodide and a zero o r 
der with respect to CO and CH^OH when Rh-Zeolites were used. S imi
l a r l y when I r - z e o l i t e s were employed the react ion rate was f i r s t 
order with respect to methanol and zero order with respect to CO 
and C E L L 

Thus the k i n e t i c s of the z e o l i t e catalyzed reactions c l e a r l y 
p a r a l l e l e d c l o s e l y those of the homogeneous react ion using the 
same t r a n s i t i o n metal as c a t a l y s t . Again zeol i tes acted as simple 
solvents for the carbonylation reaction though perhaps a s p e c i f i c 
role of the z e o l i t e should not perhaps be e n t i r e l y excluded. The 
k i n e t i c s i m i l a r i t i e s strongly suggested nearly i d e n t i c a l react ion 
pathways i n the z e o l i t e medium and i n solut ion with i d e n t i c a l rate 
l i m i t i n g step (24, 27). 

Reaction pathways There is general agreement as to the na
ture of the catalyst precursor (26, 30). It is wel l admitted that 
even under CO low pressure Rh(III)-Y was reduced to the monovalent 
rhodium dicarbonyl attached to the z e o l i t e framework v i a one or 
more oxide ions i r respec t ive of the rhodium introduct ion procedure 
onto the z e o l i t e . 

S i m i l a r l y , it was shown, though few studies were reported for 
i r i d i u m - z e o l i t e s , that Ir(I) t r i carbonyl was formed upon react ion 
of CO with I r ( I I I ) -Y zeol i tes at 170°C which is within the methanol 
carbonylation temperature range. 

These compounds added methyl iodide at room temperature e i ther 
slowly i n the case of Rh(I)(C0) 2 Z (27) (Zeolite = Z) or r e a d i 
ly i n the case of the I r ( I ) ( Ο Ο ) ^ Ζ {21J. It was suggested that this 
was an oxidative addit ion as might be concluded from the high f r e 
quency s h i f t of the VCO bands of the r e s u l t i n g complex. UV 
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measurements performed i n the case of the addit ion of Mel to 
Rh(CO)2Z showed that indeed rhodium(l)was reoxidized to the t r i v a 
lent state (35). On the other hand the CH 3 I addi t ion to the rho
dium carbonyl gave r i s e to a species characterized by a vCO at 
1725 cm" 1 which was i d e n t i f i e d as an acetyl group coordinated to 
the t r i v a l e n t rhodium. 

In both cases NMR showed the carbonyls attached to the 
rhodium or i r i d i u m precursor exhibited an important high f i e l d 
s h i f t (31) upon CH 3 I a d d i t i o n , i n d i c a t i v e of CO coordinated to 
high oxidation state ca t ion . Furthermore it was shown that such 
carbonyl carbons were highly electron d e f i c i e n t thus p a r t i c u l a r l y 
suited for a nucleophi l i c attack by species such as a l k y l s e t c . . . 

Accordingly an o v e r a l l reaction scheme was postulated 

Ζ - Rh(I)(C0) o + Mel CH

CO ζ 
CO 
t 

CH 3 - CO - R h ( l l l ) - I 

Ζ 
The low concentration of the adduct compound is probably due 

to a slow addi t ion of the methyl iodide and a rapid rearrangement 
of the adduct to form the a c e t y l . This is reasonable i n view of 
the f i r s t order rate found for methyl i o d i d e . 

The fol lowing step could be the reductive e l iminat ion of the 
acetyl hal ide to react with methanol. The growth of IR bands i n 
the 1710-1685 cm" 1 domain might be interpreted as due to CH3C0I 
accumulation and possibly further reaction with substrates present 
i n the medium. Nevertheless readdit ion of CO restored the monova
lent rhodium dicarbonyl thus indica t ive that somehow CH3C0I was 
el iminated. 

In the case of i r i d i u m z e o l i t e the acetyl formation was not 
reported to occur spontaneously though the oxidative addit ion was 
a rapid step. The r e s u l t i n g complex was stable and did not rear
range even at 170°C. Only p a r t i a l decarbonylation occurred.However 
under carbon monoxide pressure the adduct complex seemed to rear
range into the acetyl or perhaps give r i s e to yet another surface 
organic carbonyl species . 

Methanol reacted also rapidly with the adduct to form what 
might be an alkoxy carbonyl l igand to the t r i v a l e n t i r i d i u m by 
direc t attack of the methoxy group on the e l e c t r o p h i l i c carbonyl 
carbon. Such an alkoxy group would account for the VCO band which 
appeared at 1705 cm" 1 following methanol addit ion onto the adduct. 
However a methanol assisted rearrangement of the adduct cannot be 
excluded. Subsequent introduction of CO resulted i n the formation 
of the methyl acetate presumably by a concerted el iminat ion of the 
a l k y l and the alkoxy group and simultaneous carbonylation. This 
might be an i n d i c a t i o n of a more covalent CH« - Ir(I) bond which 
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then would prevent the eis nucleophilic attack on the carbonyl car
bon of the addition complex. 

The differences displayed by rhodium and iridium zeolites 
when interacting with the reaction partners are consistent with 
their different kinetic behaviour. These differences seem to be 
independent upon the nature of the medium (solution or zeolitic) 
and appear to be essentially relevant to the chemistry of rhodium 
and iridium. 

The Role of Zeolites Where zeolites seem to play a more 
specific role appears probably when activities and selectivities 
are examined. Though few comparative studies were made possible 
upon examination of the littérature, it would appear that both 
rhodium and iridium exhibited lower activities than in the homo
geneous reaction system
when supported over traditiona
carbon, etc...). This is probably due to the better molecular dis
persion of the rhodium and iridium catalytic precursors in zeoli
te media than over any of these carriers and s t i l l more important 
diffusion limitations than in solution. 

The catalytic influence seemed to be reflected by a number 
of features : 

- Rhodium Y zeolites appear to be efficient at significantly 
lower temperature than rhodium X zeolites. This might be due to 
the higher polarization ability of the Y type zeolite which would 
favor the methyl addition onto the rhodium dicarbonyl which is the 
slow step in the case of rhodium. 

- Compared to other carriers and particularly functionalized 
polymers the stability of the rhodium catalyst in the zeolite me
dium is far superior presumably due to the stronger Rh-0 bond com
pared to P-Rh bond in phosphine bound rhodiumiI)dicarbonyl. Also 
the cage structure of the zeolite almost precluded inner interac
tion of the active species and therefore their association into 
inactive compounds. 

- In the case of ethanol and higher alcohols the zeolite ma
trix may well have a negative effect in that it might favor dehy
dration or dehydrogenation reactions to form ethers and olefins. 

The Importance of the Nature of the Alcohol It was shown by 
Scurrel and Coworkers (32) that alcohols were not equally carbony-
lated. Under identical conditions the rates follow the sequence 
CĤ  > Ĉ H , isoCJH^ where only propene was produced. 

As the actually carbonylated species is the alkyl halide it 
is expected that the activity should depend on the polar or non 
polar character of the R-X bond. Therefore the size and the nucleo
philic character of the σ alkyl attached to the transition metal 
should be considered. 

Further the alkyl migration to effect the nucleophilic attack 
on the carbonyl should also depend on the M-R polarizability as 

- M° and indeed on the tendency of the radical to give rise 
to elimination processes. 
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This i n t r i c a t e behaviour was r e f l e c t e d i n the competitive 
carbonylation of the methyl and ethyl radica ls when EtI + MeOH 
and Mel + EtOH mixtures were reacted. Ethyl acetate but also t r a 
ce methyl acetate were produced. No e thyl propionate was detec
ted on the one hand and e s s e n t i a l l y methyl acetate and lower 
amounts of propionic a c i d , methyl propionate and ethyl acetate 
were formed (25) using rhodium zeol i tes i n d i c a t i n g that various 
exchange reactions were proceeding with high enough rates so as to 
resul t i n a d i f f e r e n t e f f e c t i v e feed composition. These side reac
tions reveal the importance of the p o l a r i t y of the medium as wel l 
as the nature of the t r a n s i t i o n metal. 

The p o l a r i t y of the medium and the complexing a b i l i t y of the 
t r a n s i t i o n metal may wel l account for the a c t i v i t y differences 
observed between the X and Y type z e o l i t e s . On the other hand the 
i n t r i n s i c a c t i v i t y of eac
sing the loading. This
the act ive metal (which has been reported to occur) or to a lesser 
a c c e s s i b i l i t y of the reactants which may not reach the inner depth 
of i n d i v i d u a l z e o l i t e crystals where the act ive substance could 
yet r e s i d e . It is not unreasonable to assume that the z e o l i 
te -Mil ) (CO) in terac t ion could be modified by higher exchange l e 
vels and therefore effec t the electron density at the active metal 
and therefore i t s c a t a l y t i c propert ies . This would be i n agreement 
with reports i n homogeneous carbonylation of the e f f e c t of the po
l a r i t y of the medium on the a c t i v i t y where an optimum e l e c t r i c 
constant exists (33). Indeed the ion-exchange l e v e l may modify 
dramatically be proton content of the z e o l i t e thus a f f e c t i n g i t s 
d i e l e c t r i c constant. 

Carbonylation of Nitroaromatics Carbonylation of n i t r o a r o -
matics to isocyanates 

R-<|>-N02 + 3C0 -> 2C0 2 + R-φ- NCO 

was reported to proceed i n a homogeneous mixture of P d C l 2 - p y r i d i n e 
i n various solvents at 180-240°C under CO pressures of 50-500 
atmospheres (34). 

In view of the severe experimental conditions used, l i t t l e 
is known as to the nature of the active species . Yet two p o s s i b i 
l i t i e s could be considered. Ei ther the palladium operates as a so
luble complex or as metal p a r t i c l e s i n a heterogeneous reac t ion . 
In support of the l a t t e r claim formation of metal p a r t i c l e s was 
evidenced. However it could be argued that such p a r t i c l e s resul t 
from the deactivation of the c a t a l y s t . 

Zeoli tes as excellent s t a b i l i z i n g agents for Pd(II) or w e l l 
dispersed Pd(0) were then used as a c a r r i e r for this reaction (35). 
It was shown that the a c t i v i t y of the catalyst depended c h i e f l y 
on the a b i l i t y of the t r a n s i t i o n metal ion to undergo eas i ly redox 
cyc les . In this respect , t r a n s i t i o n metal with quasi-permanent 
cat ionic state such as cobalt or with quasi permanent meta l l i c 
state such as platinum exhibited the lowest a c t i v i t y . By contrast 
copper, rhodium, i r i d i u m and p a r t i c u l a r l y palladium showed the 
highest a c t i v i t y though with varying s e l e c t i v i t i e s . 
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Associat ion of oxygen transfer agents such as Fe(III ) , Cu(II) 
MoO^ to palladium increased i t s a c t i v i t y . Furthermore both o x i d i 
zed and reduced forms of Pd-zeol i te appeared to be equally active 
and s e l e c t i v e . P a r t i a l oxidation of the reduced form and reduction 
of the oxidized form were observed. Hence a redox cycle during 
ca ta lys is seems highly probable i n view of these results which is 
not unreasonable considering the redox nature of the reaction 
where nitrogroups have yet to be reduced by carbon monoxide before 
the isocyanate could form. Indeed IR studies showed that ac tual ly 
nitrogroups were reduced to ni troso before e l iminat ion of the 
l a t t e r on further heating adsorbed nitrobenzene adsorbed on 
Pd-zeol i te i n presence of carbon monoxide. The reduction could 
then lead ult imately to the nitrene group eventually coordinated 
to the t r a n s i t i o n metal i o n . The nitrene l igand could w e l l be part 
of carbonyl complex. A  carbonyl f palladium  i r i d i u m
e t c . . . have rather e lectro
complexes (36), the nitren y  nucleophi l i
of these carbonyls. Such a rearrangement would be assisted by such 
bases as pyridine when present i n the coordination sphere of the 
metal center. Thus the key to a high a c t i v i t y would be an easy 
redox cycle of the t r a n s i t i o n metal center so as to catalyze the 
reduction of the nitrogroup to a nitrene group. However the se lec 
t i v i t y to the isocyanate would depend on the p r e f e r e n t i a l nucleo
p h i l i c attack of the carbonyl carbon by the nitrene by comparison 
to associat ion of the nitrene condensation with other groups e t c . . . 
Such a react ion path would be favoured by a pronounced pos i t ive 
character of the carbonyl carbon, which is so le ly dependent on 
the nature of t r a n s i t i o n metal center when the same coordinates 
are a v a i l a b l e , and by an increased electron density on the nitrene 
group. Such a mechanism is quite s i m i l a r to methanol carbonylation 
i n i t s essence. The i d e a l t r a n s i t i o n metal center would have to 
meet e s s e n t i a l l y two contradictory conditions : dramatically 
increase the electron density of the nitrene while depleting the 
carbonyl electrons . This is probably the reason for which very 
few t r a n s i t i o n metal elements exhibit both high a c t i v i t y and se lec 
t i v i t y to isocyanates. The presence of the organic base would 
presumably help the cat ion meet these extreme conditions by a trans 
ef fec t which would increase the electron density at the nitrene 
without a f f e c t i n g to a large extent the electron d e f i c i e n t charac
ter of the carbonyl . Thus c l e a r l y carbonylation proceeds v i a two 
important functions of z e o l i t e hosted t r a n s i t i o n metal ions and/or 
complexes i ) the a b i l i t y to undergo easy redox cycle i i ) the 
s t a b i l i z a t i o n of δ + carbonyl carbons together with anucleophi l i c 
substrate which would then migrate to inser t CO p r i o r to reductive 
e l iminat ion . 

The key feature of the adequate t r a n s i t i o n element seems to 
be i n this a b i l i t y to s t a b i l i z e both e lec t rophi les and nucleophi-
les within the same complex. Extra ligands may or may not increase 
the r e a c t i v i t y of one of these two species and therefore makethe 
design of a t r a n s i t i o n metal z e o l i t e based catalyst wi thin the 
same ease or d i f f i c u l t y as t h e i r homogeneous analogues. 
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