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ABSTRACT

VIBRATIONAL SPECTROSCOPY OF ZEOLITE COMPLEXES

Using infrared spectroécopy, studies of the interaction
of small molecules (e.g. CO, C2H2, CHBCHO) with zeolites have
been carried out. The work has resulted in the observation
of both stable chemisorbed complexes and reacting species for

which time-resolved measurements have been made.

The isomerization of cyclopropane on ZnNa-A has been
followed using time resolved spectroscopy. From the intensity
of the v(C=C) stretch of the product, propene, the kinetics of
the reaction have been followed and the reaction sites identi-
fied. The rate of isomerization was found to be very much
faster than that previously reported for similar systems.

In a separate study the adsorbed complex formed between propene

and Na-A zeolite has been investigated.

On adsorption of carbon monoxide on Cu(I) containing Y
zeolite, three different locations for the adsorbed CO have
.been observed. These experiments have been repeated for a
variety of sample pretreatment conditions and the results used
to explain the inconsistency in the scientific literature,
where a range of v(Cz0) stretching frequencies have been pre-
sented by different authors. In essence, it has been shown
that the sample pretreatment has a marked effect on this
cation distribution within the zeolite, and hence on the number
and intensity of CO bands that are observed, since each site
has a characteristic carbonyl stretching frequency. Copper
containing Y zeolites were also investigated through the ad-

sorption of ammonia and the reduction of the Cu(II) form by
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CO and NH3. The rationale for this work was to attempt

to better understand the reduction process.

A study of ethyne adsorbed on ZnNa-A has revealed two
adsorption sites within the framework. At one site C2H2
was found to be weakly m-bonding to the Na cations. The
second site was identified as the Zn cations, at which the
C2H2 was observed to lose hydrogen and form Zn-acetylide.
The Zn-acetylide was observed to react slowly with zeolitic
water to form ethanal. In separate studies ethanal was shown
to be formed when C2H2 was adsorbed on Ag-A zeolite but no

chemical reaction was observed on the Na-A form.

Ethanal adsorbed on some ion-exchanged type A zeolites
(Zn, Na, Ag) has been observed to form complexes with the
charge compensating cations and framework hydroxyl groups.
On zeolite ZnNa-A three species were identified; a hydrogen
bonding complex formed with the framework hydroxyl groups, and
two coordinating complexes formed with the charge compensating
cations; (one with the Na(I) ions and one with the Zn(II) ions).
In contrast two complexes were found on Ag-A (one hydrogen
bonding, the other with the Ag+ cation) and one on Na-A, formed
with the Na(I) ions. When adsorbed ethanal was heated, under
vacuum, on ZnNa-A and Na-A new species were formed. These

were tentatively identified as carboxylate species.

A study of ethene adsorbed on ZnNa-A has been made by
infrared and inelastic neutron scattering spectroscopy (INS).
The IR measurements clearly showed the formation of a w-bonded
adsorption complex, by the observation of the formally inactive

v2(C=C) stretching mode of ethene but no v(C-H) stretching
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vibrations were observed. In the INS data a number of
vibrations of the adsorbed C2H4 with respect to the surface

were seen, - -as well as a weak broad band due to the v (C-H)

stretching modes.
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CHAPTER ONE

INTRODUCTION




1.1 Introduction

Vibrational spectroscopy of adsorbed molecules has
been extensively used. to achieve an understanding of the
interactions between adsorbates and solid surfaces, at a
molecular level. In this thesis vibrational spectroscopy,
and in particular, infrared spectroscopy, has been applied
to the study of the species formed when small mclecules, such
as carbon monoxide, ethyne and cyclopropane, are adsorbed on

ion exchanged zeolites.

Zeolites, a group of aluminosilicate catalysts, are
industrially important and scientifically interesting materials.
They were chosen to be studied because of the above factors
and others, such as the paucity of infrared data on the ad-

sorption of molecules other than bases, on their surfaces.

Infrared spectroscopy of zeolite-adsorbate systems can
be used to obtain a variety of information such as the nature
of the adsorbed species, their number and location in the
framework, and to some extent the strength of adsorption.
Further, infrared measurements can be used to follow chemical
reactions which are occurring on a short time scale, and to
obtain details of the kinetics of such reactions. In the
extreme case, it would be hoped to obtain information on the
nature of the intermediates. Probe molecules, such as carbon

monoxide and ammonia, may be used to obtain details of cation

locations and the acidity of zeolite frameworks.



1.2 Zeoplites

Zeolites are crystalline, hydrated aluminosilicates,
with an open framework structure, based on an infinite three
dimensional netwprk of SiO4 and AlO4 units, in which charge
compensating cations -are located.l They are classified
(Chapter Two) according to the structure of the alumino-
silicate framework,l which may be thought of as a regular
arrangement of cavities interconnected by channels, in which
are found the cations and water molecules. Zeolitic water
is, in general, easily removed and those zeolites which retain
their structure on dehydration are termed molecular sieves.
Within the cavities of a dehydrated zeolite guest molecules
may be adsorbed. The maximum size of a possible adsorbate
is determined, in the first instance, by the dimensions of
the cavities, but other factors (Chapter Two) such as the
location and radii of the cations and temperature, are also

important.

The charge compensating cations, which in synthesised
or natural zeolites are usually alkali or alkaline earth
cations, may be exchanged with other monovalent or polyvalent
cations, e.g. transition metal ions. The degree of ion ex-
change obtained depends, very much, on the zeolite type and
the cations involved. In some instances the complete exchange

of the cations is difficult.

Protons may also provide the charge compensation of the
zeolite lattice. These form hydroxyl groups in the framework
which act as Brbns%d acid sites, giving zeolites their acidic

properties.



Protons can be introduced through ion exchange with ammonium
ions and thermal treatment to liberate NH3 and leave HY in
the framework. For stable high silica zeolites direct ion
exchange of H+ with mineral acid may be used. In addition
hydroxyl groups are always present in zeolite frameworks
throgh the termination of the lattice. In those zeolites with
polyvalent cations, coordinating water may dissociate,viz.

(n-L)* _ .+

+
) H

M(H,O0

2 = MOH

to form hydroxyl groups in the framework.

The acid sites in zeolites are important in giving
zeolites their catalytic properties in hydrocarbon trans-
formations and other reactions. In addition to the Bronsted
acidity provided by the hydroxyl groups, the charge compen-
sations and tri—coordinate aluminium atoms formed by the loss
of framework oxygen and H+ high temperature, provide Lewis
sites in the framework. Both types of acidity are important

in giving zeolites their catalytic properties.

In addition the unique nature of the zeolite framework
is very often able to stabilize metal ions in unusual oxid-
ation states. This property is also important catalytically,

in such reactions as oxidation and reduction.

It is these adsorption, ion-exchange and catalytic pro-
perties of zeolites above,which give them their usefulness in

the commercial world.

Historically, zeolites were first discovered by Cronstedt,
when he identified the mineral Stilbite in 1756.2 From the
observation that the mineral lost water when heated, the name

"zeolite" was derived from the classical Greek meaning "boiling



stones"’ It was not until some 200 years later, with the
introduction of synthetic zeolites,3’4 that zeolites became
commercially important. In the next Section some of the
applications of zeolites will be briefly described. It is
impossible here to give a complete review of the uses of
zeolites, so only some of the most important and more inter-

esting applications are featured.

1.3 Zeolite Catalysts and their uses

In 1980 there were 40 species of natural zeolites and
over 150 synthetic types reported.l Of these, only a small
number have found a use commercially as adsorbents, catalysts
and ion exchangers, ete., as listed in Table 1.1. In

Table 1.2 some of the actual commercial and potential uses

of zeolites are given.

TABLE 1.1 Zeolite types used in commercial applications
in 1980, after ref. 5.

Zeolite Synthetic
Minerals Zeolites
Mordenite A Na, K, Ca forms
Chabazite X Na, Ca, Ba forms
Erionite Y Na, Ca, NH4, rare earth forms
Clinoptilolite L K, NH, forms
Omega Na, H forms

Zeolan, Mordenite H, Na forms
ZSM-5 Various forms
F K form

1Y K form



TABLE 1.2 Summary of the commercial potential uses of
Zeolites, after ref. 5,7

Adsorption Ion Exchange Catalysis
Regenerative separation|{ Regenerative processes Hydrocarbon convers-
based on sieving . NH4+ removal ion - Alkylation,
selectivity Metal separations and Crack}ng, Hydro—_

removal from waste water gracklng, Isamer
ization
Purification Non-regenerative pro- Hydrogeneration and
Bulk separations cesses dehydration
Non-regenerative Radioisotope removal and Hydrodealkylation
Drying storage, Methanation
Windows Detergent builder Shape-selective re-
Refrigerants Artificial kidney dial- forming
Cryosorption ysate regeneration, Dehydration
Gas storage Aquoculture - NH4+ Methanol to gasoline
Carriers of removal Organic catalysis
Chemicals Ruminant feeding of - Inorganic reactions
non-protein nitrogen, HZS oxidation
Ton-exchange fertil- NH., reduction to NO
izers 3
CO oxidation
HZO*O2 + H2
Other
Agriculture
Animal Culture
Beverage carbonation
Flare extinguishers
Electrical conductors
Ceramics
Solar energy
Weather modification
Nuclear industry
Paper making
Toothpaste
Brewing
Construction in-
dustry
Fish farming




Thé major industrial use of zeolites is as cracking
catalysts in the petrochemical industry, where zeolites such
as Re-Y, H-Y and Mg-Y are used to produce gasoline from crude
oil.6 In 1979 this accounted for 95% of the free world use
of zeolites.6 All catalytic cracking has been carried out

in the United States and Canada with zeolites since 1976.6

A second major use of zeolites, (e.g. Co, Mo, W or Pt-Pd
on H-Y, mordenite, erionitelor Zl4;US), is as hydrocracking
catalysts in the conversion of inferior crude fractions to
more desirable products, such as heating oils, gasoline and
petrochemical feedstocks.6 The demands for such products
as unleaded gasoline has increased the importance of the hydro-
cracking process. In 1979 it was reported that about

1,500,000 barrels/day of oil were processed using hydrocracking.6

With increasing world demands for oil, alternative methods
of producing gasoline have been sought. The high silica
zeolite ZSM-5 has been shown to be able to convert methanol
to gasoline.5 This reaction has given a new route for the
conversion of natural gas and coal into petroleum products

which will find increasing importance in the future.

Also in the energy area zeolites havé been used in solar
energy systems and gas storage mediums,5 where their adsorption

properties have been utilised.

In the nuclear industry, due to their ion-exchange and
adsorption properties, zeolites are also finding increasing
use. Zeolites have been suggested as a suitable storage media
for long-lived radioisotopes, due to their stability in the
presence of ionizing radiation, low solubility and dimensional -

5,7

stability. For long term storage, the zeolite, containing



the radioisotopes, is encapsulated in cement or glass, or
alternatively, at high temperatures, the zeolite is converted
into a glass. One of the earliest uses of zeolites, in the

137CS 90

nuclear industry, was in the separation of and Sr

ions from low level radioactive waste waters, created by
nuclear reactors.8 Recently, zeolites were used in the
clean up of the radioactive water resulting from the Three

Mile Island accident in the U.S.A.9

The separation of oxygen and nitrogen from air, by the
pressure ‘- swing adsorption technique,lo was made commercially
viable with the introduction of zeolite molecular sieves as
adsorbents. Small plants using 5A zeolites are commercially
available with a capacity of about 50Nm3/hr., and have been
used to produce oxygen, of about 93% purity, for medical use
at home and in hospitals, for welding units and sewerage treat-
ment plants.ll Nitrogen generators have been used to provide
high purity nitrogen, about 99.5% purity, for sealing various

materials during canning operations and for nitrogen blankets

in some metallurgical operations.

In agriculture zeolites exchanged with nutrient ions,
such as ammonium and potassium, can be added to solids as an
ionic fertilizer.s’7 In animal rearing zeolites have been
found to have a beneficial effect when added to the diets of
pigs, chickens and ruminants.s'7 Significant increases in
gain of body weight per unit of feed were achieved. Sickness

and mortality were also reduced. Zeolites are also utilized

in controlling the malodowrof animal farm units.



Increasingly now zeolites are being employed in the
manufacture of detergents. They are used both as detergent
builders and for water softening replacing environmentally
unsatisfactory tripolyphosphates. Zeolite A and, to a lesser

extent, zeolite X are the zeolites used.7’9

Finally, in this brief review, zeolites have found a use
in the food industry. The large adsorption capacity of
zeolites for carbon dioxide has been used as a novel method
for preparing carbonated beverages at the time of consumption
rather than by bottling under pressures.5 More recently the
use of a Crimean zeolite in beer production has been nbted.7

It was anticipated,in this article,that a wide market for

zeolites would be found in the home brewing of beer and wine!7

1.4 The Physical Characterization of Zeolites

Many different physical techniques, e¢.g. infrared, nuclear
magnetic resonance, X-ray diffraction, neutron scattering, ete.,
have been used to characterize zeolites and the adsorbed species
which are formed in their cavities. Each technique provides
both unique and complementary information, which, when collected
together, give the zeolite chemist an overall picture of the
structure and/or reactions which occur on zeolite surfaces.

When studying zeolites the technique chosen depends very much
on the type of information required. To give a full review
of each technique would be inappropriate in this thesis, so
here the type of information obtained from some spectroscopic
and diffraction techniques will briefly be described. A

much fuller review is given in reference 12 and the references

therein.
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X-tay diffraction has been applied both to the identi-

fiction of zeolite structuresl3_15 and to the location of

16-17

cations and adsorbate molecules. A limiting factor

in studying adsorbate systems by X-ray diffraction is small

sample size but the not so widely used technique of neutron

19

powdered diffraction offers a number of advantages; the

main ones being the location of protons and the use of larger
samples, typically 3-10g. Although in order to locate protoms
accurately, it is necessary to exchange!>lpr H, to reduce back-
ground levels. The use of larger samples allows the accurate
determination of the chemical composition of the zeolite and
the amount of adsorbate coverage to be better controlled.
Neutron diffraction like X—ray_diffraction has been applied

20,21

both to structural determinations and studies of adsorbate

molecules.22’23

298i and 27A1 Nuclear magnetic resonance (NMR) has been

used mainly to study the framework structure and, in particular,

the ordering of aluminium of silicon atoms in the zeolite frame-

12,24 In addition NMR spectroscopy, particularly proton,

12,25

work.
NMR, has been applied to study molecules adsorbed in zeolites.
The introduction, in recent years,12 of the routine use of

solid state magic angle spinning NMR has increased greatly the
applicability of this very powerful technique in studying catal-
yst systems. But there are still a number of extremely chall-
énging problems to be overcome, one of which is the simultaneous
adsorption and heating of samples within the confines of the

rotating unit of the NMR spectrometer.

. . . 12,26
Spectroscopic techniques such as electron spin resonance

uv-visible? %8 and MGssbauer'®’?® have mainly been applied to the
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study of transition metals and the emyironment of these
cations, e.g. oxidation state and coordination, within the

zeolite frameworks.

The other major techniques not so far mentioned are
the vibrational spectréscopic methods of infrared, Raman and
inelastic neutron scattering. Raman spectroscopy has not
been so widely used as infrared spectroscopy, due,mainly to
problems associated with high fluorescence levels. This
problem is often céused by impurities within the zeolite
framework, but in some instances the zeolite-adsorbate systems
themselves fluorasce. Reports have been made both of struct-

ural3O and adsorbate31 studies using the Raman technique.

Inelastic neutron scattering (INS) which provides in-
formation similar to infrared stuaies, but is not limited by
optical selection rules, has not been widely used, due in part
to limited access to neutron sources and to other restraints
which have limited studies to stable systems. Vibrational
information from INS measurements of adsorbate molecules has
mainly been reported in the 1000-50 cm-l regionBz_34 but the
importance of this spectral region in providing information
on the strength of adsorbate-cation interactions should be

noted. It is therefore envisaged that INS studies will

become more important in the future.

Finally, infrared spectroscopy, with which this thesis
is concerned, provides information in the ca. 4000-400 cm—l
region. Although studies of adsorbates are usually limited
to the region above 1200 cm—l, due to the strong vibrations

of the zeolite framework. Infrared studies of zeolites are

discussed in detail in the next chapter.
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2.1 Introduction

Zeolites are a class of crystalline aluminosilicates,
with an open lattice framework, based on a three-dimensional
array of AlO4 and SiO4 tetrahedra linked together by the
sharing of oxygen atoms.l The structure may be represented

- by the general formula:

M [(AlOz)X(SiOé)y].WH 0 (1)

xX/n 2

where M is a cation of valence h, W is the number of water
molecules,and [ ] represents the framework composition. The
.ratio of Si:Al is (usually) greater tﬁan 1. The actual value
depends upon the type of zeolite and the conditions used

during synthesis. The cations M are present in sufficient

number to balance the negative charge of the framework.

The complexity of zeolite structures has meant that a
number of different models have evolved to represent their
frameworks and enhance the understanding of their structures.
In this thesis the model adopted is not a space filling model
but one built on lines, where vertices represent Si or Al
atoms and the'linking oxygen atoms lie slightly off the

straight lines joining two vertices.

The TO4 tetrahedral (T=Al or Si) are known as primary
building units.2 These are linked together to form subunits
or secondary building units (SBU) from which the zeolite
frameworks are constructed.l_3 The SBU, illustrated in
Figure 2.1, are joined to form three dimensional polyhedra,
which are in turn connected together by oxygen bridges to

form the overall framework structure. Some polyhedra found

in zeolites are illustrated in Figure 2.2.
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S4R S6R S8R D4R D6R

TsO0yo 41 Tg Oy 5-1 T10 050 4-4-1

Figure 2.1 The secondary building units in Zeolite

1 . .
structures. 2 Linking oxygen atoms are not
shown. Nomenclature that of ref. 1.

a 8 D8R D6R
PEEN
[E )
-]
L\
Y €

Figure 2.2 Some polyhedra in zeolite frameworks from ref.l.

o - truncated cubooctahedron; g - truncated octa-
hedron or sodalite cage; D8R - double 8-ring;

D6R -~ hexagonal prism (double 6-ring);9 - 18-
hedron; ¢ - 1ll-hedron.
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The structural classification of natural and synthetic
zeolites into seven groups, based on SBU, have been proposed
by a number of authors.l_3 The classification is not com-
pletely unambiguous as many zeolite networks can be generated
from several different SBUs, provided that the Si and Al atoms

are regarded as indistinguishable. The classification

according to Breckl is shown in Table 2.1.

TABLE 2.1 Zeolite Classification after Breckl

Secondary building

Group unit (Fig.2.1) Example
1 Single 4-ring, S4R Analcime,
' Zeolite P
2 Single 6-ring, S6R ‘ Erionite,
Sodalite hydrate
3 Double 4-ring, D4R Zeolite A
4 Double 6-ring, D6R Zeolite Y and X,
' Faujasite
5 Complex 4-1, TSOlO unit Thomsonite
) Complex 5-1, T8016 unit Mordenite, ZSM-S
7 Complex 4-4-1, TlOOZO unit Brewsterite

The work in this thesis is concerned with two synthetic
zeolites A and Y, which belong to groups 3 and 4 respectively.
Both zeolites contain the polyhedral sodalite unit in their
frameworks (Figure 2.3a), but these units are arranged differ-
ently with respect to each other in the two structures, forming
a series of larger cavities. The framework structures of
zeolites A and Y and a number of other zeolites are illustrated
in Figure 2.3. Within any zeolite structure, the largest
cavity is labelled the a-cage, the second largest the B-cage,
ete. For zeolites A and Y the a and B cages are labelled in

Fiagure 2?2 3



(f) ZSM-5 ZSM-1

Figure 2.3 Some Structures of Zeolites and their cavities

(a) ‘the sodalite cage, (b) Zeolite A, (c) the a-cage of
zeolite A after Ebere'lys, (d) Zeolite Y, (e) the o-cage of
zeolite Y,5 (f) ZSM-5 and ZSM-11, (g) emAJx
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It is in the cavities formed by the polyhedra that
adsorption and catalytic processes occur. The apertures
to these cavities are formed by rings of tetrahedra and
their size controls the type of adsorbate molecule which may
enter. In the first instance the apperture size is governed
by the number of tetrahedra in the ring (Table 2.2) but, to
varying degrees, it is also changed by the framework topology
and other factors such as the presence of cations and temper-
ature.

TABLE 2.2 Apertures formed by rings of tetrahedra found

. . 4
in zeolite structures.

No. of tetrahedra in ring Maximum free dimension (R)
4 1.15
5 1.96
6 2.8
8 4.5
16 6.3
12 8.0

2.2 The structure and cation locations in zeolites A and Y

2.2.1 Zeolite A

The sodalite unit (Figure 2.3a) is a truncated
octahedron consisting of 24 tetrahedra which has 8 hexagonal
and 6 square faces. The free diameter of this cavity is 6.68.
in zeolite A the sodalite units are linked together by bridging
oxygen atoms between their square faces in a three dimensional
array (Figure 2.4a). This generates a series of larger

cavities, the free diameterSof which are 11.48.l The tetra-
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hedral centres of this cavity form the vertices of a trun-
cated cubooctahedron (Figure 2.3b) comprising six octahedral,
eight hexagonal and twelve square faces. In zeolite A the
truncated cubooctahedron are a-cages and the sodalite units
are B-cages. The o-cage in zeolite A is also referred to
as the supercage, although strictly this term should be re-
served for the larger a-cages of faujasite type zeolites

(Section 2.2.2).

Entry into the a-cages of zeolite A can be made
through the six 8-oxygen rings. These rings have a mean free
diamter of 4.2R8 defined by the ionic radius of the oxygen
atoms.6 Passage between an o- and B—cége is possible via
the 6-oxygen rings of mean diameter 2.28. There are thus
in zeolite A two interconnecting channel systems,one of
diameter ll.4g with 4.22 constrictions, the other of alternate
11.4R and 6.68 cavities separated by 2.28 constrictions. When
fully hydrated in the sodium ion exchanged form Zeolite A
has a pseudo unit—cell (see below) composition of

1

a, ,Al 27H20. This structure is usually referred

1271125%15048"
to as hydrated NalZ_A’ where A refers to the framewave com-
position [A1125112048]. This form of notation will be used

throughout this thesis.

Nalz—A zeolite, both in the hydrated and de-

hydrated form, has been extensively studied by X-ray and

neutron diffraction.7 4 Early powder X-ray diffraction
studies7 indicated Nalz—A to have a cubic structure. If
the Si and Al ions were not differentiated, then the pseudo

unit-cell of Na12A1125112048 has a unit cell parameter of



21

12.3% and a space group Pm3ﬁ.7 However, as the Si:Al ratio
is l:l,.the Loewenstein electrostatic valence rule15 requires
a rigorous alternation of the AlO4 and SiO4 tetrahedra. This
alternation is known as the 4:0 ordering scheme. In order

to achieve this, the true unit cell constant must be 24.62
and the symmetry is lowered to space group Fm3E.8--ll

Later, results from a series of techniques, namely

14,16 14,13 29

electron diffraction, neutron diffraction and Si

n.m.r.l4’l6’l7, showed the Loewenstein rule to be violated

in Na 2-A'and the 3:1 ordering scheme was proposed. However,

1
as the argument continues, more recent measurements have again

18,19

come out in favour of the 4:0 ordering scheme. There

thus seems to be some uncertainty in the exact nature of the

structure of zeolite A.

The true unit cell of Nalz—A contains 192 tetra-
hedra but, in common with many authors, we will hereafter
discuss A-type zeolites in terms of the pseudo unit cell, 7.e.

Na. .Si 2Al

12514 048.WH20.

12
There are three crystallographically distinct

types of oxygen ions in type A zeolites: O(l) ions are

found bridging between socdalite units, 0(2) and 0O(3) are at

distinguishable sites in both the 6- and 8-oxygen rings.

The Si-0-Al bond angles reported for hydrated and dehydrated

Na,,—-A are listed in Table 2.3.

12
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Supercage Sodalite Cavity
( b) (<-cage) (B - cage)

Figure 2.4 The structure and cation locations of Zeolite A

(a) the framework structure of Zeolite A showing cation locations

{b) Schematic representation of the cationic sites.
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TABLE 2.3 Some reported bond angles in Nale zeolite

Zeolite Bond Angle Ref.

hydrated Naj,A $i-0(1)-Al 145.5° 8
$i-0(2)-Al 159.5° 8
Si-0(3)-al 144.1° 8

dehydrated Na;,A  Si-0(1)-Al 145.1° 21
Si-0(2)-Al 165.6° 21
Si-0(3)-Al . 145.5° 21

Cation location in Zeolite A

. The charge compensating cations of zeolite frameworks
are,in dehydrated zeolites,generally held at specific sites.
As the number of cations present is very often less than the
total number of sites available, the cations tend to distribute
themselves so as to minimise free energy. In a fully hyd-
rated zeolite, the cations are themselves hydrated, and have
only weak interactions with the framework. Hydrated cations

are usually mobile.zo

The cation locations in zeolite A, using the nomenclature
of Barrerzo, are listed in Table 2.4 and illustrated in
Figure 2.4. Also contained in Table 2.4 are the locations of
the Na+ ions in hydrated and dehydrated Nalz—A, as determined

from X-ray diffraction studies. ’8721726



TABLE 2.4 Cation Locations in type-A zeolite

No. of sites . + . . -
Position Designation per pseudo Location of Na  fons in Nal2 A
unit cell Hydrated8’l7’22—24 Dehydrated21,25,26
In an 8-oxygen ring S1 ) 3
* ) 3
Adjacent to an 8-oxygen S1 ) 3@
ring, but displaced into
an aq—-cage
In the centre of a 6- g9 )
oxygen ring »
)
Adjacent to a 6-oxygen * ) b
ring, but displaced S2 ) 8 3 8
into an a-cage )
)
Adjacent to a 6-oxygen , )
ring, but displaced S2 )
into a B-cage
Against a 4-oxygen ring,
forming one of the ribs S3 12 1
of an o—cage
In the centre of the S4 1 1©
a—cage
In the centre of the SU 1 ;
B~cage !
a. not located with certainty.
b. coordinate tetrahedrally to 3 framework oxygens and 1 water molecule.

c. probably fully hydrated.

/e
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2.2.2 Zeolite Y and other related zeolites

Zeolites X and Y are synthetic analogues of
faujasite, a naturally occurring zeolite of unit cell com-
position Na12ca12Mgll[(A102)59(Sioz)l33]'235H2O'l The
distinction between X and Y zeolites is based on the Si:Al
ratio: those zeoliteé for which 1.0gSi:Al<1.5 are classified
as type-X zeolites, while those for which 1.5<Si:Al 3 are
classified as type-Y zeolites. A typical unit cell com-

s . L . 1
position of type-Y zeolites is Na56[(A102)56(5102)l36].250H20.

The aluminosilicate framework of faujasite-type
zeolites is a diémond—like array of sodalite units (Figure 2.5a).
Each sodalite unit is linked to four similar units by bridging
oxygen atoms between their hexagonal faces.l The result is
a very open structure, with nearly spherical supercages of
ca. 128 diameter (Figure 2.3cC). Each supercage is surrounded
tetrahedrally by four other supercages, which are separated
by 12-oxygen rings of 8-98 diamter. The entrances between
the supercages and the sodalite units are of dimensions

similar to those of Zeolite A.

X-ray diffraction has shown members of the faujasite
group to have a cubic symmetry and a unit cell parameter of
éa. 258.27 If silicon and aluminium atoms occur at random
over the zeolite framework, then the ideal space group is

Fd3m.27

In faujasite-type zeolites four distinct types of
framework oxygen atoms have been identified. These are de-

scribed, together with some typical values, in Table 2.5.



TABLE 2.5 Some reported T-O-T bond angles in faujasite-type zeolites

BOND ANGLE
Oxygen atom Hydrated NaX Natural faujasite Dehydrated NaY
and Na88A188SllO4O384'220H20 (hydrated) Na5781135A157O384
description ref. 27 ref. 28 ref. 29
O(1) :in ribs
of hexagonal ' 132.4° 140.6° 150°
prisms

0(2) : between _

o o o)
hexagonal 141.5 140.3 156

faces of so- -

dalite unit

®(3) :and O(4)
form square 136.3° 145.1° 141°
faces of so-

dalite units

0(4): see

146.8° 140.6° 138°
above

Q7
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‘Cation locations in faujasite-type zeolites

As with Zeolite A, cations are located in the framework
of faujasite-type zeolites to balance the charge of the
anionic framework. The cation locations after Barrer20
are summarized in Table 2.6 and illustrated in Figure 2.5.
The location of the Na+ ions in hydrated Na-xand dehydrated

Na-Yare summarised in Table 2.6.

2.3 Published crystal structures of ion exchanged
Zeolites used in this thesis

2.3.1 Zinc exchanged type-A zeolite

The crystal structure of Zn,_gcNa, g-A used in

this thesis has not been published. However, Seff et aZ3O’31
have reported the single crystal X-ray structure of hydrated
and dehydrated ZnSNaz—A. A summary of the cation locations

is given in Table 2.7.

TABLE 2.7 Cation Positions in Zn_.Na.-A.

5 72

Site a Site occupancy
Designation Hydrated3O Dehydrated31l

Sl 2Na(I)

*

S, 3Zn(I1) 3Zn(II)

82l 2Zn(IT1)

S4 1Zn(I1)

S 1Zn(11)

u
a

See Table 2.4.
In the hydrated zeolite 2Zn(II) ions were located

at three distinct crystallographic sites. One Zn(II) ion

per pseudo unit cell was located at the centre of the sodalite



TABLE 2.6

Cation locations in faujasite type zeolites

supercage

. 27 29
Description of site D851g1216 I:g;&i)igb ClJZ sites Hydrated Na-X Deljxdrated Na-Y
ation unit cel120  |[NagghlggSijngQO3g4-220H,0| Nag,[(Al0,)4,(S10,) 155
In the centre of a hexagonal prism S 16 9 7.5
linking adjacent sodalite cages I
In a sodalite cage, adjacent to a -
hexagonal prism St 32 8, 12 H,0 19.5
In the centre of a sodalite cage SU 8
In a 6-oxygen ring linking a soda- S 1 ) 24, 8 HZO 30.0
lite cage and a supercage I )
)

Near a 6-oxygen ring of site II, S I* ) 32
but displaced into the supercage I )

. )
Near a 6-oxygen ring of site II, s._~ ) 26 H,O
but displaced into the sodalite 11 ) 2
cavity
In the supercage, adjacent to a S 48
square face of the sodalite cavity I1I
In the centre of a supercage SIV 8
In the 12-oxygen window of a SV 16
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’
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SI ) S]' SH' SH.
L L J J
( b) hexagonal sodalite supercage
prism cavity

Figure 2.5 The structure and cation locations of Faujasite
type Zeolites

(a) the framework structure showing cation locations;

(b) Schematic representation of cationic sites.
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unit (Su), coordinated by a distorted octahedron of water
molecules. A second Zn(II) ion was also associated with a
distorted octahedron of water molecules, but was sited towards
the centre of the supercage (S4). - The three remaining Zn(II)
ions lie just inside the large cavity at Sz*, where they are
coordinated tetrahedrally to three framework oxide ions and
probably to a hydroxide ion. The two Na® ions per pseudo
unit cell were associated each with 8-ring oxide ions and two

water molecules at Sl'

After dehydration at 623K for 2 days under vacuum?,’l
Zn(II) ions were located in two nonequivalent positions in
the 6-oxygen rings. Three Zn(II) ions inside the large cavity
at 52* are tetrahedrally coordinated to three framework oxide
ions and one water molecule. The remaining two Zn(II) ions
are bridged by a single water molecule inside the sodalite
cavity at 82'. No Na(I) ions were located but one would
assure that they would lie in the 8-oxygen rings (Sl) as in the

hydrated structure.

2.3.2 Copper exchanged type-Y Zeolites

Crystal structures have been published of
hydrated32 and dehydrated33 Cu(II)Na-Y zeolite with varying
degrees of ion exchange. The single crystal X-ray analysis

of fully copper exchanged faujasite in both the hydrated and

dehydrated state has also been reported.34

In the hydrated zeolites the Cu(II) cations were
found to be rather mobile and were thus not all located.

the cation distributions are summarized in Table 2.8 (a).
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TABLE 2.8 "Cation locations in Copper(II) exchange Y zeolites

(a) Hydrated CuNaY

32 32 32 .., 34
Sit2ample Cu7Na29Hl3Y CulZNa21H11Y Cul3Nal6HloY Cu28FauJa51te
.250 HzO .250 HZO .250 H20 [(A102)56(810 l36)XH20)
S, 4.5 Na* 3.6 Na@ 0.8 Na'
S, 14.9 Na* 13.5 Na© 15.5 Na' 6.3 cu’’
Siq 1.9 cu?? 1.5 cu®t | 3.0 cu?t
SII 15.5 HZO 15.6 H20 14.9 HZO
*
SII H20/cations H20/cations Hzo/cations HZO
+ + 2+
SIII 9.7 Na 2.4 Na 6.5 Cu
2+ 2+
Su or SIV 5.4 Cu 8.7 Cu | H20
(b} Dehydrated CuNaY
32 32 33 33 ... 34
\ Sample CulGNa24Y CulzNa5H29Y Cul6Na24Y CulGNa24Y Cu28Fauja51te
Sit + + (AlO.) -
NH3 Pyridine (Si8 6 ]
27135
S 3.2 cu?t| 1.7 cu?? 2.1 cu?t| 1.9 cu®t] 1.5 cu?t
Sy 11.4 cu?t| 9.9 cu?t | 12.1 cu?t| 2.3 cu®M14.2 oy?t
sy | 20.5 Na* | 8.0 na® 17.8 Na® | 26 mat | 3.8 cu®”
- 2+
SII 9.4 NH3 0.8 Cu
* 2+
SII 1.5 Cu
2+
SIII : 3.3 Cu
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The results of the X-ray studies for dehydrated
Cu(II)Na-Y and Cu(II) exchanged faujasite are summarized in
Table 2.8(b). This table also contains details of cation
distributions in the presence of ammonia and pyridine. In
all the zeolites, on dehydration, the cations are observed
to prefer the sites in the small cavities (S; and SI’). In

33

Cu, N Y the Cu(II) ions at Site I~ are coordinated to

16" 224"
six framework oxygen atoms. In contrast those cations in
Site SI were found to be coordihated to three framework oxygen
atoms. In the presence of bases (NH3 and CSHSN) a migration
of the cations away from the hidden SI site was observed.

The migration of the copper cations has also been observed

by ESR Spectroscopy (Chapter Five).

In fully exchanged faujasite Cu(II) ions were
3 - * .
located in sites SI' SI , SII’ SII and SII‘ Cations at
S © (Cu(I’a), Figure 2.6a) were found to be mainly strongly

bound to the zeolite framework, but a small number at Cu(I B)

were less firmly bound, presumably due to their interaction

with residual water. A similar type of interaction is ob-
served in the 6-oxygen rings at sites SII(Cu(IIA)), SII’

- * -
(Cu(II ) and SII (Cu(IIB)), (Figure 2.6Db). The cations

at site S (Cu(III), Figure 2.6c) are located in the super-

IIT

cages coordinated to two framework oxygens.
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(a) In the
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—

Perspective views of the coordination of the
copper (II) ions in fully exahanged faujasite

hexagonal prisms
6-rings between the o and B cages
supercages.

repulsive forces simultaneous occupancy of

Cu(II) ions in adjacent sites in the above diagrams is
not expected).
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2.4 Vibrational analysis of Zeolite frameworks

2.4.1 Framework vibrations

IR spectroscopy?s—46 and to a lesser extent

Raman spectroscopy,35’47'-49 has been extensively applied to
the structural analysis of zeolite frameworks. For all
zeolites the fundamental vibrations of the TO4 units are
observed in the mid-infrared region (200-1300 cm—l) while

in the far-infrared region, below 300 cm—l, modes associated

with the vibrations of the cations are observed.

Flanigen et aZ35 investigated the framework
vibrations of a large number of synthetic zeolites. Although
each zeolite exhibited its own characteristic IR spectrum
(Figure 2.7),similarities between spectra could be correlated
with known framework structures as determined by X-ray dif-
fraction. According to the treatment of Flanigen et a128
two classes of IR band arose in the 1300-200 cm-l region:

(1) those due to the internal modes of the TO4 tetrahedra
and which were insensitive to variations in the framework
structure; and (2) those arising from vibrations of the ex-
ternal linkages between tetrahedra which depended upon the
framework structure and were related to the presence of some
tybes of SBU and building block polyhedra. Both classes of
vibration were found to occur within characteristic frequency

regions, these are summarized in Table 2.9 and illustrated

for Na-Y zeolite in Figure 2.8.
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TABLE 2.9 The characteristic frequencies (cm-l) of 35
zeolite skeletal vibrations after Flanigen et al

Internal Tetrahedral External linkages
Antisymmetric 1250-950 Double ring 650-500
stretch
Symmetric stretch 720-650 Pore opening 360-420
T-0 bend 420-500 Symmetric stretch 750-820
Antisymmetric 1050-1150
stretch

Increasing the atomic fraction of Al atoms in the

tetrahedral framework has been shown by a number of at.lthor%‘t)“w’so_5

to cause a shift to lower frequencies of the zeolite framework
modes. For a series of X and Y zeolites Flanigen et aZ35

reported a linear decrease in the bands associated with the

v (T-0) (970-1020 em *) and v___ (T-0) (670-725 cm ) internal
asym sym

stretching modes, the double 6-ring (D-6) (565-586 cm_l) and

the 12-ring pore opening modes (360-385 cm_l). The observed

trends are shown in Figure 2.9.

1030 b

$=20/1

=5/ 1
1010 580} g

O
L D-6

380 - S=11/1
370

12.R Qo
360 1 PORE

i i i I\ i

i
0.2 0.3 04 05 02 03 0.4 U]

MOLE FRACTION Al 1in T

Figure 2.9 Frequency versus atom fraction of Al in the
: framework of Zeolites X and Y for several
infrared bands after ref.35.

S = cm—l/O.l mole fraction(&~Al.
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Similar shifts in the infrared spectra of X and Y zeolites

were also observed by Kiselev et aZ37 and Wright et aZSl.

The data so far reviewed has been for hydrated
zeolites containing univalent charge balancing cations.
When these zeolites are dehydrated only minimal changes in
the aluminosiliciate framework occur that give rise to minor
changes.in the IR spectra in the 200-1300 cm_1 region.l’35
The situation is somewhat different for zeolites containing

35,37 In Figure 2.10 the data of Zhdanov

divalent cations.
et aZ37 shows the strong sensitivity of framework IR vibrations
to the cation-type and charge for a series of dehydrated X
zeolites. Flanigen et aZ35 have reported similar changes in
the spectra of Ca-Y (Figure 2.11) after dehydration, dehydroxyl-
ation and rehydration. The spectral changes were interpreted
as being due to the movement of the cations from sites inside
the sodalite units to positions near tpe centre of the hexa-
gonal prisms (SI). Analogous spectral changes were reported

for La exchanged Y zeolite.35

Mid IR spectroscopy has also been applied to the
study of zeolite framework synthesis, modification and depos-
ition. Flanigen46 gives an excellent review of the type of

information which may be obtained from such studies.

l) bands

In the far-infrared region (<300 cm”
observed in the spectra of dehydrated zeolites have been
assignea to the stretching modes of cations in specific sites
in the aluminosilicate framework.41_45 In conjunction with
a knowledge of the cation distribution and the relationship

- -3
vy a'Mi %Ri /2 (where vy is the cation vibrational frequency

of a particular site i and My and Ri are the mass and ionic



Figure 2.10

Figure 2.11
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radius of the cation) proposed by Brodskii et aZ,44 the
assignment of bands to cations at specific crystallographic

sites is possible (Table 2.10)41’43_45

TABLE 2.10 Frequencies (cm_l) assigned to vibrational modes
of cations in dehydrated type-X and Y zeolites

(a) After ref. 43.

Assignment Na-X K-X Ca-X Cs-X Na-Y K-Y Ba-Y

SI 160 287 167 107 137
SI"SII’SII' 190 156 273 86 186 133 107
SIII 67 58 39

(b) After ref. 412

Assignment Ca-Y Mn-Y Co-Y Ni-¥Y Cu-Y Zn-Y

Sy 131 161 170 177 163 162
sI’ 91 116 104 116 103 100
Sir1 173 140 142 148 137 126

+ . . .
% In all zeolites Na cations gave rise to a band in the

frequency range 200-190 cm~1

These cation modes were found by the authors43

to shift to lower frequencies on hydrations, as the cation-
framework interaction was weakened by the hydration of the
cation. Ozin et al4l for Co-Y investigated the effect of
1

the Si/Al ratio on the spectrum below 300 cm A shift in

the vibrational frequencies to lower wavenumbers with in-

creasing Si/Al ratio was observed (Table 2.11).
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TABLE 2.11 The observed dependénce of Ehg_gg;ign_yib;g;ignal
frequency for site I in Qoil_ign_exghﬁng.e_ﬁﬁujisim

zeolite on the Si/Al ratio

Si/Al A frequency, cm_l
1.25 175.5

2.5 170

3.8 168

20.0 164

As the Si/Al ratio was increased the spectrum became dominated

by site S as this became the only site occupied in the high

II

silica zeolites.

2.4.2 Structural hydroxyl groups

Structural hydroxyl groups, because of their
importance to the catalytic activity of zeolites, have been
extensively studied by IR spectroscopy. A number of review
articles describe in detail the positions of these bands and

their interpretation.sz"56

Although considerable variation in the number and
position of zeolite hydroxyl groups in any particular zeolite
is reported by various authors, the differencesare probably due
to different sample pretreatment, the‘extent of cation, de-
ficiency and instrumentation used to carry out the IR measure-

5 . ,
ments.5 Most studies have concentrated on X and Y zeolites,

from which the following interpretations of structural hydroxyl

bands in the 3750-3500 cm_l region have been made.sz—56

l.

(1) Bands at ca 3750 cm this band assigned to SiOH

groups is associated either with the termination of the zeolite

lattice or with siliceous impurities.
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l.

(2) Bands at ca. 3690 cm hydroxyl groups in this region

have been associated with AlOH groups or in zeolite$Scontaining

divalent cations with HZO interacting with the cations.

(3) Bands at ca. 3650, 3610 and 3550 cm_l: in decationized

(hydrogen form) zeolites these bands have been associated with
OH groups in the supercages and in the hexagonal prisms res-
pectively. For zeolites, particularly, those containing
divalent cations, these bands have been associated with the
dissociation of water during dehydration, induced by the local-
ization of cations and their associated electrostatic fields
viz. zeolite?” + M%% + H,0 — MOH' + Zeolite-OH . In this

case the bands are then associated with the zeolitic OH groups

and the MOH species.

The hydroxyl groups in zeolite frameworks act as
Bronsted acid centres, while trigonal aluminium atoms and the
charge compensating cations behave as Lewis acid centres.

These types of acidity have been extensively probed by the ad-

54,47

sorption of bases such as ammonia andpyridine. " The IR spectra

of such molecules interacting with Bronsted or Lewis acid sites
contain characteristic features which enable the identification
of specific acid sites within zeolite frameworks. For example

pyridine interacts with Brdnsted sites forming the pyridinium

1

ion, evidence for which is found at ca. 1545 cm © in the

infrared spectrum:54'57 whereas pyridine coordinated to

Lewis acid sites gives rise to bands in the 1440-1450 cm-l

. 54,57
region.

2.4.3 Adsorbates

Although there are numerous publications on the

study of molecules adsorbed in zeolites using IR spectroscopy.
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almost all the work has been on the adsorption of bases to
.identiff particular acid sites. Relatively little work has
been published on IR studies of zeolite catalysis, the ad-
sorption of hydrocarbons and reacting species with which this
thesis is concerned. Here a few general comments on the
type of information which may be obtained from IR studies
will be given. A full review of studies relevant to the

work presented in this thesis will be given in each chapter

as appropriate.

From the IR spectra of adsorbates the following
information may be obtained:
(A) From band shifts, changes in relative band intensity and
the absence of rotational structure in the spectrum compared
to that of the free adsorbate molecule, one can identify that
adsorption has taken place.
(B) Information can be obtained on the strength of bonding
and to whether an adsorbate is physisorbed or chemisorbed by
studying the dependence of the adsorbate IR band intensities
as a function of gas overpressure, time of evacuation and
heating, etec.
(C) One can obtain information on the geometry of the adsorbed
species and its nature by looking at changes in the selection
rules which occur on adsorption. The presence of new fre-
guencies very often indicates the formation of new species
(Chapter Seven).
(D) From the multiplicity of bands compared to the gas or
solution phase the identification of multiple adsorption sites

is possible (Chapter Four).
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(E) Catalytic reactions which occur oﬁ zeolite surfaces
may be identified from reaction products (Chapter Seven)
and the rate and kinetics of chemical reactions may be
followed (Chapter Four).

(F) Adsorbates may be used as probe molecules to identify

cation locations (Chapter Five).

IR studies of species adsorbed in zeolites,"
particularly time resolved studies of reacting systems, can
yield a wealth of information which is not readily available
by any other means. These studies allow a molecular inter-

pretation of the chemistry of Zeolite-adsorbate systems.
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3.1 TIon-exchange and analysis of zeolites

The zeolites described in this thesis were prepared,
unless otherwise stated, from the binder free Na form by
ion-exchange in aqueous solutions at ambient temperature.
After ion-exchange the samples were filtered, washed with

demineralized or distilled water and dried in an oven at

323K.

Elemental analysis was performed by atomic absorption
spectroscopy (Perkin-Elmer 5000). Type A zeolites were
dissolved in dilute nitric acid before measurement against
an appropriate standard. For type Y zeolites, the sample
was first digested with hydrogen fluoride and perchloric acid
before dissolving in dilute nitric acid. This latter method

did not allow analysis for silicon in type Y zeolites.

a

X-ray powder. photographs were used to detect any

sample decomposition during ion-exchange.
(A) ZnNa=Y

ZnNa-Y zeolite was prepared from Na-A (B.D.H.) by
ion-exchange with O0.1M ZnCl2 (B.D.H., S.L.R.) solution for
seven days. The volume of solution was chosen, such that
it contained the stoichiometric amount of Zn(II) ions
necessary to produce the required degree of ion exchange.
If the desired degree of exchange was not achieved after
the first exchange, the sample was exchaﬁged in the same

manner for a further seven days.

(B) Cu(II)Na-Y

Na-Y (Union Carbide Corporation) was exchanged with

0.4M CuCl2 (Fisons Scientific) solution, the volume of which
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contained an excess of Cu(II) ions, for 24h. The sample
was found to be 73.2% ion-exchanged with Cu(II) ions by
this method. No structural breakdown was found to have

occurred during ion-exchange.

3.2 Sampling method and activation of zeolites

THough more recent Fourier transform IR techniques of
diffuse reflectance (DRIFT) and photoacoustic (PAS) spectro-
scopy offer the advantage of little sample preparation, the
conventional technique of transmission IR spectroscopy on thin
self-supporting discs was chosen. Thé main reason for this
was that quantitative transmission measurements can be
routihely made and used to calculate rate constants (see
Chapter Four); whereas quantitative DRIFT and PAS is fraught
with problems and nothing would have been gained in attempting

these more difficult measurements.

To eliminate any effects due to a dilutant, the zeolites
were studied in the form of thin self-supporting discs
(7-15 mg cm_z). These discs were pressed using a 1.5 cm
diameter die at a pressure of 6.7-8.5 tons cm_z, and have a
maximum infrared transmission of ca. 30%. Though the use of
a dilutant, e.g. KBr, would increase the transmission of the
samples, zeolites have been observed to undergo solid state
reactions with KBr as illustrated here for Cu(II)Na-Y. On
stirring this zeolite with powdered KBr a brown discolouration
of the sample was observed. This indicated the formation of
bromine and presumably the reduction of Cu(II)-+Cu(I). Figure

3.1 shows the DRIFT spectra of a neat and KBr mixed Cu(II)Na-Y
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Figure 3.1 Diffuse reflectance spectra of Cu(II)Na-Y

0S

(a) Neat zeolite; (b) Zeolite mixed with KBr. (Y axis displaced).
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zeolite;‘ in which shifts are observed in band positions

due to the dilutant. Further the use of self-supporting
discs eliminates the possibility of interactions between

the adsorbate and the dilutant. No effects on the zeolites

have been absorbed from the action of pressing the discs.

For adsorption studies of zeolites it is first necessary
to activate the samples by heating under vacuum to remove
adsorbed water and other impurities (e.g. organic residues
from the synthesis). In the IR studies described in this
thesis the following, in situ, procedure was adopted using
the cell and vacuum line described in Section 3.3. The
zeolite disc was mounted in the cell and placed in the sample
compartment of the IR spectrometer, where it remained for
the duration of the experiment. The sample was first
evacuated to less than lO~4 torr, before slowly heating to
the desired activatibn temperature (600-750K) over a period
of 1.5-2 hr. After heating under vacuum at this temperature
for a number of hours, the sample was cooled to ambient
temperature where adsorption studies were undertaken. Full
details of activation temperatures and times are given in each

chapter.

3.3 The infrared cell and vacuum line

Apart from one glass socket joint used as a gas inlet,
the whole system was constructed of high quality stainless
steel. Periodically, it was necessary to bake out the system

to remove impurities, mainly water, adsorbed on the line walls.
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(A) The infrared cell

A diégram of the transmission cell designed by Howard
and Kadirl.is shown in Figure 3.2. This cell has an
optical pathlength of 48 mm. The windows (A), which are
made of KRS-5 (20mm x 4mm) are sealed with vitron O-rings

and a knurled ring (B) and cooled via the water jacket (C).

The sample (D) is placed between stainelss steel rings
and held in place by a third screw threaded ring (E). A
molybdenum wire (F) (99.95%, O.5mm diameter and 2m in length)
insulated by refrasil sleeving is used to heat the sample
holder. Electrical contact (G) to a transformer and variac,
used to control the heating rate, is made through the feed-
thraighs in the 70mm flange, which is sealed via a copper
compression ring (V.G. Scientific). The temperature is
monitored via a chromel-alumel thermocouple (H), through

this flange.

The cell fits into the sample compart of the spectrometer
and is connected to the vacuum line vZa an Edward's pipeline

valve and a length of flexible tubing at I.

(B) The vacuum line

The vacuum system is shown in Figure 3.3. It is based
on a turbomolecular pump, A, (Leybold-Heraeus) with a rotary
vane backing pump, B, which can routinely provide a pressure
of 10_6 torr. All joints in the line, bar one, were made
through flanges which are sealed vig a copper compression

ring. Pressure in the system is monitored by one of three

gauges:
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a = 46mm I
b = 48mm Tij
c = 52.5mm
d = 10mm .
e = 6.8mm
f = 20mm
h = 74mm ?
i = 83mm
j = 63.5mm
k = 9mm A
1 = 12mm
m = 32mm

«d

Lo C

Figure 3.2 The infrared cell

A Window, B = Knurled ring, C = Water jacket, D = Sample,
E = Screw threaded ring, F = Heating wire, G = Electrical
contact, H = Thermocouple, I = Connection to vacuum line.

(not to scale).
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Figure 3.3 The Vacuum line

a) top view; (b) side view.

turbomolecular pump, B = backing pump; C = ion gauge;
piranigauge, E = Baratron, F = cell attachment;
gas inlet. (not to scale).
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(i} A hot cathode ionization gauge (Leybold-Heraeus)

lO--3->lO_9 torr (C).
(ii) A Pirani gauge (U.G.) 0.75+760 torr (D).
(iii)- A Baratron gauge (MSK Instruments Inc.) 0.1-1000
torr (E).

As the response of a Baratron gauge is independent of the
nature of the gas, this gauge was used to measure the pressures
of the adsorbate gases and vapours admitted to the zeolite
samples.

The cell is attached to the line at F through a length
of flexible tubing. Gases or vapours are admitted vza
valves at G.

A quadrupole mass spectrometer, H, (Spectromass 80,
Spectrum Scientific) is invaluable in detecting small leaks

and impurities in the system.

3.4 Infrared data collection and presentation

3.4.1 The infrared spectrometers

Two IR spectrophotometers were used to collect
the data presented in this thesis. As these were both
commercial instruments a full description with optical layouts

is not given but can be found in the literature available from

the manufacturers.”’

(A) The Perkin-Elmer 580B

The PE 58082 is a double beam, ratio recording, dis-
persive IR spectrometer, which uses gratings to scan the IR

region between 4000 and 180 cm—l. The source and detector
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are a Nernst Glower at 1473K and a vacuum thermocouple
with a CsI window respectively. The spectrometer is
connected to a Perkin-Elmer 3500 data station, through
which it is controlled. The spectra are displayed on a
visual display unit (VDU) and the spectral data saved on
floppy disc. The data station's other function is to per-
form data manipulations, such as scale expansion via tHe
ABEX command, smoothing, multiple scans and the subtraction

of a reference spectrum from a sample spectrum.

The two most common manipulations used were the ABEX

and smoothing commands. The ABEX command is used to expand

a weak spectrum and is equivalent to running a spectrum with

a sample of increased concentration. The smoothing routine
is used to remove speétral noise. An investigation of the
order of performing these two commands revealed that the same
degree of expansion was not achieved in each case (Figure 3.4).
A standard was adopted by which the ABEX command always pre-

ceded the smoothing command.

For studies of zeolites the spectrometer was operated
with a scan time of 10 min. (4000-180 cm-l) and a corres-

ponding maximum resolution of 2.3 cm™1-

Only a small fraction of the data collected by this
instrument is presented in the following chapters, as the
second instrument, a Nicolet 60SX, with the advantéges of
Fourier transform infrared spectroscopy (FTIR), allowed data

of a higher quality to be obtained.
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(B) The Nicolet 60SX Fourier transform Spectrometer

The Nicolet GOSXIFTIR Spectrometer3 is a mid-IR
instrument based.on a Michelson interferometér, a simplified
diagram of which is shown in Figure 3.5. The Michelson
interferometer consists of three components: the beam |
splitter (B), a fixed mirror (C) and a moving mirror (D).
Radiation from the Globar source impinges on the KBr beam
splitter, which has the property of transmitting half the
light to mirror (C), and reflecting the remainder to mirror
(D). As the two beams are reflected from the mirror sur-
faces they recombine at the beam splitter where constructive
and destructive interference occurs, depending on the position
of the moving mirror relative to the fixed mirror. The re-
sulting beam passes on through the sample to the liquid

nitrogen cooled mercury-cadmium-telluride (MCT) detector.

Let us consider the detector output if a monochromatic
source, e.g. a Laser, is used. When the moving mirror is in
such a position that the distance between it and the beam
splitter, B-D, is the same as that between the beam splitter
and the fixed mirror, B-C, the two reflected beams would be
in phase with each other and interfere constructiyely. At
this point of zero path difference (ZPD), the detector signal
would be a maximum. When the moving mirror moves to a
position such that B-D is 1/4 wavelength (A) greater than
B-D, the total path difference between the two beams would
be 2/2. The two beams would then be 180° out of phase and
would interfere destructively. The dgtector signal would
then be a minimum. Thus, for monochromatic radiation as the

position of the moving mirror changes, the signal reaching the
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detector is'a modmlated sine wave (Figure 3.5), the
frequency of which is determined by the velocity of the

moving mirror.

This same process occurs for every frequency of the
broadband IR source. The resultant detector signal for all
the frequencies is called an interferogram (Figure 3.6), <.e.
the summation of all of the modulated sine waves. A theoret-
ical interferogram would be symmetrical about the point of
zero path difference, but in practice, as shown in Figure
3.6, this is not the case.4 The asymmetry arises because
the refractive index of the beam splitter is a function of
frequency which introduces a small but unique phase shift

for each frequency.

The interferometer can be thought of as a means of en-
coding the initial frequencies into a form that the detector
can observe. From the interferogram, I(a), the spectral
intensity, G(Vv), at each wavenumber (V) is obtained by means
of the Fourier transformation,

X

max
G(v) = J I(a) cos (2mvx)dx.
o

where x is the path difference between the two mirrors. This
mathematical computation is carried out by the computer which
controls the interferometer. Theoretically, the interferogram
is infinitely long, but in practice it is truncated so that
data outside the region of interest is ignored. In the
Nicolet system3 this is done by means of an apodization
function. This minimizes the distortions in the spectrum,

such as side bands due to the effects of truncation. The
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Nicolet syStem routinely uses the Happ-Genzel function,

|n, -7|
0.54 + 0.46 cos I_1
' : 2 NDP-2
where n, is the displacement of point i from the start of
the scan, Z is the location of ZPD and NDP the number of data

points. Each point in the interferogram is multiplied by

this function before the Fourier transform is calculated.

Once the Fourier transform has been calculated, a single
beam spectrum (Figure 3.7) is obtained by a phase correction
which allows for the fact that the refractive index of the
beam splitter is frequency dependent and that the ZPD is not

necessarily the first point in the spectrum.

An important feature of the interferogram is that every
data point collected contains information over the entire IR
region. In essence, the detector is observing all frequencies
at all times. This, along with several other features of

FTIR spectroscopy leads to some distinct advantages over dis-

3,4

persive instruments. These are outlined below:

3,4

The Felgett or multiplex advantage. In a dispersive

instrument each resolution element (M) is only observed for a
fraction of the scan time, whereas in an interferometer all
frequencies are viewed by the detector simultaneously. The
signal to noise ratio (S/N) of an interferometer is proport-
ional to T%, where T is the total observation time. In a
dispersive instrument the S/N ratio is proportional to (T/M)%.
Thus an interferometer has an advantage of M;2 over a dispersive
instrument. This can be viewed in two ways. Firstly a

S/N ratio equivalent to that of a dispersive instrument may

be obtained in a fraction of the time, and secondly an improved
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S/N ratio may be obtained if scans are co-added for the

time equivalent to the dispersive scan.

3,4

The Jaquinot or throughout advantage. Because an inter-

ferometer has no slits to define the resolution, the energy
reaching the detector is limited by the size of the mirrors
and the interferometer. In a dispersive instrument the
slits of few tenths of a millimeter mean that only a small
fraction of the light incident on the sample reaches the

detector.

The Connes advantage.3 The internal reference Laser used to

monitor the position of the moving mirror, is also used as
an internal wavelength calibration. No external wavelength

calibration standard is therefore needed.

The straylight advantage.3 Because the interferometer

modulates each IR frequency differently there is no equivalent
of stray light in FTIR. This means that absorbance values

remain linear even beyond three absorbance units.

No emission contributions.3 The detector of the FTIR system

responds to audio frequencies resulting from the modulation
of the IR frequencies by the interferometer. Because the
sample is located after the interferometer, any IR radiation

emitted from the sample will not be modulated and consequently

will not be detected.
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Figure 3.7 A FTIR single beam instrument background spectrum
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Figure 3.8 A FTIR transmittance spectrum of a hydrated zeolite
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To obtain a spectrum in percentage transmittance from
single beam data, the sample file is ratioed against a single
beam background spectrum. In all the FTIR data presented in
this thesis the background spectrum used was that of the
spectrometer with no sample in the beam (Figure 3.7). This
will give a sample spectrum in transmittance as shown in

Figure 3.8 for a hydrated zeolite.

One disadvantage of a purged compared with an evacuable
spectrometer is that in the purged instrument the concentrat-
ions of H20 and CO2 usually vary with time. Thus ratioed
spectra will still contain contributions from these gases, since
the data are necessarily collected at different times. These
absorption bands may be removed by subtracting the spectrum
of HZO and CO2 in absorbance units (Figure 3.9) from the
sample spectrum in the same units, using the interactive
subtraction routines supplied with the instrument. The
;esults for a zeolite sample is illustrated in Figure 3.10.
The computer attached to the instrument also allows many other
data manipulations to be performed, such as peak-picking,

deconvolution, background corrections, etc.

One of the advantages of using FTIR spectroscopy to study
catalytic systems is that the rapid scan rate of the instrument
allows species which are undergoing change, to be followed as
a function of time. The scan rate is governed by a number of
parameters, principally the mirror velocity, the retrace time
of the mirror and the detector response. The choige of these
parameters affects the S/N and the resolution of the spectra,

such that a high scan rate will result in a trade-off in S/N

and resolution.
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Figure 3.9 The FTIR spectrum of atmospheric water
vapour and carbon monoxide
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Figure 3.10 The subtraction of atmospheric water vapour

and

Co, from a sample spectrum

Hydrated zeolite (a) before subtraction of HZO (vapour)

and (b) after subtraction of H,0 (vapour) and C02JY axis displaced) .

and CO
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The mirror velocity (V) governs the modulation fre-

quency (F) of the IR radiation of wavenumber Vv, through the

relationship:
F = 2Vv

Thus the modulation frequency range must be set, such that
it falls within the range of maximum response from the detector.
This will optimize the S/N ratio in the spectrum. The broad
band MCT detector used in the present study functions best at
high audio-frequencies (900-50,000Hz), Z.e. at high mirror
velocities. The 60SX system was therefore routinely operated
with a mirror velocity of 1.570 cm sec_l. If slower mirror
velocities had been used, a triglycine sulphate (TGS) detector
would have been preferred. A TGS detector has maximum res-
ponse at low audio frequencies (10-500Hz). If tﬁe scan rate
chosen is too high, it is possible for some resolution to be
lost, as the instrument will be unable to deal with the high
rate of data conversion. Thus the scan rate (mirror velocity)

must be chosen to optimize both S/N and resolution.

The advantages of obtaining a spectrum with a good S/N
ratio in a reasonably short time is illustrated in Figure 3.11.
Here the very weak absorption~bands (ca. .015 abs. units) of
the adsorbed species are clealy visible above the background.
This means that FTIR spectroscopy enables the study of species

present in very low concentration. This is very important in

the study of reacting systems.

In an FTIR spectrometer the resolution is governed by
how far the mirror travels from the point of ZPD. Under

ideal conditions, the resolution is the inverse of the maximum
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optical -path difference.3 In the Nicolet GOSX3 an alter-
native approach is used. The resolution is defined by the
number of data points taken. Using the sampling theorem,3
two data points must be present for every resolution element,
t.e. for a resolution of 4 cm-l there would be a data point
every 2. cm_l. Thus the resolution is controlled by the
file éizes through the computer, and not by the movement of
the mirror which is fixed at a displacement greater than the

maximum resolution available. The resolution in the Nicolet

60SX system may therefore be easily varied.

During the collection of data there exists the possibility
that a bad interferogram will be collected. So that this
interferogram is rejected, a correlation test is used to check
the newly acquired interferogram against the signal averaged
interferogram. This test preserves the S/N ratio of the

spectrum.

In setting up the Nicolet 60SX to collect data, a number
of parameters have to be chosen, such as iris, number of
scans, resolution (no. of data points), electronic filters,
mirror velocity, ete. Some parameters[ such as the number
of scans are chosen for each individual experiment, but others,
e.g. electronic filters, mirror velocity are set to standard
values to allow an accurate comparison between spectra. In
the data presented in this thesis a scan rate of ca. 2 scans
per second (mirror velocity = 1.570 cm sec—l) Qas chosen.

The electronic filter settings used (4 and 13) were those
recommended by Nicolet3 for the 4000-400 cm_1 range. The
instrument resolution was fixed at 2 cm-l. The iris setting

used was that chosen during the alignment of the instrument.
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The choice of the number of sample scans (NSS) was
devendent upon how rapidlvy the system understudy was changing.
To avoid a wide variation, a few standard values were used,
which gave the following approximate scan times (start of

scan to end of scan).

NSS Scan time (sec.) NSS Scan time (sec.)
16 9 128 60
32 16 256 120
64 31 512 238

The number of scans chosen for the background spectrum (NSB),
should give approximately the same noise level as in the

sample spectrum. Unless otherwise stated, NSB=128 and

NSS=512.

3.4.2 Data presentation

All the spectra presented in this thesis are in
absorbance units versus wavenumber (cm—l). The computers
of both instruments calculate the absorbance (A) spectrum

from the % transmission (T) spectrum using the relationship:
A = log10 (1%6)
Absorbance units were chosen because they are proportional
to concentration, viz.
A = -eCh

where ¢ is the extinction coefficient, C is the concentration
and 2 is the thickness of the sample. Thus rate calculations

may be performed from spectral intensities.
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Figure 3.11 The FTIR spectrum of CO adsorbed on hydrated
Cu(II)Na-Y zeolite

(a) Zeolite background;

(b) Zeolite with adsorbed CO.
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The spectra of a hydrated zeolite in transmission and
absorbance units were shown in Figures 3.8 and 3.10. From
these spectra it can be seen that zeolites are highly ab-
sorbing materials. Typically, even for very thin discs,
in the region 4000-1200 cmnl only between 10-30% of the
incident radiation is transmitted. Below 1200 cm_l very
strong absorptions due to framework vibrations occur. These
are far more intense than vibrations due to adsorbed'species
and in fact even in very thin discs often lead to regions of
total absorptions of light. Thus in the data presented only

the 4000-1200 cm T region will generally be discussed.

In the spectra of zeolite-adsorbate systems the con-
tribution from the adsorbed species varies considerably. An
example (Figure 3.11) has already been given of very weak
adsorbate bands, which are only just observable above the
background. In contrast examples of zeolite-adsorbate spectra
are given in Figure 3.12, to show the more usual band in-

tensities encountered in studies of adsorbed species.

In some spectra, e.g. Figures 3.12 (i) and (ii) both the
zeolite background and adsorbed species spectra have hydro-
1

carbon band at ca. 2850, 2918 and 2960 cm These bands are

due to the detector and not to species adsorbed within the
zeolite framework. They arise because the alignment of the

IR beam in the sample and reference beams are not identical
and hit the detector in two slightly different positioné. The
absorptions from hydrocarbons in the anti-reflection coating

on the detector window and from the detector support glue
which creeps around the detector with ageing, are not therefore

ratioed out. When the C-H stretching region of adsorbed
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Figure 3.12 The FTIR spectra of Zeolite adsorbatesystems

(i) ZnNa-A + propene, (ii) 2ZnNa-A + Cyclopropane,
(iii) Cu(II)Na-Y + CO.

(a) degassed Zeolite; (b) Zeolite + adsorbate.
(Y axis offcset)
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species needs to be examined, the zeolite background is

subtracted from the spectrum of the adsorbed species to remove

these absorption bands.
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4.1 Introduction

4.1.1 Cyclopropane Adsorption

The isomerization of cyclopropane (c—C3H6) is a
commonly used test reaction for the catalytic activity of
. 1-7 . 8-13 . .
oxides and zeolites, as in the simplest case, struct-

ural isomerization occurs with the formation of only one re-

-action product, propene (C3H6)'

Bronsted acid sites have been proposed in many
studies as the active centers,6_lo the reaction occurring vza
"edge-on" or "face-on" protonation of c—C3H6 to form the non-

"classical carbonium ion, v<iz.

"EDGE -ON’ "FACE -ON’

In agreement with this Basset and Habgoodll showed that on
Na-X zeolite the rate of c—C3H6 isomerization to C3H6 was in-
fluenced by the degree of sample dehydration. An increase

in the dehydration temperature caused a loss of catalytic
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activity, which was restored by exposing the samples to
water vapour at lower temperatures. This showed that water
or more probably protons, in the form of hydroxyl groups
(Bronsted acid sites) are essential to the formation of the

reaction intermediate.

For type A zeolites, in which Bronsted sites are
either absent or in very low concentrations, Lewis acid sites,
17.e. the cations, have been shown to be the active centres.M’15
Propene was identified as the only isomerization product.
Incontrast different workers studying c-C3H6 isomerization
on Y type zeolites,which contain a large number of Bronsted
centres, have identified a variety of reaction products and
proposed a number of mechanisms (Table -4.1). An explanation
of this lies in the different zeolite batches, sample pre-

treatments and reaction conditions employed which influence

the Bronsted acidity of the samples.

In a recent study, using IR spectroscopy, FOrester

and Seebode showed that c-C3H6 was sorbed face-on to the cations

+ +
in some partially ion-exchanged type A zeolites (Ca2 ’ Co2 ’

2+ 2+, 14
n .

Mg~ , 2 By following the appearance of the v(C=C)

)
stretching vibration of adsorbed C3H6’ the rate of isomeriz-
ation was found to be greatest for those zeolites containing
cations with the greatest polarizing power (C§+<Mg2+<Zn2+<C02+)
Thus,in the absence of Bronsted sites and reaction by-products,
they proposed that the cations were acting as Lewis acids,
polarizing the electron density of.the sorbed c—C3H6 and
activating it towards isomerization. Furthermore the rate

of isomerization was found to be increased by the co-adsorpt-

ion of 802.



TABLE 4.1

A summary of the isomerization products of Cyclopropane on Y type zeolites

Reaction .
i i P f
Zeolite | Technique temperature roducts | Reference Comments and Mechanisms
H-Y IR RT iscbutane 8 Participation of structural OH groups established.
______________________ ¢c-C,H
CH, —= CH,=CH, +cH * —3 6, cu,*
473K CyHe + / x{ 2 72 73 _ 3
CH,-----2CH CH CH
g 20372 P
aromatics ‘H’
H products 4-/ CHB
Ethyne was not identified in the reaction
products.
Na-Y Mass 558K C3H6 9 Deuterium labelling of acid sites.
and | spectro- only CH + CH cH, T-cH-CH:D
HNa-Y| met roduct - + D s 2 2
Y p CH, __ CH, CH,--- - CH, }
and NMR SN D+,’ CH2=CHCH2D
) +
(1) HT
((I) is in equilibrium with all its isomers)
NaH-Y Gas 398K iscbutane 10 Concentration of propene found to reach a maximum
5 . .
chramato— pr;iglugt. and then decrease, showing that it was a reaction
graphy (2-Methyl- intermediate.
pent
heptgzl The Oligomerization-isomerization-cracking
and CyHe mechanism was proposed.
identified
if long re-
| action times‘!
L 1 vsed)

9L
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Although Forester et all4 observed the formation
of C3H6 within 30 minutes of c-C3H6 adsorption on quSNa3—A
zeolite using IR spectroscopy, studies by X-ray diffraction16
and inelastic neutron scattering17 have shown stable C-C3H6
adsorption complexes to be formed in partially Co and Mn ion-
exchanged Na;A zeolite. A rationalization of these appar-
ently contradictory results is needed. In the case of the
inelastic neutron scattering studies%7 known quantities of
c-C3H6 were always adsorbed at submonolayer coverages. Ad-
sorption was therefore always on selective sites within the
supercages. This, coupled with the experimental conditions
of cooling the samples to temperatures of 77K or below in
under 1 hour, could explain the observ;tion of stable c-C3H6
complexes. The IR data in contrast was collected at ambient
temperatures with an excess of gaseous CrC3H6 always in con-
tact with the samples. Important features in the single crys-
tal X-ray diffraction work of Seff et aZl6 were the extremely
large thermal ellipsoids of the carbon atoms, the very long
metal-carbon distances obtained (Mn-C and Co-C, 3.09 and
2.818 respectively) and the apparent shortening of the C-C
bonds to 1.1%8 on adsorption (1.512 in the gas phase). This,
together with the c-C3H6 pressures of one atmosphere which
were in contact with the samples for several days, and the
location of eight C—C3H6 ligands in each supercage, leads us

to doubt the validity of this work especially considering the

rapid isomerization observed by IR spectroscbpy.
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4.1.2 Propene Adsorption

Unlike c-CBHG, C3H6 frequently forms stable

14,18-27

sorption complexes on catalyst surfaces. Adsorption

occurs either through the formation of a ¢ or 7 bond between
C;H, and a surface site or by the loss of H' or H to form
an allyl complex. Infrared spectroscopy may be used to

distinguish between these two species, by the shift of the

1

v(C=C) vibrations of C3H6 from its gas phase value (1647 cm 7))

and the appearance of surface hydroxyl groups.

For an allyl species (dissociative adsorption)

the (C=C) mode of C3H6 is replaced by a (C+==C+—=C) vibration

l. This is accompanied by

the appearance of hydroxyl groups at ca. 3600 cm—l. For

1

which is observed below 1600 cm

example on ZnO2O these modes are observed at 1545 cm

1

(V(C—~=C~——C)) and 3985 cm ~ (V(OH)).

Weakening of the C3H6 double bond by o or =
bonding (non-dissociative adsorption) to the surface sites

(usually a metal cation) causes the v(C=C) vibration to

14,20-23 1

shift to between 1630 and 1540 cm

A number of IR studies of C3H6 adsorbed on

14,18,19

zeolites have been reported, showing complex form-

ation with the charge compensating framework cations.
FOrester et al,l4 at high degrees of pore filling on ion

exchanged A type zeolites (C02+, Mg2+, Zn2+), identified a

Na+—C3H6 complex in addition to the transition metal—C3H6
complex. A similar result has also been observed on

CoNa-X zeolite.19 On these A type zeolites adsorption was

always non-dissociative.
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In the work reported here, we have investigated
the adsorption of C3H6 andt:-C3H6 on partially Zn-exchanged
type A zeolite. The aim of this study was to examine the
complex formed between C4Hg and the cations (Zn2+ and Na+)
and to investigate the effect of pressure on the rate of
c.-C3H6 isomerization. This work was started before the

report of a similar study on A type zeolites, by Forester and

Seebode,l4 appeared in the literature.

4.2 Experimental

Zn4 5Na3 O—A zeolite was prepared and analysed as de-
scribed in Chapter Three and is referred to here after as ZnNa-A.
Na-A, .for the propene adsorption experiments was obtained

from BDH.

Cyclopropane (99.7%, Matheson Ltd., U.S.A.) and propene
(99% Argo International Ltd., U.K.) were purified by the

freeze-pump-thaw technique before use.

Dehydration, adsorption, ete., were carried out in situ
(see Chapter Three). A summary of the experimental conditions
is given in Table 4.2. In the C—C3H6 isomerization experiments
the gas pressure in contact with the sample was not altered
after the initial adsorption. Data collection for the first
spectrum (16 scans, 8.4 seconds) was completed within 30 seconds
of the c-C3H6 adsorption. Where relevant, in the spectra
which follow, the data collection time is shown in brackets

after the time at which data collection was started.
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TABLE 4:2 A Summary of Dehydration and Adsorption Conditions
used for the ZnNa-A and Na-A Zeolites

Maximum Dehydration Pressure of adsorbate
Sample Temperature time (Eorr)
(K) (hours) C3H6 c -C3H6
Naa 738 33 5-40 -
NaA 753 15.5 7-40 -
ZnNaA 738 13.3 5-20 -
ZnNaA 743 39 - 5.2
ZnNaA 748 36.5 - 32.5

* Total time at maximum temperature.

4.3 The Crystal Structure of ZnNa-A

No crystal structure of dehydrated Zn4 5Na3 O—A has
been published. However, the X-ray structure of Zn5 ONa2 O—A
has been reported.28 The cation locations are summarized

in Table 2.7 and will be similar in our zeolite.

4.4 Results and Discussion

4.4.1 Dehydration

Typical spectra obtained during the dehydration
of ZnNaA and Na-Azeolites are shown in Figures 4.1 and 4.2
respectively. Before dehydration two sets of features are

observed,

(i) a broad intense band at 3750-3000 cm-l;
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Figure 4.1 The dehydration of ZnNa-A zeolite

(a) Zeolite at ambient temperature under vacuum. Sample heating at (b) 473K, (c) 728K,
(d) 748K for 15 hours and (e) 748K for 36 hours, (f) sample cooled to ambient temperature.

(Y axis offset)
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(ii) weaker but sharper band(s) at 1650 and 1620 cm-l

for ZnNa-A and 1658 cm 1 for Na-A.

These bands are due to the stretching and bending
modes of water molecules associated with the zeolite frame-

work and cations and can be seen to be lost on dehydration.

Features to note in the spectra of ZnNa-A are
the sharp band at ca. 3640 cm_l (Figure 4.1(a)) and the two
o(HZO) vibrations at 1650 and 1620 cm‘_l (Figure 4.1(b)).
The former band can be assigned to the v(OH) mode of free
hydroxyl groups (no hydrogen bonding) within the zeolite

framework.29

The two o(HzO) vibrations show that water
molecules are coordinated at two different sites (e.g.
the cations and the framework oxygens) in the zeolite framework.

In Figure 4.2(a) (Na-A) a shéulder is observed at
ca. 1689 cm_l. This band is too high to be assigned to the
Vs bending mode of water. Tentatively, it may be assigned
to the antisymmetric bend (v4) of the hydronium ion (H3O+).
Evidence for H3O+ has been reported by Corma et aZ,3O who
observed v, at 1690 and 1685 em 1 for HNa-Y and NH,~RhO
respectively.

Weak features observed in the region 1800-1300 cm”l

(other than 6(H20) modes) are associated with structural

vibrations (overtone and combination band) and included

carbonates.

On cooling the zeolite samples to room temperature
an increase in intensity in the v (OH) and o(HZO) regions
show that readsorption of water has occurred. This water

could originate from at least two sources:
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(i) the surface of the vacuum system;
(ii) from dissociated water in the zeolite framework.

Although there is a known tendency for the dissociation of
water at high temperatures in transition metal zeolites32 we
did not observe any features associated with metal hydroxides

and Bronsted acid sites. The source of water was therefore

concluded to be the surface of the vacuum system.

4.4.2 Adsorption of Propene

As C3H6 is the product of the isomerization of
C—C3H6 on ZnNa-A zeolite, we first undertook a study of C3H6

to allow the identification of product bands.

The adsorption of C3H6 by ZnNa-A and Na-A zeolites
(Figures 4.3 and 4.4) leads to intense narrow bands in the IR
spectra. By comparing the spectra of the adsorbed C3H6 com-
plexes with the literature assignments33 for gaseous C3H6,
we can assign, using the same nomenclature,33 the transitions
of the adsorbed species (Table 4.3). A spectrum of gaseous
C3H6 is shown for comparison in Figure 4.5. Recently
FOorester and Seebode reported data for C3H6 adsorbed on the
same zeolites.14 On comparing their data (Table 4.4) with
our results (Table 4.3), we observe that élthough agreement
of band positions and assignments is good in the 1700-1200 cm—l
region, this is not the case in the 3100-2700 cm—l region.
Although an explanation for the extra bands observed in this
latter region cannot be found for Na-A, this is not the case

for ZnNa-A. Here the presence of two different adsorption

complexes is probably responsible (see below). In agreement



85

|

ABSORBANCE ———
O

O

I0.0A

1750 1650 1550 1450 1350 1250
WAVENUMBERS

Figure 4.3(i) The infrared spectrum of propene adsorbed

on _ZnNa-A zeolite dehydrated for 53.3 hours
at 738K. The 1750-1250 cm™1 region

a) dehydrated zeolite background.
(b) adsorption of 5.7 torr of C3H6.
(c) on evacuation of C3H6.

(Y axis offset)
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Figure 4.3(ii) The infrared spectrum of propene adsorbed
on ZnNa-A zeolite dehydrated at 738K for

13.3 hours: the 3175-2800 cm 1 reqgion.

(a) adsorption of 5.7 torr of C3H6.
(b) on evacuation of C3H6‘
Dehydrated zeolite background subtracted from spectra.
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Figure 4.4(i) The infrared spectrum of Propene adsorbed
on Na-A zeolite dehydrated for 15.5 hours
at _753K: the 1750-1250 cm~ ! region

a) dehydrated zeolite background.
(b) adsorption of 9.8 torr of C3H6.
(c) on evacuation.
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Figure 4.4(ii) The infrared spectrum of propene adsorbed
on Na-A zeolite dehydrated for 15.5 hours at

753K: the 3175-2800 cm~1 region.

(a) adsorption of 9.8 torr of C3H6.

(b) on evacuation.
Dehydrated zeolite background subtracted from spectra.

(Y axis offset)
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Figure 4.5 Gas phase infrared spectrum of propene in the sample cell (path length 48mm)
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The vibrational bands (cm-l) and assignments

TABLE 4,3
0of propene adsorbed on ZnNa-A and Na-A zeolites
observed in the present work
_ _ Gas Assignment©
ZnNa-A Na-A Phase33 (nomenclature that of ref. 33)
3074 3073 3081 )vl CH2 stretch
)
3060 3062 3067 )v6 + v
) 8
3039 )
3008 3012 )\)2 CH3 stretch
)
3002 3002 (sh) P )
2984 2920 ;v3 CH2 sym. stretch
2976 2979 )
2967 (sh) | 2967 2960 )\)l5 CH3 asym. stretch
)
2959 2942 ;2v16
2944 2944 )\)4 CH3 asym. stretch
) )
2919 2921 2916 )
2895 2893 2884 2v7
2855 2855 2852 Vg CH3 sym. stretch
2929 2825 2v8 ?
2746 2732 Vg + Y0 ?
1638 1636 )
1647 )v6 C=C stretch
1616 )
1454 1454 1472 V16 CH3 asym. deform.
1431 1433 1448 V4 CH3 asym. deform.
1415 1416 1416 Vg CH2 deform.
1379 1376 1399 v9 CH3 sym. deform.
1293 1298 1317 )
IR C-H band
1287 ) 10
a sym. = symmetric, asym. = asymmetric, deform. = deformation

b sh

shoulder.
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4.4 Band Positions (cm—l) of propene adsorbed on

Zn, 4Najz 5

-A and Na-A zeolites after

Forester and Seebodel?

Zn4—A Na-A Assignment
3070 3070 vy CH2 asym. stretch
3042 Ve t Vg

3000 3000 Vg CH stretch

2970 2970 Vg CH2 sym. stretch
2960 2950 Vis CH3 asym. stretch
2918 2930 2vl6

2893 2900 Vg4 CH3 asym. stretch
2860 2865 Ve CH3 asym. stretch
2825 2v8

2740 vg + Yio

1638 1636 Ve C=C stretch

1616 Ve C=C stretch

1455 1456 Vi6 CH3 asym. deform.
1431 1435 Vo CH3 asym. deform.
1415 1420 Vg CH2 deform.

1379 1375 Vg CH3 sym. deform.
1298 1298 Vio CH band

See Table 4.3
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with this explanation,on close écrutiny of the data some of
the bands, e.g. the 2944, 2967 and 3002 cm—l, are observed
to be lost preferentially on evacuation. This does not

though explain why Forester et al did not observe the same

number of bands in this region.

In the case of ZnNa-A zeolite, a problem arises in
that when there is an overpressure of C3H6, two bands are
observed in the region of the C=C stretching vibration at
1638 and 1616cm—l. By comparing Figure4,3(i) (pb)with Figure
4.3(i) (c)we observe that the band at 1638 cm T disappears com-
pletely on evacuation, whereas all other bands are only re-
duced in intensity. This suggests that there are two a
different adsorbed species, one of which is characterized by
a C=C stretching vibration at 1638 cm“l and the other by the
same mode at 1616 cm_l. As expected, it is the species with
its transition frequency closest to the gas phase value which
is removed first. We have observed that the species which has
a C=C stretching vibration at 1616crr1—l is only desorbed by
heating the zeolite to over 473K wunder evacuation. For
Na-A zeolite adsorption of C3H6 leads to only one transition

1 in the C=C stretching region (Figure 4.4(i)). 1In

at 1636 cm_
this case the single adsorbed species is only slowly desorbed
by evacuation at room temperature. We interpret these results
as indicating that the species which is easily desorbed from

ZnNa-A is adsorbed on the Na(I) ions, whereas the more strongly

adsorbed species is associated with C3H6 coordinated to the
Zn(II) ions.

The different values for the C=C stretching

vibrations of the Zn(II) and Na(I) C3H6 complexes may be ex-
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plained in terms of the nature of the cations. For Na(I)
ions, which have no filled orbitals of the éorrect symmetry,
donation of electron density may occur only from the C3H6
m-orbitals into the vacant Na(I) 3s orbital. This forms a
.O—bonded Na(I)—C3H6 complex. ‘In the Zn(II)-—C3H6 complex, the
cations are able to form a o-bond with the C3H6 and to partic-
ipate in back-bonding by donating electron density from their
filled 3d orbitals into the antibonding n* orbital of C3H6.
The m-bonding of this complex weakens the C3H6 double bond to
a greater degree than the o-bonding of the Na(I)-C3H6 complex.
Hence a larger shift in the v{(C=C) vibration relative to the

gas phase value of 1647 cm—l, is observed for the Zn(II)—C3H6

complex.

On adsorption, shifts are observed in most of the
C3H6 bands relative to the gas phase. A notable exception
is the Vg CH2 deformation mode, at ca. 1416 cm_l. We would

expect a large shift in this band due to the interaction of
the double bond with the cations. Therefore our assignments
in terms of pure vibrational modes may be incorrect. The
coupling of vibrational bands in organometallic complexes is

34,35 and has been shown to occur in the C3H6

35

well known,
analogue of Zeise's salt, K[C3H6PtCl3].H20. Bands observed
in its infrared spectrum at 1504 and 1365 cm_l were assigned

to the coupled C=C stretch and CH2 deformation modes (Table 4.5).
It seems reasonable to assume that such coupling may occur in
complexes formed iﬁ zeolite frameworks. Therefore by com-
paring the spectrum of K[C3H6PtC13].H20 with that of our
n(II)—C3H6 complex, an alternative assignment of the bands

in the 1620-1200 cm—l region, in terms of the coupling of the

C=C stretch and CH2 deformation modes., is seen to exist (Table 4.6).
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TABLE 4.5 Assignment of the IR Spectrum of KK%Hé%ﬁlﬂ.H§L3S

Band (cm-l)a Assignmentb
1504. (s) CH2 deformation + C=C stretch
1449 (s) )
) CH; asym. deformations
1429 (s) )
1392 (m) CH3 sym. deformation
1365 (s) C=C stretch + CH2 deformation
1252 (w) not assigned.
a s = strong, m = moderate, w = weak.

b see Table 4.3.

TABLE 4.6 The Alternative Assignment of the Spectrum
of Zn(II)—C3H6 in the 1620-1200 cm™1 region

Band (cm_l) Assignment
1616 C=C stretch + CH2 deformation
1454 ) _
) CH, Asym. deformations
1431 )
1415 CH3 Sym. deformations
1379 CH2 deformation + C=C stretch

1293 C-H bend.
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A full normal coordinate analysis of the complex is needed
to confirm this alternative assignment and to consider further

coupling which has been reported for gaseous C3H6.36

Although we recognize this alternative assignment,
in terms of mixed modes, we will continue, for simplicity, to

use the pure mode description (Table 4.3).

wWhile the C3H is quickly desorbed from the
Na ions in the ZnNa-A zeolite (Figure 4.3(i)(c), this is not
the case for Na-A (Figure 4.4(i) (c). This difference in
behaviour was not reported by Forester and Seebode14 in their
studies of the same systems. We propose that three factors
may be responsible for the different Na(I)—C3H6 complex

stabilities in the two zeolites:

(i) the presence of Zn(II) ions in ZnNa-A;
(1i) the presence of zeolitic water in Na-A;
(iii) cation location differences.

We observe that in ZnNa-A the v (C=C) band of the

1

Na(I)-C,H_ complex is at 1638 cm *, whereas in Na-A it is at

376
1636 cm-l. Even though the shift of 2 cmml indicates the
bonding to be slightly stronger in Na-A, it is too small to
explain the very different complex stabilities observed,
especially comsidering that we may not be dealing with pure

modes. The presence of the Zn(II) cations seems unlikely

to be the reason for the different complex stabilities.

Considering the second factor, some of the water
readsorbed by Na-A after dehydration would be associated with
the cations. Hydrated Na(I) ions at site SI would cause

partial blocking of the 8-ring aperture, which may increase
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the complex stability by hindering its desorption from the
cavities. This effect would not be important in ZnNa-A

where little readsorption of water occurred.

To test the above factor, C3H6 was adsorbed onto

a sample of Na-A that had been dehydrated for 33 hrs. and
an  Mre Sample afiaueR b §

which re-adsorbed less water on cooling (Figure 4.6%7 Com-
paring this data, with the results for the shorter dehydration
(Figure 4.4), we observe the intensities of the bands due to
the adsorbed C3H6’ relative to the gaseous C3H6 band at
1442 cm_l, to be greater for the longer dehydration. On
evacuation though, (Figure 4.6(c)), the Na(I)—C3H6 complex
is seen not to be easily desorbed from this sample. From
this data we conclude that, though water can block the C3H6

adsorption sites, it is not responsible for the different

complex stabilities.

The third factor, cation locations then perhaps
offers the best explanation. In ZnNa-A zeolite the Na(I)
ions are located only in the Sl sites, whereas in Na-A zeolite
Na cations are also located at the Sz* and S3 sites within
the framework. We may then explain the stronger complex
formation in Na-A zeolite in terms of a C3H6 complex formed

*
at the 82 or S3 sites.

4.4.3 Adsorption and Isomerization of Cyclopropane

In a previous study ofc —C3H6 adsorbed on ZnNa-A,
Kadir37 showed the isomerization rate to be dependent upon
the severity of the zeolite pretreatment. We therefore chose,
in the present study, to employ the most severe conditions used

in this previous work (723K for 36 hrs.) to minimise the in-



Absorbance —

—9p.
(b)
(c)
(@)
1 | | |

10.083
|

1700 1600 1500 1400 1300
Wovenuwmboers

Figure 4.6 The infrared spectrum of propene adsorbed on

Na-A dehydrated for 33 hours at 723K.

(a) dehydrated zeolite background.
(b) adsorption 10.3 torr of C3H6'
(c) on evacuation.

g.p. = gas phase. (Y axis offset).
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fluence of water on the isomerization rate. No Bronsted
acid sites were detected on the adsorption of pyridine onto

a sample dehydrated under these conditions.

So that an investigétion of the effect of pressure
on the rate of isomerization could be made, C'—C3H6 was ad-
sorbed at overpressures of 5.2 and 32.5 torr. Spectra coll-
ected during the isomerization at these two pressures are shown
in Figures 4.7-4.9. The assignments and spectrum of gaseous
c-C3H6 are shown, for comparison, in Table 4.7 and Figure 4.10.
The assignment of bands due to the adsorbed species is given

in Table 4.8, together with the data recently reported by

Forester and Seebode on the Zn4.4Na3.2—A+c.-C3H6 system.

The 1700-1300 cm_l region

In this region vibrations due to adsorbed c-C3H6 are

observed at 1461 and 1431 cm—l. The latter band, assigned

to the Vg scissoring mode, overlaps with the Vo vibration of

adsorbed C3H6' In Figure 4.3(i) the relative intensity of the
Vo mode (1431 cm_l) is observed to be less than the vl6 mode
(1454 cm_l) of adsorbed C3H6' In the case of thec -C3H6/C3H6/—

ZnNa-A system (Figure 4.7), the 1431 cm—l is of greater in-
tensity than the 1461 cm“l band. It is therefore concluded
that the major contribution to the 1431 c:m—l band is from ad-

sorbed C—C3H6.

Although the band at 1461 cm—l is due only to adsorbed
C—C3H6, its assignment is uncertain; three different assign-
ments have been prepared:

(i) Forester et aZl4 assigned it to the v, CH2 scissor-

ing mode in the ion exchanged A zeolites they studied.
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Figure 4.7 The isomerization of Cyclopropane (5.2 torr)
on ZnNa-A zeolite 'n e tegom bilpwo V700w

(a) dehydrated zeolite background (31 sec.), (b) 20 seconds
after adsorptlon of(}F S (3 sec.), (c) 2.5 minutes after ad-
sorption (8 sec.), % minutes after adsorption (31 sec.),
(e) 20 minutes after adsorption (31 sec.), (f) 1 hour after
adsorption (31 sec.), (g) 6.5 hours after adsorption (31 sec.).

(Y axis offset)
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Figure 4.8 The isomerization of Cyclopropane (5.2 torr)
on ZnNa-A zeolite in Tha DAY raglon

(a) 20 seconds after adsorption (31 sec.), (b) 10 minutes of
adsorption (31 sec.), (c) 1 hour after adsorption (31 sec.),
(d) 6.5 hours after adsorption (31 sec.).

Background subtracted from spectra.

+ adsorbed cyclopropane; * adsorbed propene; O gaseous cyclo-
. propane.
(Y axis offset)

¢
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Figure 4.9 The adsorption of Cyclopropane (32.5 torr)
on ZnNa-A

(a) dehydrated zeolite background (31 sec.), (b) 10 seconds
after adsorption (8 sec.), (c) 1 minute after adsorption (8 sec.),
(d) 2.7 minutes after adsorption (8 sec.), (e) 20 minutes after

adsorption (31 sec.), (f) 1 hour after adsorption (31 sec.),
(g) 4 hours after adsorption (31 sec.).
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Figure 4.10. The infrared spectrum of gas phase cyclo-
propene in the sample cell. (path length

" 48mm) .
(a) 5.6 torr; (b) 10.6 torr; (c) 16.1 torr.

(+ due to instrument) 'Y axis offset)
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TABLE 4.7 Fundamental frequencies (cm_l) of gaseous cyclopropane
as reported in the literature39

]
Symmetry
Species Activityal Approximate modeb Selected| Infra Raman
valvue red
(D3h)
Al : R Vi CH2 sym. stretch 3038 ia 3038
R v, CH, scissors 1479 | ia |(1504)FR®
(1453) (2v
14
R vy ring stretch 1188 ia 1188
Al ia Vg CH2 twist 1126 ila ia
A2 1 ia Vg CH2 wag 1070 ia ia
Az” IR Ve asym. stretch 3103 3103 ia
IR Vo CH2 rock 854 854 ia
E° R+IR vg CH, sym. stretch 3025 3025 {3020
R+IR Vg CH2 scissors 1438 1438 (1442
R+IR Vio CH2 wag | 1029 1029 |1023
R+IR Vi1 ring deform. 866 866 866
E™7 R Vi, CH, asym. stretch| 3082 ia |3082
R Vi3 CH2 twist 1188 ia 188
R Via CH2 rock 739 ia 739
a R = Raman active, IR = infra red active, ia = inactive
b Sym = symmetric, asym. = antisymmetric, deform. = deformation

o] .
Fermi resonance.
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TABLE 4.8 Assignment of the observed bands for cyclo-
propane adsorbed on ZnNa-A zeolite

Forester Present Assignment of the

et al a,14 work Species cyclopropane bands
3120 ;C-C3H6 (g.p.F ;VG CH, asym. stretch
3101 ) )

3100 C—C3H6 Ve C-H stretch
3089 C-—C3H6 \)12/\)6 CH2 asym. stretch

3080 c -C3H6 V1o C-H stretch
3047 C—C3H6 (g.p.) vy CH2 asym. stretch
3041 C3H6 Vi1 CHZasﬁmstrerlor\%+v8
3020 C—C3H6 vl CH2

3020 C-C3H6 Vi C-H stretch

3010 c—C3H6 Vg C-H stretch
3008 C—C3H6/C3H6 vl(35 stretch
2960 )
2919 |) 26

2883 2882 c—C3H6 2v2 + Vg
2858 |)Ca¥s
1892 ¢ -CyH, (g.p.) Vio * V11

1882 C-—C3H6 Y10 + v,
1614 C3H6

1463° 1461 | c-CjH, 2v,,/v, Fermi diad
1454 C3H6

1431 1431 C-C3H6/C3H6 Vg CH2 scissors
1414 CyH,
1380 C3H6

g.p. =

T & 0O T o

gas phase.

only cyclopropane data quoted.
assignments apply to bands observed in presence of gas phase.

see Table 4.3 for assignment of propene bands.

FOrester et al assign this to the v, (CH, deformation)
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(ii) For Co, Mn and 2n ion exchanged A zeolites, the

vibration was assigned to the 2vl4 overtone band.lG’Bq

39 on CoNa-A ,

(iii) Reanalysis of the work of Al Noami
by Howard and Braid 17 who considered the band intensity and
the gas phase data40 resulted in an aésignment of this band

to the lower frequency component of the 2vl4/v2 Fermi diad.

In the present case, considering the intensity of the
1461 cm_l band, an assignment to the lower frequency component

of the 2\)14/\)2 Fermi diad is preferred.

In the c—C3H6/C3H6/ZnNa—A system the v (C=C) vibration
of adsorbed C3H6 is observed at 1614 cm—l, compared to
1616 cm_l in the C3H6/ZnNa—A system. This small shift may
be due either to the presence of thec-C3H6 or to changes in

the mixing of the C3H6 modes.

The 3200-2800 cm . region

The data from this region are shown in Figure 4.8 for
the 5.2 Torr c—C3H6 adsorption. The results for the 32.5
Torr adsorption were identical, except the absolute intensities

were dgreater.

In this spectral region Forester et a1l? observe five
bands due to adsorbed C—C3H6,while we observe only four
(Table 4.8). The difference occurs for the Ve and Vio C-H
stretching vibration, where,even after subtraction of

gaseous c—C3H6 we see only one broad band at 3089 cm_l, due

to the two modes. The two bands were reported at 3100 and 3080 cm_l
respectively by Forester et al. We feel that the spectral
manipulation employed by FBrester et al may be the cause of

this difference. But as full details were not provided in
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their report, we are unable to make a definite conclusion.

1 is observed to increase in in-

The band at 3608 cm
tensity during the course of the isomerization (Figure 4.8),

due to the formation of the isomerization product C3H6.

4.4.4 Geometry of the Complex

On adsorption c—C3H6 may form a complex with

either C (edge-on) or C3V (face-on) symmetry (Figure 4.11).

2v
In the gas phase C—C3H6 has D3h symmetry under which those
modes transforming as Az' and A””, are Raman and IR inactive.
On lowering the symmetry these modes remain inactive for C3V
but become active under sz (Table 4.9). Thus using IR
spectroscopy, we may distinguish between C2V and C3v symmetry
by the observation of an A,” (D5 ) mode, (the A", (D, ) mode
being IR inactive for C2v and C3V). Only the CH2 wag

1

(1070 cm” ~ in the gas phase42) has this symmetry, but unfort-
unately strong vibrations of the zeolite framework in this
region make conclusive observations by IR spectroscopy im-

possible.

Forester and Seebode14 concluded that adsorption
of C—C3H6 was 'face-on', by examination of the C-H stretching
and CH2 deformation regions. Here a splitting of the E” and
E”” modes into A,+B, and A,+B; occurs only for C,, symmetry
(v8, Vio and vg). In our data there is no indication of
any splitting of the C-H stretching modes but these bands are
broad, so this is inconclusive. The absence of splitting of

the v, (E”) vibration (1431 cm ') though, indicates that ad-

9
sorption is probably 'face-on' to the cations.
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Figure 4.11 Two possible cation-cyclopropane adsorption
complexes in zeolites
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. . 41
TABLE 4.9 (a) Correlation of the D3h’ C3v’ C2v point groups
Al R+i.rv. —m Al R -_ Al R+i.r.
A2 R Al ia —_—

— A2 ia

B2 R + i.r. A2 ila
Bl R+i.r., —m A2 i.r. —— A1 R+ i.r.
A, +B, R+ i.r. ———E R+1.r.~\E iy
A, + By R+ i.r. — E°” R —

(b) Symmetries of the normal modes of cyclo-
propane under various point groups

»

1} _ ” -~ » , -
(1) gas phase ‘JT(D3d) = 3Al + A2 + 4E° + A 1t 2A 2 3E

vib.

= S5A, + 2A_. + 7E

—
|

(2) face bonded [ '(C
adsorption
complex - wvib.

(3) edge bonded | '(C
adsorption
complex - wvib.

)= 7Al + 4A2 + SBl + 5B2
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Although we doubted the validity of the X-ray

2+

diffraction study16 on C—C3H6 adsorbed on Co2+ and Mn ion

exchanged A zeolites, a 'face-on' adsorption complex was re-

ported. This was in agreement with the assignment of Forester

et aZl4 for c—C3H6 adsorbed on type A zeolites. Tam et aZ,43

however, reported a cation sensitive splitting of Vi1 (866 cm—l

E”) mode in the Raman spectra of c—C3H6 adsorbed on X type

zeolites and interpreted this in terms of a C ('edge-on')

2v

structure.

4.4.5 Adsorption sites

Since C3H6 is observed in the first spectrum
collected after the adsorption of C—C3H6 (Figure 4.7(b)),
the isomerization must have an induction of at most a few

seconds.

During the first hour, the 1461 cm_l band of
adsorbed C—C3H6 increases in intensity, but after this period
it decreases. On evacuation (Figure 4.12) the remaining
c—C3H6 was not immediately desorbed. These data lead us
to conclude that adsorption occurs by two slightly different

mechanisms, which give the same c—C3H6 complex.

The position of the "y (C=C)" stretch at 1614 cm-|
show the product to be adsorbed on the Zn(II) cations. As
the rate of intensity increase of this band decreases with
time, we conclude that the C—C3H6 is adsorbed also on the
Zn(II) cations. In our sample, Zn(II) cations are located
at two sites, 82* and S ! (Section 4.3). As the C—C3H6

2

is unable to enter the sodalite cages, we associate the first

*
mechanism with site 82 in the supercage, where adsorption

can occur immediately.
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Figure 4.12 Evacuation of cyclopropane gas phase from
ZnNa-A after 6.5 hours

(a) 2nNa-A + 5.2 torr of c—C3H6 after 6.5 hours

(b) evacuation of gas phase from sample (a).
7Zeolite background subtracted from spectra in (ii) .

(Y axis offset)
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The second mechanism is characterized by the

gradual increase in the 1461 and 3020 cm ! in the initial

period (ca. 1 hr.). The position of these bands show the
adsorption complex to be formed at the same type of site as for the
first process. We propose the second mechanism to involve
the migration of the Zn(II) ions from site Sz' in the soda-
lite cages to site S 2* in the supercages, where they become
accessible to thec.--C3H6 molecules. In support of this,
cation movement of Mn(II) ions have been reported in type A

zéolite on the adsorption of C—C3H6.16 Thus the adsorption

*
site of C—C3H6 is the Zn(II) cations at site 82

4.4.6 The rate of isomerization

The rate of isomerization of c—C3H6 to C3H6 can
be followed using the intensity of the v (C=C) band of the
product at ca. 1616 cm—l. This band is isolated from C—C3H6
and other C3H6 bands and of sufficient intensity for quantit-
ative evaluation. Although the ca. 1616cm-l band overlaps
with the deformation mode of zeolitic water, only after
periods of several hours does water readsorption become a
problem,when measuring band intensities.

In order to quickly characterize the catalytic
activity of Ca2+, Mg2+, Zn2+ and C02+ ion-exchanged A zeol-
ites, Forester and Seebode14 measured the 'appearance time'
of the v(C=C) band of C3H6. Tﬁey defined this as the time
taken for a 5% dip in the transmission of the band to occur.
Because percentage transmission is not directly propoftional

to concentration, a comparison of samples using the 'appear-

ance time' will only be valid if each sample has the same
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backgrouynd transmittance level. Th;s condition is, however,
unlikely to be achieved due to the difficulties of pressing
self-supporting zeolite discs with specific concentrations
and the probable optical differences between the different
samples. We note,in addition, that comparison, particularly
between samples of the same zeolite, should be undertaken
with the same reactant concentratibn. If this latter con-
dition is not fulfilled,different reaction rates will result
in large errors in the 'appearance times'. In this respect,
as reactant concentrations were expressed in terms of the
number of molecules of C-—C3H6 per cavity and no adsorption
isotherms have been published for C-C3H6 adsorbed on ZnNa-A,
a comparison with Forester et al's data is difficult. In
conclusion, we note that the 'appearance time' may have some
gualitative significance when a comparison is made between
zeolites of very different catalytic activity, when the above

problems are not critical.

No attempt is therefore made in the present study
to compare the catalytic activity of our samples of ZnNa-A
with those of Forester et al using the 'appearance time'
parameter. Instead we make a comparison ;sing rate constants,

obtained from measurement of the intensity of the v(C=C) band

of the product.

(A) The derivation of a rate constant from IR measurements

In contrast to the indirect method of evaluating kinetics

data for heterogeneous catalytic reactions from gas phase com-

6,7,9,10 14

positions, the IR approach of Forester and Seebode

directly monitors the isomerization in the zeolite cavities.
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On-the basis that the jump frequéné§ from one sorption
site to another was much higher than the reaction rate, the
probability of conversion was assumed by Forester et all4
to be equal for all molecules regardless of adsorption site.
From the observations that diffusion into the zeolite cavities,
adsorption and desorption were fast,compared to the surface

reaction, they concluded the isomerization itself should be

the rate determining step.

The isomerization of c—C3H6 on Zn -A in the

14

4.4V%3 7

presence of 502 cocatalyst was found to be well described

by the integrated form of the first order equation:
In(X_-X) = 1lnX -kt. (egn. 1)

where X = absorbance of the C=C mode of C3H6 at time t,

X _ = absorbance after full conversion and k = rate constant
for the disappearance of(I—C3H6. This equation is valid

if (i) the Beer-Lambert law is obeyed, (ii) full conversion
is reached, and (iii) the product concentration at time zero
.is zero. From measurements of adsorbance uptake and the
absorbance of the band due to the v(C=C) mode, the authors
showed the Beer-Lambert law to be strictly valid only at low
product concentrations (g2 C3H6 molecules per cavity). At
high concentrations deviations occur, as C3H6 is adsorbed in

front of the Na(I) ions.

To obtain a value of X _, Forester et aZl4 extrapolated
their data points to full conversion, which gave a X value
30-40% higher than the highest measured value of Xw(xmax)'
They calculated that the uncertainty in X_ led to errors of

10-15% in the slope of the 1ln(X _-X) versus time plots, from

which the rate constants were obtained.
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Using the same approach as Forester and Seebode, we
have calculatéed a rate constant for the isomerization of

c‘-—C3H6 on Zn A in the absence of a dé-catalyst.

4.5583 9~
This approach is valid for our data as no absorption of
C3H6 in front of the Na(I) ions was observed. In addition
it is assumed that C3H6 is not desorbed. As

shown earlier, this assumption is valid since C3H6 forms

strong adsorption complexes with the Zn(II) ions.

(B) The calculation of the rate plots

Figure 4.13 shows a plot of the absorbance of the
v (C=C) C3H6 band versus time, for c-C3H6 overpressures of
5.2 and 32.5 Torr. Some difficulty was experienced in
determining the baseline of this band,due (in part) to the
slow readsorption of water with time. In order to deter-
mine the baselines from which the band heights were to be

measured the following procedure was adopted:

(i) In the region of interest (1650-1550 cm—l) the
gradient of the relatively flat background (degassed zeolite

disc) was measured;

(ii) for the adsorbed species data,a line with this
gradient was drawn on the spectra, in the same region, where
it touched wings of the absorption band. This line served

as the baseline.

Due to the readsorption of water by the zeolite discs
it is not simple to measure a value of X from the spectra.
A value for X_ was therefore obtained by the extrapolation

of the data points in the X versus time curves (Figure 4.13).
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As will be shown later, this procedure leads to reasonable
estimates of X , as data pbints were collected for periods

of 4 hours or more. Once an infinity value had been estim-
ated for each C-C3H6 pressure, this and two other infinity
absorbances of X_* 0.2 x 10_2 were used to calculate three
values of 1n(X _-X) for each data point. The X_ values are
marked on Figure 4.13. For each C-C3H6 pressure, three first-
order rate curves of ln(X;—X) versus time were plotted, as
shown in Figures 4.14 and 4.15. A gradient was obtained for
each line by a least squares fit of the data points in the
time intervals 5-55 minutes for Figure 4.14 and 10-60 minutes
for Figure 4.15. The data points outside these intervals
were omitted because of their obvious deviation from the first
order rate equation. From equation (1) the gradients of
these plots are equal to -k, where k is the observed rate
constant for the isomerization of C—C3H6 in the zeolite
cavities. A summary of the three rate constants obtained

for each pressure, and the X values used, is given in Table
4.10.

TABLE 4,10 A summary of the rate constants obtained from
the 1n(X -X) versus time plots for the two

cyclopropane pressures

5.2 Torrc -C3H6 32.5 TorrC-'-C3H6
2 2
107 X, k (s 10° x K (s~ L
{absorbance units) (absorbance units)
10.8 3.98 x 102 13.4 2.81 x 10 2
10.6 4.18 x 10°° 13.2 2.98 x 10 °
10.4 4.39 x 104 13.0 3.20 x 10 ¢
-4 -1 -4 =1
Average k = 4.18 x 10 [ Average k = 3.00 x 10 S
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Figure 4.14 The isomerization of cyclopropanc on ZnNa-A zeolite at a

pressure of 5.2 torr. Determination of the first order
rate constant.
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It is seen, from Table 4.10, that the different X,
values used to calculate the rate plots cause no significant
variation in the rate constant observed for each(:—C3H6
pressure. An average value of the gradients can therefore
be taken to represent a reasonable value for k at each
pressure (Table 4.10). From a comparison of these average
k values, a likely pressure dependence of the rates is noted.

This will be considered later.

In Figures 4.14 and 4.15 it is observed that the data
points in the initial stages deviate markedly from the first
order rate curve. The most likely explanation of this is
that the rate of diffusion of the C—C3H6 into the cavities
is fairly slow and so equilibrium is not obtained immediately.
Once equilibrium is obtained the data is observed to obey
equation (1). Forester et aZ15 reported a similar deviation
in rate data (at high temperature) for c—C3H6 isomerization
on type A zeolites (Li+, Na+, Mg2+, Ca2+ and C02+), obtained
from gas phase composition measurements; no deviation was

observed in their (ambient temperature) IR measurements.l4’44

(C) The half-life of the isomerization

The half-life for a first order reaction is given by:

In2

k

From the average ‘k values a half-life for the isomerization
of 28-38 minutes is obtained. It is well known in reaction
kinetics that infinity values are normally taken after ten
half-lives. For the isomerization reaction, this point will

be reached after ca. 4.6-6.3 hours. We can therefore assume
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that the extrapolated valuesof X are reasonable, as the
values were obtained at around this time after the start
of the isomerization, and data points were collected in

this interval.

(D) The alternative rate equation

It was noted earlier that there was a likely pressure
dependance on the observed rate constant. This dependance
cannot be accounted for by the first order rate equation (1)
used to fit the data, since its derivation ignores any
equilibrium between the gaseous and adsorbed C—C3H6. We
have therefore attempted a more detailed analysis of the
data allowing for (a) the strong chemisorption of the re-
action product, C3H6, on the isomerization sites and (b)
an equilibrium between the adsorbed C-C3H6 and the gas phase.
Thus we make the reasonable assumption that the product is not
desorbed under the conditions used (see earlier section on

C3H6 adsorption) .

45

Using the Langmuir isotherm model for the adsorption

of C—C3H6,‘the rate of adsorption (ra) and desorption (rd)

may be expressed as:

H
I

k_P[no. of vacant sites]
a
(egn. 2)

kaP(ST—Cc—Cp)

where ka = constant for adsorption, P = pressure of C-C3H6,

S, = the total number of surface sites, C number of sites

T C
occupied by adsorbed c-C3H6 at time ¢t, Cp number of sites

occupied by adsorbed CjH at time t: and

rq = deC (eqn. 3)

where k, = constant for desorption.
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At equilibrium r, = rg then

kqCe = kaP[ST—CC—Cp] (egn.
rearranging and letting kl = kd/ka
ST-C
LC. Cc = _EI:% (egn.
(— )
p

For the isomerization of C.-C3H6 on a surface the first

order rate equation is given by

-dcC dcC

C - xc = (eqn.

dt c dt

where k is the rate constant for the isomerization of

adsorbedCZ—C3H6.

Substituting for Cc in equation (6)

k(ST-C ) dcC

T T A (eqn.
1 dt

(p )

By rearranging this expression and integrating, the

following integratedrate equation is obtained

k t = —ln(ST—Cp) + 2 (egn.

i
P

where Z is a constant.

Now at t = O, Cp = 0
Z = 1nSg , . (egn.
Thus(—E——) t = 1InS,, - 1In(S_-C) (egn.
kl+l T T p
P

4)

5)

6)

9)

10)

Now the total number of surface sites, S is proportional

to X and the number of adsorbed C3H6 molecules at time t

is equal to X.
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The rate equation (0) can therefore be written in

the form
1n(X_-X) = In(X_) - () t ( 11)
n(x_ = In(X kl+l . eqn.
)
This equation can now be compared to equation (1). The

only significant difference between these two equations is
the gradient of a 1ln(X _-X) versus time plot. According to
equation (1ll) the gradient will be dependent upon pressure,
whereas equation (1) predicts it to be proportional to k.
For the new model, equation (11) predicts that as the c—C3H6
pressure becomes very large, the gradient will approach k,
and become independent of pressure. At low pressures, the

gradient will be pressure dependant, with a value less than k.

Unfortunately the predicted pressure dependance of the
gradient of the ln(X -X) versus t plots is actually opposite
to that which is observed experimentally. This new model
therefore does not account for the observed behaviour in the
gradient of the 1In(X_-X) versus time plots. There are a
number of other effects which if considered, may perhaps ex-

plain the experimental observations:

(i) the value of AH for the adsorption of c—C3H6 may
change as a function of coverage, in which case the Langmuir
Model for the adsorption is not applicable. Other isotherms,
such as the Frendlich and Tempkin which allow the AH of adsorption
to vary as a function of coverage45 may better describe the

adsorption behaviour of C—C3H6;

(ii) we have already proposed that there was some cation

movement on C—C3H6 adsorption. There exists then the possib-
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ility that the pressure of the reactant affects the cation

positions within the zeolite cavities;

(iii) a final possibility is, of course, that the rate

constant itself is actually pressure dependant.

(E) A comparison with published rate constants

We have observed the gradient of the 1n(X«w-X) versus
time plot to be different at the two pressures studied.
This makes a direct comparison with the work of Forester
et aZl4 on the same system difficult,particularly as no over-
pressures were stated in their work. If, however, we do as
FOorester et al did and simply equate the gradient with the
first order rate constant (equation (1)), then some useful
information can be obtained. This arises because the measured

gradients of our two plots are not too different (v7z.4.18 and 3.OxlO-4s_l) .

Forester and Seebode14 have only published a rate con-
stant for c.—C3H6 isomerization on ZnNa-A in the presence of
the co-catalyst SOZ' which has been observed to enhance the
isomerization rate by factors of ca. 20 times. In the pre-
sence of between 3-10 802 molecules/supercage the rate con-

stant was found to vary between 1.5-3.2 x 10-3 s_l g—l.

The
maximum value was obtained at between 8-9 802 molecules super-
cage, above this concentration partial blocking of the catal-
ytic sites occurred.

The units chosen by the authors to describe their rate
constants (s_l g_l) also makes a direct comparison with our

data difficult. In our experiments the mass of zeolite in

the beam will not exceed 10 mg. Thus the average rate con-
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stant in our isomerization experiments is 0.0358 s_l g—l.

This raée constant clearly indicates that oﬁr isomerization
rate is considerably faster than that observed by Forester
et aZl4. -As the compositions and activation of the zeolites,
and the amount of adsorbedC'—C3H6 were comparable in our work
and that of Forester et al, there is no obvious reason for

the extremely large variation in the catalytic activity of

the sample.

More recently FoOrester et aZlS have published rate con-
stants for c—C3H6 isomerization on a number of other type A
zeolites (Li+, Na+, Mg2+, Ca2+ and C02+). The rate constants
were determined from studies in a recirculatory flow reactor
at 473K, using gas chromatography (g.c.) for analysis of the
gas phase composition. A rate constant of 5 x lO_4 s-l was
reported for the most active zeolite, Co4.4Na3.2—A at
473K. This zeolite, from the previous study by the authors,14
was shown to have a higher catalytic activity towards C—C3H6
isomerization than ZnNa-A. It is therefore surprising consider-
ing the higher temperature, that the rate constant for the re-
action on Co-A is of the same magnitude as the rate constant
we have found for ZnNa-A at room temperature. In further IR
and g.c. studies of the CoNa-A + c—C3H6 system (to be published
by FOrester et aZ44) a rate constant of ca. 2 x 1072 s 1 was
- reported for the isomerization at beam temperature (345K) by
the IR technique. From reactor/g.c. studies in the temper-
ature range 420-480K, an Arrhenius plot was made, from which a rate

constant at beam temperature (345K) was calculated (1.19 x lO_5

s-l), in agreement with the value obtained from the IR measure-
ments. When we substitute into the Arrhenius equation given

in this paper the temperature of 473K, a rate constant of
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3.1 x 16_3 s“l is obtained.l This value differs signif-

icantly from that actually reported (5 x lO_4 s_l),._-15 This
raises doubts in the reliability of the rate constants re-

ported by these authors.

It is of interest to note that the rate constant we
obtain for the isomerization of C—C3H6 on Zn-exchange A

zeolite is of the same order of magnitude as that for the

gaseous isomerization of C—C3H6 at 773K, for which Atkins46
has reported a k value of 6.7 x lO—4 s“l at the high pressure
limit. This illustrates how effective zeolites are as
catalysts.

4.5 Conclusions

In agreement with Forester et aZ,l4 we observe the iso-
merization of C—C3H6 on ZnNa-A zeolite to be well described
by a first order rate equation. We have, however, found the
isomerization to occur at a very much faster rate in our

samples of ZnNa-A.

An apparent pressure dependance in the gradient of the
1n(X_-X) versus time plots (the gradient is equal to the rate
constant in the treatment of Forester) has also been observed.
An alternative analysis based on the Langmuir isotherm model
was unable to explain the observed decrease in the gradient

at higher pressures.

A deeper consideration of the assignments for C3H6
adsorbed on ZnNa-A has led us to propose an alternative
assignment scheme, involving the mixing of the v(C=C) and

6(CH2) modes, as has been observed in Zeise's salt. Without
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a ‘full normal coordinate analysis this alternative assign-

ment cannot be verified. It is proposed to undertake this

in the future.

Clearly further work is required to clarify the dis-
crepancies between our results and those of Forester et al.
In addition it is proposed that neutron diffraction studies
are undertaken to obtain structural data on the location of

C-—C3H6 complexes in Co and Mn exchanged type A zeolites.
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CHAPTER FIVE

FTIR STUDIES OF COPPER CONTAINING Y ZEOLITES

Part I. The location of

Copper(I) - carbonyl complexes
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5.1 Introduction

Copper (II)Na-Y zeolites are important catalysts in a
number of reactions, e.g. oxidation,l_3 cracking4 and iso-
merization.5 It has been proposed for some reactions, e.g.
the oxidation of ammonia, important in the manufacture of
nitric acid,3 that the reversible reduction of Cu(II) — Cul(I)
is an important step in the mechanism. An interest in this
step and the paucity of vibrational spectroscopic studies of
species adsorbed on reduced Cu(II)Na-Y zeolite provided the

motivation for the present work.

Published studiessu8 of copper exchanged Y zeolites show
that only the Cu(I) ions form complexes with carbon monoxide.
Therefore CO may be used as a probe for copper ions in the +1
oxidation state. As the stretching vibration (v(C=0)) of
adsorbed CO occurs in a region (2000-2200 cm_l) free of other
zeolite vibrations, it may easily be monitored by IR spectro-
scopy . We have, using FTIR spectroscopy and CO as a probe,
been able to locate Cu(I) in different sites in the zeolite
framework and to observe cation migration. In addition the
adsorbtion of CO on framework atoms has been observed. From
the data obtained, we have been able to propose an explanation
of the inconsistency in the published v (Cz0O) band positions,

for CO adsorbed on Cu(Il)Na-Y.

Samples of Cu(I) containing Y zeolites were, in the
present study, prepared by partial autoreduction of Cu(II)Na-Y
during dehydration. In some instances samples were treated
with oxygen during dehydration to reduce the Cu(I) content in

the zeolite. Cu(I)Na-Y zeolite may also be prepared by the
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reductipn of Cu(II)Na-Y with suitable reduéing agents

(e.g. CO)6’7. In Chapter Six the reduction of Cu(II)Na-Y
by CO and NH3 will be discussed. In reference to the
current chapter, it is important to note that when CO is
adsorbed on to Cu(I)Na-Y the relative intensity and positions
of bands due to adsorbed CO is the same as for CO adsorbed

on to autoreduced samples prepared without oxygen treatment.

5.2 Structural Studies of Cu(II)Na-Y and Cu(I)Na-Y

5.2.1 Cu(II)Na-Y

X-ray diffraction studies of hydrated9 and de-

10,11

hydrated Cu(II)Na-Y zeolites with varying degrees of

ion-exchange have been published. The structures which were
discussed in detail in Chapter Two, showed that while the

*
Cu(II) ions preferred the o cage sites (SII and SIII) in

the hydrated zeolite, migration of the cations to the small

cavity sites (SI and SI’) occurred on dehydration.

As Cu(II) ions are paramagnetic a number of

authors have used electron spin resonance (ESR) spectro-

scopylz_16 to study the location of Cu(II) ions in Y zeolites.

In hydrated zeolites (0.2-70% exchanged) Soria et a112'13

found two types of Cu(II) ions; one a distorted octahedral
complex [Cu(H20)6]2+ was tumbling in the large cavities,
while the other Cu(II) ions were localized on the cavity

walls.

ESR studies of dehydrated Cu(II)Na-Y zeolite

have revealed Cu(II) ions in a number of environments. Morke

6

et aZl for Cu(II)4 5Na -Y and Cu(II) -Y found

44.5 18.5V%16.5
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Cu(II) ions in sites SI’ and S and in a cluster in the

1T

supercage.

2,13 dehydrated Cu(II)Na-Y (7.5-

Soria et all
57% exchanged) under vacuum at temperatures up to 873K and
recorded the ESR spectrum at intermediate stages of the de-
hydration. They observed, firstly the removal of loosely
held water molecules immobilizing the Cu(II) ions in the

*
S (or S ) positions in the supercages. Later as these

II IT
cations gradually lost water some of them entered the sodalite
cavities. In the final dehydrated state, the Cu(II) ions

were mainly located in sites SI’ and S and some water was

II’
found to be retained rigidly inside the sodalite units. With
increasing copper content,coupling of the Cu(II) ions in
oxygen bridged pairs was favoured. Coordinative geometries
of the Cu(II) species were proposed from the spin-Hamiltonian
parameters to include distorted octahedral, square-pyramidal
and distorted trigonal environments.

In another study of the dehydration of Cu(II)Na-Y
Herman and FlaﬂxﬁlS found that a rapid dehydration of low
exchanged zeolites (2-17% exchanged) left most of the Cu(II)
ions in the o cages, but slow dehydration by a long evacuation
at room temperature prior to heating gave a higher number of
Cu(II) ions in the small cavities. As the copper content

increased, rapid dehydration tended to yield Cu(II) ions in

both the supercage and small cavity sites.

The adsorption of bases, such as NH3 and CSHSN'
have been observed to cause a redistribution of the cations
in dehydrated Cu(II)Na-Y. From the X-ray work of Gallazot

et ale the presence of such ligands resulted in the with-
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drawal of the cupric ions from the inner sites (SI and SI’)
to the zeolite supercages (Table 2.8). Similar results have

been recorded by ESR spectroscopy.”’18

5.2.2 Cu(I)Na-Y

Although no X-ray structural data has been
published on Cu(I)Na-Y, the behaviour of this zeolite towards
oxygen suggests that the Cu(I) ions are located in the small
cavities.6 Unlike Cu(I) ions in aqueous solution, which
are very unstable to oxidation, Huang detected no ESR signal
due to Cu(II) ions when oxygen was adsorbed onto Cu(I)Na-Y
at room temperature. However, when NH3 was adsorbed prior to
oxygen exposure a strong ESR signal due to Cu(II)-ammine
complexes was detected immediately oxygen was adsorbed. In
other experiments Huan96 observed the white dehydrated Cu(I)-
Na-Y zeolite to turn gradually light blue when exposed to the
atmosphere, as conceivably oxidation took place (Cu(II)Na-Y
is light green/blue in colour). These results indicated that
in dehydrated Cu(I)Na-Y the Cu(I) ions were located in the
small cavity sites (SI and SI’) which, at room temperature,
oxygen cannot enter. Similar to the situation with Cu(II)Na-Y,
the adsorption of NH3 or HZO affects the migration of the
Cu(I) ions towards the supercages, where aquo or ammine complex
are formed. Once in the supercages the Cu(I) ions are ob-

served to be readily oxidized to Cu(II) ions.

5.2.3 Summar

Overall these previous structural studies have
shown in hydrate&Cu-Y zeolites ({Cu(II) or Cu(I)), the cations

prefer sites in the supercages, where they may readily co-
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ordinate to water molecules. On dehydration the mobile

Cu cations, migrate to the remote s; and S.~ Sites,w%%hin
thre—sodalife—ea§es, though in high exchange sample some
cations are still located in the SII' sites. In the pre-
sence of bases (e.g. NH3) the mobileCu(II) and Cu(Il) ions
have been observed to migrate back into the supercages where

they form complexes.

5.3 The autoreduction of Cu(II)Na-Y and other
reduction mechanisms

Jacobs et allg showed that when Cu(II)Na-Y (68% ex-
changed) was dehydrated above 623K, the autoreduction of
Cu(II) —= Cu(I) occurred. This was accompanied by the
loss of loosely held oxygen from the zeolite framework and
the formation of true Lewis acid sites. The existence of true
Lewis acid sites was confirmed by the adsorption of pyridine.
For the reverse process the oxidation of Cu{(I) ions was found

to be most effective at 613K.

Reduction mechanisms

Studies of the reduction mechanism of Cu(II) ions in
Y zeolites have been undertaken by a number of authors using
a variety of reduction techniques, details of which are given

in Section 6.2.

With CO as the reducing agent Naccache and Taaritl
proposed the reduction to occur according to the following

scheme (egn. 1).
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cult
0 0 0]
\_/\ VAN /\_/
2 Al Si Si Al + CO —= CO2 +
/\/ / /\ Cu+ Cu+
0 0 0 0 0 (eqn. 1)
/NN, SN LIN NN
Al Si Si Al + Al Si Si Al
/NN N /N /N /N /N /N
A similar mechanism was proposed by Jacobs et aZl9 for the
autoreduction of Cu(II) ions during dehydration (eqn. 2).
Cu2+
0 0 0
N_/ N /N N\ AT 1
2 Al Si si Al —— /20, +
/ N /N /N /\
+ +
Cu Cu
(egn.2)

0 0 0 0 0
NN N, AN/ AN N
Al Si Si Al + Al Si Si Al
/N /N /N /N /N /N /N /N
In both of these mechanisms oxygen is lost from the frame-

work forming trigonal aluminium atoms which act as true Lewis

acid sites.

A kinetics study of the reduction of Cu(II)Na-Y by
hydrogen2O showed the cupric ions in the o and 8 cages to be
reduced by two first order processes. One, the faster pro-
cess involved the Cu(II) ions in the a-cages. The second,
slower mechanism, had as its rate determining step the mig-
ration of the Cu(II) ions into the a-cage from the B-cages.

As a result of the reduction, protons are fixed in the zeolite

lattice, viz:
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Cu2+.

0] 0] 0]
NIRANEANVANY/
2 Al Si Si Al + H2 —_—

/N/ N/ \/\ (eqn. 3)
Cu+ H
0 0] (0]
\_ N\

2 Al Si Si Al
/N/7\N /N /\

This equation (3) represents the overall reduction mechanism.
The further reduction of Cu(I) — Cu(0O) was investigated by
the authors,20 the rate .. being dependent upon the diffusion

of the reactant.

The above work20 showed that the ease of reduction is
a function of the location of the Cu(II) ions in Y zeolites

with SI ions being the more difficult to reduce.

The nature of the true Lewis acid sites in Y zeolites
formed by the reduction of Cu(II) ions was investigated
further by Jacobs and Beyer.2l They reinvesﬁigated the
reduction of Cu(II)Na-Y (68% exchanged) by CO and by H2 after
the oxidation of the Cu(I)Na-Y. As a result of their studies,
it was proposed that the true Lewis acid sites were [AlO]+
species external to the zeolite lattice, in accord with the

2

model proposed by Kiihl.2 On reoxidation the [AlO]+ species

remained unchanged and (Cu-O—Cu)2+ species are formed.

Experimental evidence was presented for the existence
+ o \
of the [Al0] sites in the oxidized zeolite from the IR spectra
of adsorbed pyridine and from the reduction of the oxidized

+
zeolite by H In the latter case H is not incorporated

9

into the zeolite but water is formed as seen by the presence
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of Q(HZO) at 1640 cm—l in the IR spectrum. These proposed

mechanistic steps are shown diagrammatically in Figure 5.1.

cu’ c o' (AL0Y  CJ
/O\-/ov /o\ /O\ /Q-/o\ /O\_/Q /O\- /O\ /O\ IO\ R- /O\ /o\-/o\
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Figure 5.1 Schematic representation of several redox 1
reactions occurring in Cu(II)-Y zeolites.

In Figure 5.1 species (I) — (II) and (I) —— (V)
represent equations (1) and (2) for autoreduction and hydrogen
reduction respectively. It was suggested that structure (II)
may well be a metastable intermediate to the final [AlO]”,

product (III) in the proposed mechanisms.

5.4 A review of previous studies of CO adsorbed on to
Copper containing Y zeolites

A number of authors have studied the adsorption of CO
by copper containing Y zeolites using IR spectroscopy. When
these studies are compared, a number of inconsistencies are
noted. In the present work we will show that this is due
to different populations of the cation sites by the Cu(I) ions,

as a result of slightly different pretreatment conditions.
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The intéraction of CO with CuNa-Y zeolites has also been
studied by a number of other techniques including adsorption

isotherm and calorimetric measurements.

5.4.1 Infrared Studies

The infrared spectrum of CO adsorbed on Cu(I)Na-Y
zeolite was first reported by Huang.s’7 Fresh samples of
Cu(I)Na-Y, prepared by reduction of the Cu(II) zeolite with
NH, and CO, showed a weak band at 2140 cm—l due to residual
adsorbed CO. When CO (40 torr) was adsorbed onto the samples,
a very strong band was observed at 2160 cm—l (Figure 5.2a),
which remained on evacuating the sample for 10 minutes. These
bands were assigned to Cu(I)-CO complexes formed within the

zeolite framework.

Since Huang reported the characteristic v (Cz0)
band of Cu(I)-CO complexes, a number of authors have used this
band to characterize samples of CuNa-Y zeolites. In Table 5.1
a summary of these is given. A number of spectra are re-
produced in Figure 5.2. From Table 5.1 it is apparent that
there is significant variation both in the value of v(CzZ0)
for Cu(I)-CO complexes reported by the various authors and in

8,19 who clearly

the number of bands observed. Two authors
from their spectra (Figure 5.2b and c¢), observe a second band
or shoulder, reported neither a position nor an assignment for
the feature. We will shortly illustrate, using the more-
sensitive technique of FTIR spectroscopy, that the different
positions and number of bands are associated with Cu(I)-CO

complexes formed at different cationic sites in the framework.

The distribution of cations in these sites is influenced by

sample pretreatments.
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| (a) Infrared spectra of CO

/“\«\ absorbed in Cu(I)Y (75%)
y o zeolite: (1) Freshly pre-
J/ ’ pared sample; (2) with the
,/j addition of 40 torr of CO
// at 25°. 9%
W
e L TP

0.1 (b) Roam temperature adsorption of
"\“\ 1‘”‘"‘“‘“‘ CO (2180 an by and o, (1370 an Y

on CuNaY68 pretreated as follows:
. , (a), (b), (c) and (d) vacuum degassed
. \ % for 2 hours at 593, 693, 773 and 823K

respectively: (e), (f), O2 adsorption

at 673 and 613K on sample outgassed at
* { 823K; (g) outgassing of (f) at 323K;
iff\\\ (h) readsorption of O, on (g) at

613K. ©

(c) Addition of 40 torr of CO at
roan temperature after the

following successive treatments:
<L// (a) outgassing in vacuo at 350%2,

(b). addition of 150 torr O2 at
230°C for 25 min., (c) re-
addition of hydrogen (160 torr at
230°C  for 25 min.), (d) addition
of 150 torr of 0, at 230°C, (e)
roam temperature adsorption of

~ 4

CO on Na-Y.

Figure 5.2 Some published spectra of CO adsorbed on
Cu(I) Na-Y zeolites
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TABLE 5.1 A summary of v(CO) frequencies observed by various
authors for CO adsorbed on CuNaY zeolites

Sample exchange _ v (CO)
and reducing Comments -1 Ref.
cm

agent
CO/%UiBIeduced Freshly prepared Cu(I)Na-Y 2140

(residual band): Cu(I)-CO

6,7

73% exchange 40 Torr of CO Adsorbed: 2160

Cu(I)-Co
Autoreduced No CO pressure given

Shoulder visible below 2180 am © | 2180

19

68% exchanged Not assigned by authors:

Cu(I)-Co )
H2 reduced No details of how many bands | 2135- 24
52 and 75% or pressure: Cu(I)-CO 2145
exchange
H2 reduced 40 Torr of CO band visible 2145 8
68% exchange above 2145, not assigned by

authors
IAutoreduced? No detail of number of bands:| 2140- 23
14.3 —— 80.7% Cu(II)-CO 2180
exchange
H, reduced Nujol mull 2145 25
68 and 32% Cu(I)-CO
exchange

5.4.2 Other Studies

A comparison has been made by Huang6 of the ad-
sorption isotherms for CO adsorbed on Cu(II) and Cu(Il) con-
taining Y zeolites. The uptake of CO at 298K and 100 torr

by Cu(II)Na-Y (75% exchanged) was less than 0.2 mmole/g(close
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to the value of Na-¥),whereas in the reduced sample a much
greater uptake of 1.65 mmole/g was recorded. This latter
value corresponds to the adsorption of about one CO molecule
per Cu(I) ion (below 375K and at 100 Torr). These results
show there is specific adsorption of CO by Cu(I) ions but not
by Cu(II) ions in Y zeolites. This was supported by infra-
red studies of CO adsorption during oxidation-reduction cycles

6,19 Here an adsorption band

of CuNa-Y zeolites (Figure 5.2b).
in the v(Cz0) region was only observed for reduced samples,
showing that carbonyl complexes were only formed between
Cu(I) ions and CO. The value of the heat of adsorption of
CO on reduced CuNa-Y and the strength of the v(CzZ0) vibration

led Huang to conclude that interaction was distinctly chemi-

sorption.

Furthermore the adsorption measurements of Huang6
revealed that below 373K the diffusion of CO into the soda-
lite cavities was possible. This is a rather surprising
observation since CO hés a Van der Waals diameter(3.l6g) which
is larger than the free openings of the hexagonal windows
(2.28). Huang26 rationalized this observation in view of
the strong Cu(I)-CO interaction which could somewhat change
the shape of the CO molecule. This, coupled with a slight
vibrational enlargement of the hexagonal window at higher
temperatures, would enable CO to enter the sodalite cages.

He therefore proposed,that Cu(I)-CO complexes may form inside

the sodalite cages.

Despite the conclusive observation above that

Cu(II)Na-Y does not interact strongly with CO, a number of
, . . .2
authors have reported Cu(II)-CO interactions from calorimetric

27,28 . .
and IR measurements. ! A common characteristic in these
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studies was that the authors dehydrated their zeolites without

oxygen treatment at temperatures greater than 613K. In view

of the findings of Jacobs et aZl9 that autoreduction of Cu(II)
ions may occur at dehydration temperatures above 613K, we
propose that the interactions observed were actually due to
Cu(I) ions in the framework produced by the autoreduction

mechanism.

5.4.3 Summary
From these previous studies the following postul-
ates arise, which will be used in interpreting the data ob-

tained in the present study.
(1) CO only interacts strongly with Copper ions in the

+]1 oxidation state.

(2) Cu(I)-CO complexes in Y zeolites are of a 1l:1 stoicho-
metry.
(3) The diffusion of CO into the sodalite cavities 1is

possible below 373K.

5.5 Experimental

Cu(Il)Na-Y was prepared as described in Chapter Three.
The sample, which was 73% exchanged (Cu2o.5Na15.l-Y)’ is
referred to hereafter as Cu(II)Na-Y. This zeolite was stored

in air at room temperature.

Carbon Monoxide (99.0%, British Oxygen Company) was
purified by passing it through a liquid nitrogen trap before
use. Oxygen (99.9%, British Oxygen Company special gases)

was used without further purification.
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Samples were dehydrated under vacuum by the standard
technique (Chapter Three). The temperatures used and
periods held at the maximum temperature are given in
Figure 5.3, together with other experimental details.

Sample 1 was used in additional studies described in Chapter
Six. Samples 2 and 3 were treated with oxygen during

dehydration to decrease the number of Cu(I) ions formed by

autoreduction.
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A summary of the experimental conditions used

for the CO + Cu-Y experiments

Sample 1
Cu(II)Na-Y

Evacuated for 18 hr
at R.T.

Dehydrated at 697K
for 18 hr.

lCooled to RT

AgOIREDY §7.CO,

Evacuation for 1 hr

{
Desorption of CO by
heating at 573K for
30 mins.

{

Sample used in Chapter
Six for the adsorption
of NH3

Sample 3
Cu(II)Na-Y

Evacuation for
14.3 hr.

']
Dehydrated at 693K
for 2 hr.

Cooled to R.T.

L

Adsorption of CO 1.1
— 10.3 Torr

Evacuation for

0.5 hr.
A

Heated to 613K

Adsorption of O, at
613K for 30 min.

Cooled to RT in presence
of O

Evacuation of O2

Adsorption of CO
3.3 —» 31.9 Torr

Evacuation of O2

Sample 2
Cu(II)Na-Y

Evacuated for 20 hr.
at R.T.

Adsorbed CO
(0.1 —— 18.1 Torr)

Evacuated for 40 min.
"
Dehydration at 673K for 80 min.

Adsorption of O

\

Evacuation of O2 at 673K for 11 hr.

Cool to R.T.

1

Adsorption of CO 0.8 —» 22.2 Torr

Evacuation for 2.5 hr.

Sample 4

Cu(II)Na-Y

!

Dehydration at 673K for 10 hrs.

Cooled to R.T.

Adsorption of CO 3.9 Torr

CO in contact with sample
for 4.3 hr.

v
Evacuation for 110 Min.

v
Desorption of CO by heating.

(32.5 Torr) for®3 hr. at 673K.
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5.6 Results

When CO is adsorbed onto autoreduced Cu(II)Na—?
zeolite (sample 1) (Figure 5.4(i)) two bands and a shoulder
are observed at ca. 2178, 2141 and 2153 cm_l respectively.
On evacuation of gaseous CO (Figure 5.4(ii)).the 2178 cm_1
band is immediately removed and the lower frequency features

1

now centred at 2156 and 2142 cm , though decreased, in in-

tensity are better resolved.

The 2178 cm_l band is clearly associated with a weakly
adsorbed species, whereas the desorption behaviour (Figure
5.4(ii)) of the remaining two bands indicates that they are
better described as chemisorbed CO. The 2178 cm—l will be
shown to be due to CO adsorbed on framework sites and will

be discussed after the chemisorbed species.

5.6.1 The bands in the 2160-2130 cm © region

The intense bands at 2142 and 2156 cm_l due to
chemisorbed CO can be assigned from Table 5.1 to the v (Cz0)
vibration of Cu(I)-CO complexes. As on desorption (by
evacuation and heating) of CO from sample 1 (Figure 5.4(ii))
the 2142 cm-l band is more readily desorbed, the two bands
must be due to Cu(I)-CO complexes at different locations in
the zeolite framework. This observation differs from those
reported in the literature, where only one strongly adsorbed

Cu(I)~-CO complex has been reported.

For comparison of the spectra presented here it
should be noted that within any figure all of the spectra
are plotted on the same absorbance séale, but that this scale

is not necessarily the same for each figure.
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Figure 5.4 The adsorption of CO on autoreduced Cu(II)Na-Y (sample 1)

(1) The adsorption of CO at various pressures; (a) dehydrated zeolite background, sample (a)
with CO; (b) 0.3 torxr, (c) 5.2 torr, (d) 10.4 torr and (e) 22.5 torr.

(ii) The desorption of CO by evacuation and heating; (e) as in (i), (f) evacuation of gas phase,
{(b) evacuation for 1 hour at 293K, sample heated at (h) 348K, (i) 444K and (j) 523K.

Lv1
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Figure 5.5 The adsorption of CO onto autoreduced and
oxygen treated Cu(II)Na-Y (sample 3)

(a) Adsorption of CO (10.3 torr) onto autoreduced Cu(IT)Na-Y;

(b) Evacuation of sample (a);

(c) Adsorption of CO (7.9 torr) onto sample 3 after oxygen
treatment (see Figure 5.3);

{(d) Sample (c) after pressure increased to 31.9 torr;

(e) Lvacuation of sample (d).

(all spectra plotted on same absorbance scale. Curves d-e

y axis displaced with respect to curved a and b).
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Figure 5.6 The adsorption of CO on to Cu(IT)Na-Y treated
with oxygen at 673K (sample 2).

(a) Zeolite background after O2 treatment described in Fig.5.3
Sample (a) with CO; (b) 0.1 torr;
(c) 0.8 torr, (d) 5.0 torr and (e) 22.2 torr.
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In Figure 5.5a and b the spectra obtained when

CO (10.3 torr) was adsorbed and evacuated from autoreduced
Cu(II)Na-Y (Sample 3) are shown. The same sample was sub-
sequently treated with oxygen at 613K before cooling in O2

and CO(31.3torr) readsorbed (Figure 5.5c-e). As expected
oxygen treatment is seen from the reduced absolute intensities
of the v(C=z0) bands to significantly decrease the number of
Cu(I) ions in sample 2. Secondly we observe that after
oxygen treatment the relative intensities of the 2142 cm-l
band (band A) is less than that of the 2156 cm_l band (band B)

(Figure 5.5e), whereas in the autoreduced zeoclite (Figure

5.4f and 5.5b) the reverse was true.

It is clear already from these two experiments
that the relative populations of the two different chemi-
sorption sites can be altered by sample pretreatment condit-
ions. Naturally we assume here and throughout that the dipole
moment of adsorbed CO at a particular adsorption site is in-
dependent of the sample pretreatment so that relative intens-

ities can be interpreted with some significance.

The effect of oxygen treatment on band intensities
is seen more clearly in sample 2,which was treated less
severely than sample 3 with oxygen (Figure 5.6). At a CO
pressure of 0.1 torr (Figure 5.6b) band A dominated the spect-
rum as in the autoreduced samples, but as the pressure of CO
was raised (Figure 5.6c-e) band B was observed to grow more
rapidly and become the most intense band in the spectrum.

On evacuation of CO band B remained the most intense band in
the spectrum. The greater intensity of band A at 0.1 torr

of CO is probably due to the initial adsorption of CO at the
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most accessible sites,7i.e. those sites nearest to the super-

cages (éee below) .

Oxygen is expected to oxidize more readily those
Cu(I) ions in the more accessible sites, 7.e. in the sites
nearest to the supercages. As we observe band A to be less
intense relative to band B after oxygen treatment of auto-
reduced samples, it is proposed that the Cu(I)-CO complex
responsible for band A is formed between CO and Cu(I) ions
in sites nearest to the supercages, <.e. in the SII sites.
Band B is then assigned to Cu(I)-CO complexes formed with

Cu(I) ions in the more remote SI and SI‘ sites.

In addition to the features already mentioned
above, there appears to be additional intensity lost from
ca. 2130 cm_l on evacuation of the gas phase (Figure 5.4(ii)).
This intensity will be shown later to be due to a fourth

species.

5.6.2 The adsorption of CO onto hydrated Cu(II)Na-Y

From the above results it is clear that Cu(II)
ions are readily reduced to Cu(I) ions during dehydration,
but some Cu(I) ions are more readily oxidized than others.
The small cavity SI and SI' sites have been shown to provide
a stable environment for the Cu(I) ions at room temperature.6
We decided to investigate whether Cu(I) ions were already

present in our hydrated zeolite.

In Figure 5.7 the spectra are shown of CO ad-
sorbed on to hydrated Cu(II)Na-Y (sample 2), that had been
evacuated at room temperature (beam temperature) for 20 hrs.

to remove the loosely coordinate water from the zeolite
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Figure 5.7 The desorption of CO from hydrated Cu(II)Na-Y
(sample 2)

(a) adsorption of 18.1 torr of CO
(b) evacuation of sample (a)
(c) evacuation for 40 minutes

(d) sample (e) heated to 393K.
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framework. It is apparent from the figure that two very
weak bands are observed at 2157 and 2138 cm_l after the re-
moval of gaseous CO from the cell. These bands must, in

agreement with the previous results, be assigned to Cu(I)-CO

complexes.

An ESCA analysis of the hydrated Cu(II)Na-Y
zeolite29 showed no Cu(I) ions to be present. Therefore
from the above results evacuation at ambient temperature can
autoreduce Cu(II) —= Cu(I) in the zeolite framework. Auto-
reduction thus appears to take place under much milder con-
ditions than previously reported.

In the spectrum of the hydrated sample it is

important to note that the band at 2178 cm_l is absent.

This site is therefore not available in the hydrated form.

5.6.3 The band at 2178 cm *

In samples of autoreduced Cu(II)Na-Y a band was
observed at 2178 cm 1, the intensity of which was found to
be strongly dependent upon the pressure of CO in contact with
the sample. On evacuation of the gas phase the band is
immediately removed. It is therefore associated with weakly

adsorbed CO.

The intensity of the band was very much decreased
when samples were treated with oxygen (e¢.g. Figure 5.6). This
indicates the band to be assdciated with an adsorption site
formed by the autoreduction of Cu(II)—— Cu(I), but as the
species is physisorbed the site cannot be associated with the

cupric ions as these chemisorb CO.
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It has previously been shown (Figure 5.7) that the
band is absent in hydrated Cu(II)Na-Y and in spectra to be
shown in the next chapter, the band is observed to be absent

in a sample on which NH3 had been preadsorbed.

The above findings lead us to propose that thé
2178 cm_l band is associated with CO adsorbed on the true
Lewis acid sites. These sites are formed during dehydration
of Cu(II)Na-Y by autoréduction (Section 5.3) and will be

blocked by bases as observed.

5.6.4 The effects of time on band intensities and

positions

To eliminate the possibility that the different
v (C=0) band intensities observed in samples 1-3 were due to
the slow diffusion of CO into the cavities, a quantity of CO
(3.9 torr) was adsorbed onto autoreduced Cu(II)Na-Y (Sample 4)
and the spectrum was monitored as a function of time. The
spectra obtained over a four hour period are shown in Figure

5.8, from which the following observations are made:

(1) As the changes observed in Figure 5.8 do not involve any
major alterations in the relative intensities of bands A and
B, the effects observed in Figures 5.4-5.6 must be attributed
to variations in the Cu(I) ion populations of the cationic

sites caused by different sample pretreatments.

(2) The intensity of all bands increases considerably over
the period of observation. This is due to the slow diffusion

of CO into the zeolite cages, as reported by Huang.6
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Figure 5.8 The adsorption of CO (3.9 torr) at constant
pressure as a function of time on autoreduced

Cu(II)Na-Y (sample 4)

(T = O is the time the first spectrum was started after

adsorption).
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(3) There is a gradual shift of the band cent® s to lower
wavenumbers (except the 2178 cm—l band) . In the spectrum

T = 260 minutes (Figure 5.8) the band centwes occur at 2178,
2149 and 2136 cm L.  This will be linked in the next section

to the movement of the cations to more accessible sites.

5.6.5 The examination of subtraction spectra:
evidence for cation movement

To investigate the possibility of cation movement
spectral subtractions were pfeformed. The technique, using
.software provided with the Nicolet 608X spectrometer,BO allows
the point by point subtraction of a reference spectrum from a
sample spectrum. This allows the identification of very small
changes in two spectra, t1.e. before and after evacuation of
gaseous CO. Negative bands obtained in such spectra are due
to a greater band intensity in the reference spectrum. As
the background level in our spectra wés constant, a subtraction

factor of 1 was used in each case.

Firstly, the spectrum of CO adsorbed on sample 4

at T=0 was subtracted from the spectra at times >T=0 in

Figure 5.8. The results in the v (Cz0) reéion are shown in
Figure 5.9. From spectra (a) or (b) in Figure 5.9, the fourth
species we suspected in Section 5.6.1, at ca. 2130 cm_l is

L The four v(czo)

vibrations occur at 2178, 2152, 2138 and 2127 (Band C) cm-l

clearly visible as a shoulder at 2127 cm

in these figures.

At later times (Figure 5.9) the growth of the
2127 cm—l band appears to be responsible for the shift of the

band centMs to lower wavenumbers observed in Section 5.6.4.
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Subtraction of the spectrum at T=0 from the

spectrum at time T, for CO adsorbed on to
sample 4 as shown in Figure 5.8
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(b) 212-194 minutes

Figure 5.10 Subtraction spectra of constant time intervals
for CO adsorbed on sample 4

(a) in the initial stages of adsorption, and

(b) after several hours contact.
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Figure 5.11 Subtraction spectra for CO adsorbed on to
Cu(II)Na-Y (samples 1 and 2)

(a) Sample 1: subtraction of spectrum 5.4 (f) from 5.4 (e).
(b) Sample 1: subtraction of spectrum 5.4 (g) from 5.4 (f).

(c) Sample 2: subtraction of spectrum after evacuation from

spectrum 5.6 (e).
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This was confirmed by subtraction spectra for the time
intervals 40-23 minutes and 212-194 minutes (Figure 5.10)}.
These spectra show conclusively,that in the initial stages
of adsorption the higher frequency bands show most growth,
while after CO has been in contact with the zeolite for some
time, it is the lower frequency bands which exhibit most
intensity change. The higher frequency bands at ca. 2156-
2150 cm“l were associated in Section 5.6.1 with sites SI and

S while those at lower wavenumbers were associated with

I”
sites near the supercages. The growth of the lower frequency
band with time would thus indicate a migration of the Cu(I)

ions towards the supercage sites. The initial growth in the

high frequency band is probably attributed to the slow diffusion

of CO into the cavities.

In the subtraction spectra performed in Figure 5.9
a negative‘feature was observed at 3633 cm_l when CO was
initially adsorbed onto sample 4. This feature is indicative
of a perturbation of the OH groups by adsorbed CO. This
feature was also observed in similar subtract;on spectra of
data shown in Figures 5.4-5.6. The very weak perturbation of
the OH groups is likely to be associated with the adsorption of CO on

the Lewis acid sites (Section 5.6.3).

The subtraction results have,so far, revealed the
migration of the cations towards supercage sites. If we sub-
tract the spectrum after removal of CO gas from that of CO in
contact with Cu(II)Na-Y (Sample 1) (Figure 5.1la), a negative
feature atca. 2160 cm—l and positive features at 2178, 2150
and 2130 cm_l are observed. The negative band indicates an

increase in the amount of CO adsorbed at the hidden Cu(I) sites



l6l

in the small cavities and shows that on evacuation there is

a migration of cations back towards these sites. Subtractions
performed later in the evacuation (Figure 5.11b) show only
pands at 2156 and 2142 cm ', as seen initially on CO ad-
sorption. This clearly shows that the general shift of bands
1

to lower wavenumbers with time and the band at ca. 2127 cm

are due to the migration of the cations to sites nearer the

supercages.

Finally a subtraction spectrum of the oxidized
sample (sample 2) during evacuation (Figure 5.1la) shows the

same features due to cation movement.

In Table 5.2 a summary of the observed results

is given.

5.7 Discussion

The above results have shown a number of Cu(I)-CO
carbonyl complexes to be formed at different cation sites
within reduced Cu(II)Na-Y zeolites. These speciés are
characterized by unique v(Cz0) stretching vibration, such
that a lower frequency indicates a complex formed in a more
accessible site. The distribution of the Cu(I) cations in
these sites has been found to be dependent upon the pretreat-
ment of the samples. Finally the adsorption of CO on the

Lewis acid sites within the framework has been identified.

5.7.1 The location of Cu(I)-CO complexes

As previously discussed the Cu(I ) ions in de-

hydrated Cu(I)Na-Y are located in sites SI and SI' , and the
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TABLE 5.2 A summary of v(C=0) frequencies (cm ™)

for CO adsorbed on variously

pretreated copper zeolites

rBands observed in the presence of the

gas phase After evacuation of the gas phase
autoreduced oxidized after long contact hydrated autore@uged and
times on autoreduced oxidized
2178 2178 2178
2156 2156° 2149 2156 2156
: 2142° 2142 2136 2138 2142
; 2127
a. most intense band in spectrum.
b. revealed from subtraction spectra.

291
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adsorption of bases cause their migration towards sites in
the supercages. Also Huang26 noted that in the presence of
adsorbed C2H4, no ESR signalsdue to Cu(IIl) ions were observed
when the sample was exposed to oxygen. As C2H4 is unable
to enter the B-cages, the adsorption must have been at SII
sites, but the Cu(I) ions so placed that they were unable to
react with oxygen. The situation was found to be similar
with CO.26 Therefore in considering the location of our

Cu(I)-CO complexes, sites actually inside the a-cages need

not be considered.

X . 7 .
Huang in his work proposed a number of locations

which are summarized in Figure 5.12. He cohsidered all com-
plexes in the absence of ligands (Ln in Figure 5.12), to
be characterized by a v(Cz0) vibration at 2160 cm-l. In

our work, the more sensitive FTIR technique (as opposed to
the dispersive instruments he used), has shown the complexes
to be characterized by slightly different v(C=z0) frequencies.

The bands observed at ca. 2156, 2142 and 2127 cm-l we there-

-

fore assign to cations located at SI or SI ' SII and %[ res-

pectively (Table 5.3).

TABLE 5.3 A summary of the v(C=0) vibration of Cu(I)-CO
species correlated to cation locations

-1

Band (cm ) Cation location
2156 SI or SI’
2142 SII
2127 S

IT
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Sodalite

Hexagonal | cage
prism

CuC0 L,CGECO
Nt

dF/Cﬂ)
C Supercage

0C-Cu

Ln: Ligands

Figure 5.12 Schematic view of Cu(I)-COcomplexes in Y

zeolites after Huang.7
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When CO is left in contact with the sample we
find that there is a gradual migration (over periods of
hours) of the Cu(I) ions towards the SIISites. A very
much slower (over periods of 1 month) migration of the

Cu(I) ions towards the Su:sites has been reported by Strome

and Klier31 using luminescence spectroscopy.

The slightly different frequency observed for
the complexes at different sites are due to the influence
of the environment of the cation on the bonding, as will be

discussed later.

5.7.2 True Lewis acid sites

A band in the region of 2180 cm_l due to

physisorbed CO has previously been observed by only a

8,19

limited number of authors for copper containing Y zeolites

and has never been assigned.

Angell and Schaffer32 reported bands at 2170

and 2120 cm_l for CO (200 torr) adsorbed on ion-exchanged

2+ 2+
a

: T+ .+ 2+
X and Y zeolites (Na , Li , Mg~ , C a

+
. Ba’t, sr?t, mn?T,

e2+, 02+, N12+, an+ and Cd2+). These bands were assigned

F C
to the interaction of CO with the framework oxide ions through
either its oxygen (2170 cm—l) or carbon end (2120 cm—l).

In later studies of Na and Ca exchanged A, X and Y zeolites

a number of authors33_35 attributed bands in the same region
to P, Q aﬁd R branches of CO rotating in the zeolite cavities.
Characteristically in these later experiments CO was adsorbed
at temperatures below 200K. No bands assignable to rota-

tional structure were observed above 273K. Therefore at

room temperature the assignments of Angell and Schaffer seem

more likely.
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In the present work an alternative assignment
of the band due to physisorbed CO at 2178 cm_1 is preferred.
This band has been assigned (Section 5.7.2) to the co-
ordination of CO with the true Lewis acid sites [3Al+] in
the zeolite framework. These sites were shown by Jacobs
et aZl9 to be formed during dehydration of Cu(II)Na-Y by
an autoreduction mechanism (Section 5.3). In support of
this assignment the site was observed to be blocked by ad-
sorbed bases. It is proposed that a dipole induced in the
CO molecule by the zeolite framework allows the ;Al+ species

to coordinate to the oxygen end of the CO molecule.

Evidence in support of this assignment is found

from reports36 of the interaction of Lewis acids such as

37

AlBr, with transition metal carbonyls such as szRuz(CO)4.

3

In these adducts the Al of AlBr3 is found to interact with

the oxygen of a bridging carbonyl. In addition reports

have been made of a similar interaction of transition metal

carbonyls with the Lewis acid sites of Alumina.37'38 Due

to the influence of the transition metal complex the Vv(C=0)
frequency of the Lewis acid coordinated carbonyl occurs well
1

below 2000 cm Therefore a direct comparison with our

work cannot be made.

If the bonding of the CO to the Lewis acid is

assumed to be:

;A1+ 6—0 C6+

)

then electron density will be transferred from the carbonyl
to the Al atom. The loss of electron density from the CO

molecule will make it more like CO+. The stretching
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- 39
vibration of this species has been reported at 2183 cm l.
The high v (Cz0) vibration of this complex is therefore ex-

plained.

Reversability of the true Lewis acid sites

In the study by Jacobs et aZlg,gravimetric measure-
ments showed that the true Lewis acid sites were fully re-
versible in autoreduced samples when treated with oxygen at
623K, This is in agréement with the observations in the

present work.

However, as discussed in Section 5.3, Jacobs and Beyer21
later in a study of the reduction of Cu(II)Na-Y by H2 or CO,
proposed that the true Lewis acid sites were not trigonal
Al atoms but [AlO]+ speciles. On oxidation the [AlO]+ species
remained in the framework and [Cu—O—Cu]2+ pairs were formed.
Therefore,if our proposal of the adsorption of CO on the true
Lewis acid sites is correct a sample of oxidized Cu(I)Na-Y
should show a band due to the [AlO]+—CO species at 2178 cm_l.

We do not observe this to be the case for the oxidized auto-

reduced sample.

If [AlO]+ species are responsible for the true Lewis
acid sites in autoreduced Cu(II)Na-Y, then the non-observation
of these sites in the oxidized sample may be due to the
blocking of the [AlO]+ sites by(the (Cu—O—Cu)2+ pairs. Con-
clusive evidence of this is not available from our IR measure-

ment and will probably only be obtained from an NMR study.
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5.7.3 Bonding in Cu(I)-CO complexes

In transition metal carbonyls4O and for CO
adsorbed on metal surface41 the v (C=z0) vibration is usually

observed well below the gas phase value of 2143 cm-l

1

(<2125 cm ). -This shift to lower wavenumbers reflects

a weakening in the C=0 bond, as a result of the bonding ihteraction with
the metal. For transition metal carbonyl compounds this
shift is explained by (a) the formation of a o bond by the
overlap of the filled carbon o orbital with a similar empty
orbital of the metal, and (b) the overlap of a metal dn or

dpn hybrid orbital with an empty antibonding pwm orbital of

CO (mbonding/back bonding). The greater the degree of back-
bonding the more the C-0 bond is weakened.

In the work of Angell and Schaffer32 on X and

Y zeolites containing divalent cations, the v(Cz0) bond was
observed at 2200 cm—l. This high frequency shift was ex-
plained in terms of an electrostatic interaction of CO with
the cations which causes the movement of electron density

to the cation from the carbon atom strengthening the Cz0 bond

as observed in CO+.39

For Cu(I)Na-Y zeolites the large shift to higher
wavenumbers is not so pronounced. In our zeolites, and in
others reported in the literature the v(C=0) vibration of
Cu(I)-CO complexes occurs in the range 2160-2130 cm—l. This
range overlaps well with the v(CzO) vibration of cuprous
carbonyls in coordination compounds and in solution when no

amine ligands are coordinated to the cuprous ion (Table 5.4).
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TABLE 5.4 The infrared C-0 stretching frequencies of
Copper(I) carbonyls

C-0 frequency

Compound ) Ref.
(cm_ ")

Cu(CO)CF3SO3 2128 42
Cu(CO)CH3SO3 ‘ 2130 42
Cu(CO)C2H5803 2117 42
Cu(CO)—p—CH3C6H4SO3 2113 42
Cu(CO)AsF6 2180 + 5 43
Cu(CO)CF3CO2 2155 44
Cu(CO)Cl in water 2112 | 45
Cu(CO)Cl in pyridine 2069 45
Cu(CO)C1l in methanol 2090 - 44
[Cu(dien)CO]BPh, 2080 46
[Cu(en) (CO)]C1 2080 44
[(en)Cu(CO)2Cu(en)]Cl2 1905 44

Huang,7 interpreted the bonding of Cu(I)-CO com-
plexes in Y zeolites in terms of a o bond formed by the inter-
action of the carbon lone pair electrons with empty metal
orbitals. m-bonding was proposed not to be effectively in-
volved,due to the coordination of the Cu(I) ions to the oxide

ions of the zeolite lattice.

However, when amines are coordinating to the
'Cu(I) ion the situation is somewhat different, as the Cu(I)
ions are now located in the supercages, with the result that
lower v (CzZ0) frequencies are observed (Table 5.5) caused by

backbonding between the Cu(I) ions and CO.
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'TABLE 5:5 v (CO) frequencies in the presence of presorbed
bases and CoHy for CO adsorbed on Cu(I)Na-Y

(75% exchange)

pre—-adsorbate presence of adsorbate v (CO cm—l Ref.
NH3 40 torr of CO 2080
ethylene diamine 40 torr of CO 1916 7
2090
pyridine 40 torr of CO 2120

This w-bonding is perhaps better explained in
terms of the effect of the coordinating NH3 ligand on the
electron density at the cation. The o bond formed between

NH, ligand and the Cu(I) ion increases the electron density

3
at the cation which prompts it to m bond to the CO molecule.

A similar weakening of the v(Cz0) bond is observed in Cu(I)-
carbonyl complexes in solution with basic ligands present

(Table 5.4).

In our zeolites we observe a range of v(CzO)
vibrations, which with time shift to lower wavenumbers as
migration of the cations towards the Sr1 sites occurs. Huang
suggested that the coordination of the Cu(I) ions to the oxide
ions of the zeolite lattice may prevent m-bonding in the
carbonyl complexes. The lower v (Cz0) frequencies which we
observe must reflect an increase in np-bonding in the complexes.
As the S;y sites will be less well shielded by the framework
oxygens than the S {or SI’ sites, Huang's suggestion seems

plausible in interpreting the spread of v(C=0) frequencies
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observed in the present work. Even so, we presume that
a very small amount of 7m-bonding will occur even in these
complexes with v(Cz0) very close to the gas phase value of

CO, otherwise a larger shift to higher frequencies would be

expected.

5.7.4 An explanation of previously reported v (C=0)
values of Cu(I)-CO complexes in Y zeolites

In the present work the v(CZ0) vibrations of
Cu(I)-carbonyls formed in autoreduced Cu(II)Na-Y were found
to be centred initially at 2142 cm_1 with a shoulder at
2156 cm-l. These two features were found to (a) change
with time, as cation movement occurred to form more species
near the supercages, and (b) to vary initially in relative
intensity depending on whether the sample was treated with
oxygen during dehydration. These results were interpreted
in terms of the movement of the cations from the hidden SI
and SI'sites to more accessible sites (SIIand SIf) and

secondlyrin terms of the effect of pretreatment on the dist-

ribution of Cu(I) ions in these sites.

From the conclusion that sample treatment in-
fluences the distribution of cations in the Sq, SI’ and %I’
sites and hence the positions of the v(CzZ0) vibration of
adsorbed CO the widely varying values of v(CzZ0) reported in
the literature fér Cu(I)~-CO complexes in Y zeolites (Table
5.1) may be interpreted in terms of different cation dist-
ributions. It would appear that subtle changes such as
evacuation for long periods at ambient, rate of dehydration,

etc. are responsible for these changes as reported in ESR
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measure,ments,15 we. are unable from the information supplied
by the authors in their publication to propose which factors
influence most strongly the cation distributions. We can,
though, conclude that those authors who report a band centred
at ca. 2160 cm—1 have a higher number of Cu(I) ions in the

Sy and SI' sites. Whereas those with a v(Cz0) vibration

nearer ca. 2140 cm—l have more Cu(I) ions in SIIsites.

5.8 Conclusions

Using FTIR spectroscopy we have been able to locate
Cu(I)-CO complexes in a number of different sites within
the framework of Y zeolites. Over periods of hours the
gradual migration of the Cu(I) ions in hidden sites towards
the supercages has been observed. As a result of locating
complexes with different v (C=0) values in the same zeolite,
an explanation of the widely varying v (Cz0) values reported
in the literature has been given in terms of the cation dist-
ribution in the zeolites. Sample pretreatments have been

proposed to cause these variations.

In addition it has been proposed that CO forms a weakly

held species with the true Lewis acid sites in the framework.

This species was characterized by a vibration at ca. 2178 cm-l.
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CHAPTER SIX

FTIR STUDIES OF COPPER CONTAINING Y ZEOLITES

Part II. Dehydration, Reduction and

the adsorption of ammonia
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6.1 Introduction

The work reported in this chapter forms the second
part of a study of copper containing Y zeolites. Here

we report:

(a) the effects of dehydration,

(b) the adsorption of ammonia,

(c) the coadsorption of CO and NH3,

(d) the reduction of Cu(II)Na-Y with NH3 and CO, and

(e) the adsorption of CO on Cu(I)Na-Y.

6.2 The preparation of Cu(I)Na-Y zeolites

Although standard ion exchange techniques can be used
to prepare Cu(II)Na-Y zeolite, difficulties arise in the
preparation of Cu(I)Na-Y due to the instability of Cu(I) ions
in aqueous solution. Direct ion-exchange may be accomplished
in the absence of oxygen with CuIl in liquid NH3, though the
preferred route is by the reduction of Cu(II)Na-Y zeolite.
2 3 4,5 '

Reducing agents such as CO—, H2 , NH3 and olefins6 7 may

be used.

The most frequently used reducing agent is CO in the

2,8

presence of NH3 first described by Huang. The adsorption

of NH3 relocates the Cu(II) ions in sites in or near the

supercages where reduction by CO may be accomplished in 1
hour at 673K. Without NH3 reduction times of ca. 30 hours
are required. On evacuation of the reducing gases and

products, the Cu(I) ions migrate to sites in the small cavities.
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For reduction with hydrogen lower temperatures are
require'd3 but the Cu(I) ions formed are susceptible to
further reduction to Cu(0), if the temperature exceeds 473K.
Reduction with NH3 or butadiene was shown by Maxwell and
'Drent6 to occur at 373K. Residual water in the zeolite
framework was found to dissociate during reduction, with

the formation of hydroxyl groups (Bronsted acid sites).

Cu(I) ions are also introduced into Cu(II)Na-Y zeolites
by autoreduction during dehydration.9 This and other re-

duction mechanisms were discussed in Section 5.3.

6.3 Copper-Ammine complexes

The formation of copper-ammine complexes in Y zeolites
has been studied by a number of techniques, e.g. adsorption

2,10 11 5,12,13 12

measurements, X-ray diffraction, ESR and IR

spectroscopy.

The adsorption of NH3 on to dehydrated Cu(II)Na-Y was
shown by ESR spectroscopys’13 and X-ray diffractionll
(Chapter Two) to cause the migration of the Cu(II) ions into
the large cavities where copper ammine complexes could be
formed. From the ESR5 parameters, the authors concluded that
at room temperature the Cu(II)-ammine complex was square planar.
On partial desorption of the ammonia at 373K, the symmetry
"of the complex was found to change to a distorted tetrahedron;
the complex being formed by a Cu(II) ion coordinated to three
lattice oxygens and one ammonia molecule. Upon increasing

the desorption temperature (473-573K) the original signal

due to the Cu(II) ions in the supercages was observed.
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Huéng and Vansantlo measured the adsorption isotherms
of ammonia adsorbed on 13, 48 and 75% exchanged Cu(II)Na-Y
zeolites. These measurements showed that complex formation
was completed at pressures of less than 20 torr. From the
uptakes, in agreement with ESR results,5 complexes of

+
[Cu(NH§ﬂ2 stoichiometry were shown to be formed. In high
copper content samples, it was felt that not all the Cu2+

ions were involved in complex formation.

For Cu(I)Na-Y zeolites adsorption measurements2 showed
' +
the cuprous ammine complexes to be mainly [Cu(NH3)2] . As
with Cu(II)Na-Y zeolites ammonia was shown, by the behaviour

of the Cu(I) cations towards oxygen, to pull the cations into

the supercages at room temperature (see Section 5.2).

Infrared measurements have only been published12 for

NH, adsorbed on Cu(II)Na-Y zeolites. By a comparison with

3
14

the infrared spectrum of Cu(NH3)4.SO4, which above 1200 cm—l

has absorption bands at 3270 [v(N-H)]}, 1610 [O(NH3)d] and

1270 and 1240 [8 (NH;) ] cm Y, a band at 1275 cm ! in the

2+

spectrum of Cu(II)Na-Y + NH, was assigned to the [Cu(NH3)4]

3

complex. The remaining band assignments are summarized in

Table 6.1. On desorption of NH3 the 1275 cm-l band was found

to shift to 1260 cm_l which led the authors to assign it to

the tetrahedral complex described earlier. A plot of the

1 band versus the amount of NH3

adsorbed confirmed the complex to be [Cu(NH3)4]2+ at room

intensity of the 1275 cm

temperature.
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TABLE 6.1 The infrared bands (cm_l) and their assignments 2

for NH3 adsorbed on Cu(II)Na-Y after Flenge et al

Before adsorption of NH

3
3650 - 3660 )
) OH stretch vibrations; weak
3550 - 3560 )
1640 H,O bend ; weak, broad.

2

After adsorption of NH3

3400
3380 N-H stretch vibrations
3320
3270

3220

3190

1675

Deformation of NH

1485 4

P I S

1435

1632 ) doubly degenerate antisymmetric deformation

1618 ) deformation vibration of NH3

1275 symmetric deformation of NH3 coordinated
to Cul+

6.4 Experimental

The carbon monoxide used is as described in Section 5.4.
Ammonia (99.98%, British Oxygen Company), was dried with sodium

metal and purified by the freeze-pump-thaw technique.



181

For the present studies of the adsorption of NH3 and
reduction the sample used was sample 1 of the previous chapter.
This sample had been pretreated as shown in Figure 5.3 and was
used after the desorption of CO. The treatments applied to
the sample in the present chapfer are summarized in Figure 6.1.
In the previous chapter it was shown that sample 1 contained

a number of Cu(I) ions introduced by autoreduction.

Figure 6.1 A summary of the experimental condition
applied to Sample 1.

SAMPLE 1
Cu({II)Na-Y

(autoreduced by treatments given in Figure 5.3)

|

Adsorption of NH3 at RT (1.2 torr)
evacuation for 15 mins.
Adsogption of CO (0.5 and 8 torr)

evacuation for 10 mins.

Adsofbtion of NH3 (10.7 torr) and CO (146 torr)
reduction

v
At 362K for 13 hrs. »

673Kfor 1 hr

evacuation for 3 hours at 673K

v
Adsorption of CO at room temperature (0.3-9.4 torr)

Jevacuation.

6.5 Results and Discussion

The results will be presented in four sections:
(1) the dehydration of Cu(II)Na-Y,

(2) the adsorption of NH3 on Cu(II)Na-Y,
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(3) Cul(I)-carbonyl complexes in the presence of NH3;
(4) the reduction of Cu(II)Na-Y,

(5) adsorption of CO on Cu(I)Na-Y.

6.5.1 The dehydration of Cu(II)Na-Y

Spectra of Cu(II)Na-Y (Sample 1) in the region
above 1200 cm_l during dehydration are shown in Figure 6.2.
In the spectrum at 323K (Figure 6.2a) and at temperatures

1

below this the intense band at ca. 1640 cm - and the broad

feature at ca. 3700-3000 cm_l (beneath the sharp bands) are
due to adsorbed water, which on evacuation and heating is

1 region which are

desorbed. Features in the 1600-1200 cm
observed to change during dehydration are probably due to
overtone and combination bands of the framework vibrations and/
or to carbonates formed during ion exchange. The asymmetric
and symmetric stretch of CO32+ in Naz[Cu(CO3)2].3H20 has been

reported at 1529 and 1326 cm—l respectively.15

Superimposed on the broad water stretching band
(3700-3000 cm—l) are a number of sharp bands, which become
better resolved as water is removed during dehydration (Figures
6.2a-c). These bands occur at ca. 3680, 3640, 3550, 3444
and 3345 (3360 and 3318 at <450K). At dehydration temperatures
greater than 530K the bands at 3680, 3444 and 3345 cm-l are
removed, while the remaining bands and a new band at ca. 374Ocmnl
are still observed even after heating at 698K for 15 hours.
The assignment of the above bands is unclear because one of

several species may be responsible, viz. structural hydroxyl

" groups and copper hydroxyl species.
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The bands at 3740 cm_l and 3680 cm_l may be
assigned from the discussion in Chapter Two to Si-OH and

Al-OH groups respectively.16

In previous reports of the dehydration of Cu(II)-
Na-Y bands in the 3650-3500 cm_l region were proposed to be
generated by the reaction:l7’18

2+ + +

Cu (OH ———= Cu(OH)  + H

5)
These bands disappeared when the samples were heated above

573K. In agreement with this assignment copper hydroxide
compounds are found to have vibrations in this region (Table 6.2).
As in the present work the bands observed at 3640 and 3550 cm—l
were not lost on dehydration above 573K (Figure 6.2a-f), they
are unlikely to be due to copper hydroxyl species. We
therefore assign these bands to structural hydroxyl groups
similar to those found in decationized zeolites.

The bands at ca. 3444 and 3345 cm © were not ob-
served in the previous reportsl7’18 of the dehydration of
Cu(II)Na-Y. By comparison with the v {(OH) adsorption fre-
quencies of copper hydroxide compounds reported in the liter-
ature (Table 6.2) these bands would appear to be due to
copper hydroxyl complexes in the zeolite framework. At
elevated temperatures these species disappear, probably with
the formation of coupled copper pairs, (Cu-O—Cu)2+, which
have been defected by ESR spectroscopy.zl'22 These copper

hydroxides were probably formed during ion exchange.

A summary of all band assignments in the 4000-

1200 cm_l region is given in Table 6.3.
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TABLE 6.2 The infrared adsorption frequencies of v (OH)

in copper complexes

(C10,) ,

Complex Ref. v (OH) cm"l
: (3586, 3564
Cu(SO4). 3Cu(OH)2 19 (3390, 3270
(3578, 3570
Cu(SO4)2.2Cu(OH)2 19 (3486
Cu(NO3)2.3Cu(OH)2 19 | (3543, 3522
(3428
Cu(OH) F 19 3185
Cu(OH)C1 19 3400
(3448, 3366
Cu2(OH)3Cl 19 (3317
3516, 3424
Cu, (OH) 3Br 19 103410,433207
[2—ampy)2 Cu(OH)ClO4]2 20 3590
[(2—ampy)2 Cu(OH)NO3]2 20 3642, 3620
n
[(2—ampy)4 Cuz(OBu )(OH)(NO3)2] 20 3630
H
AN
((Bipy)Cu //Cu(Bipy))X. 21
o
H
where x = SO4 3400
Br2 3430
(ClO4)2 3440
Cl2 3430
H
6]
((Phen)cu” Cu(Bipy))X 21
\O/
H
where X = 12 3480
Br2 3350
3400, 3340
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TABLE 6.3 Summary of bands (cm-l) and their assignments
observed during the dehydration of Cu(II)Na-Y

3740 v (OH) of Si-OH

3700 —s 30002 v{OH) of adsorbed HZO

3680° v (OH) of Al-OH

3640 )

)V (OH) of framework hydroxyl groups
3550 )
3444° )
a a.b ' Yv(OH) of copper
3345 (3360) ' ) hydroxides
(3318) )

1640° G(OHZ) of adsorbed H20

1600-1200 framework vibrations.
a. Lost on dehydration.
b. Above 450K the 3345 cm—1 band splits into two

components as indicated.

The region below 1200 cm_l

More evidence for the presence of copper hydroxides

should be found in the region below 1200 cm_l, where the

19,21 to occur (1000-670 cm_l).

1

§ (OH) band has been reported
Therefore as the v(0OH) bands are lost in the 3450-3300 cm

region, we would expect a band to be lost below 1000 cm_l.

Unfortunately the very intense vibrations of the zeolite
framework make observations below lZOO'cm_l of pure zeolite
discs very difficult. Data collected in this region for
sample 1 is shown in Figure 6.3. In spectrum 6.3a the bands,
except the 900 cm_l band, may be assigned to the vibrations
of the internal and external tetrahedral linkages of the

zeolite framework (Table 6.4) as described by Flanigen24
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(Chapter Two). As the 900 cm"l band cannot be assigned to

any of these vibrations, this band is a candidate for the copper

hydroxyl band .

TABLE 6.4 The assignment of the framework vibrations
below 1200 cm_l

Band (cm—l) Assignment

1150 Asymmetric stretch (I)
970 Asymmetric stretch (E)
900 Copper hydroxyl band ?
795 ‘ Symmetric stretch (E)
725 Symmetric stretch (I)
580 double-ring (E)
500 T-0 bend (I)

E = External Linkage, I = Internal Linkage.

23,25 have shown that on dehydration

ESR measurements
of Cu(II)Na-¥, the Cu(II) ions migrate to sites in the soda-
lite cages. Changes in the framework vibrations should
reflect this cation migration. In Figure 6.3 the external
linkage band at 970 cm_-1 is seen to shift to 950 cm-l on
dehydration and more structure is observed in the 700-600 cm_l
region which are likely to be due to overtone and combination
bands. These changes probably reflect the migration of

the cations into the sodalite cages and the formation of
(Cu—O—Cu)2+ pairs.
The band at 900 cm—% which gradually decreased in in-

tensity and is lost above 523K, correlates well with the

behaviour of the 3444 and 3360 cm * bands. As the 6 (OH)
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modes of copper hydroxides have been reported to occur in

-1 19,21
14

the region 1000-670 cm the assignment of this to

8§ (OH) of the copper hydroxides is feasible.

Though two pieces of evidence have been found for copper
hydroxide complexes, we are unable to determine whether the

species are bridging or linear.

6.5.2 The adsorption of NH3 on Cu(IIl)Na-Y

The spectrum of ammonia adsorbed on to dehydrated
(autoreduced) Cu(II)Na-Y is shown in Figure 6.4. Intense
bands are observed in the 3800-3000 cm ' and 1700-1200 cm '
regions due to v (NH) and & (HNH) vibrations of ammine com-
plexes in the zeolite framework. After 30.minutes the bands
due to adsorbed NH3 were observed to have increased in in-
tensity as equilibrium was attained. At 309K an equilibration
time of 30 minutes has been reported.12

The bands observed may be assigned by comparison
with published data on gaseous NH,3 26(Table 6.5), Cu(NH3)4.—
SO4 27,28 (Table 6.6) and the previous study of NH3 adsorbed
on Cu(II)Na-Y (Table 6.1). A description of the normal modes
of gaseous NH4 and Cu(NH3)4.SO4 is given in Figures 6.5 and

6.6 respectively.

TABLE 6.5 Assignment of the normal modes of gaseous NH3.26
Description Selected value

2 Symmetric stretch 3337

Vo Symﬁetric deformation 950

Vg Degenerate stretch 3444

v Degenerate deformation 1627
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Figure 6.5 The normal modes of vibration of NH3.29
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Figure 6.6 The normal modes of vibration of M—NH3 groups.
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TABLE 6.6 Assignment of the normal modes of [Cu(NH3)4]2+
Vv (NH) 6d(NH3) SS(NH3) Pr(NH3) v (Cu-N)
observed27 3270 1610 1270) 713 420
1240)
calculated®’  3310)
value 3232) 1610 1251 708 419
28

observed 3330 1640 1280 735 426

3260 1670

2178
The 1700-1200 cm” ‘region

1

In the 1700-1200 cm * region the band at 1273 cm

may be assigned to the symmetric deformation of [Cu(NH3)4]2+

complexes.

Table 6.7.

TABLE 6.7 Assignment of the bands in the 1700-1200 cm_

The other bands in this region are assigned in

1

region of ammonia adsorbed on Cu(II)Na-Y

observed in the present work

Band Cm_l)

1627
1610
1580
1475
1420

1273

Assignment

Coordinately bound NH3

2+

6d(NH3) of [Cu(NH3)4]

Framework vibration

Deformation of NH4

2+

of [Cu(NH3)4]

3)

On evacuation of gaseous NH3 for 15 minutes at room

temperature (Figure 6.4d), the intensity of the 1273 cm_l

band is observed to increase. This would, in contrast to

) 1
the previous study, 2

+
infer that the number of [Cu(NH3)4]2
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complexes had increased on evacuation. The only reasonable
explanation of this behaviour is that NH3 molecules which
are hydrogen bonding to the structural OH groups (see below),
hinder the formation of [Cu(NH3)4]2+ species. This would
imply that o6n evacuation when the NH3 molecules are removed
from the H bonding sites, they move to coordinate with the

Cu(II) ions to form [Cu(NH3)4]2+ complexes in the supercages.

1

The 3800-3100 cm_ region

In this region bands due to v (N-H) vibrations and

structural hydroxyl groups are observed (Figure 6.4, Table 6.8).

A subtraction of the background spectrum from spectrum
6.4 (b) reveaied that an adsorption of NH3 bands observed in
the background spectrum at ca. 3740, 3640 and 3550 cm 1 owere
shifted in frequencv or lost (Figure 6.7). These bands which
were assigned to structural hydroxyl groups (Section 6.5.1)
may be assumed to be either hydrogen bonding to an NH3 molecule,
as characterized by the broad band at ca. 3700-3500, or to
have formed NH4+ species, which are observed at ca. 1475 and
1420 cm-l. On evacuation another subtraction spectrum re-
vealed these bands toreappear as the coordinating NH 4 molecules were
removed. This data is the basis for the previous proposal
that on evacuation the removal of the loosely coordinated NH3

molecules, allows the formation of more cupric ammine complexes.

The bands observed below 3400 cm_l may clearly be assigned
to V(N-H) vibrations. There are though several possible
species which are expected to have v (N-H) vibration in the
3400-3100 cm—l region, viz. copper ammine complexes, NH3

hydrogen bonding to framework hydroxyl groups and NH4+ species.
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A comparison with published work has shown that no unique
assignment may be made from the data available, Therefore

the most 1likely assignments are given below and summarized

in Table 6.8.

TABLE 6.8 Assignment of bands in the 3800-3100 cm_l

region due to NH., adsorbed on Cu(II)Na-Y
observed in the present work

Band (cm_l) Assignment
3700-3500 (broad) Hydrogen bonding hydroxyl groups
3400 (broad sh.) Hydrogen bonding v (N-H)
3374 (sh) ; v(NH) of NH4+ or hydrogen
3319 ) bonding NH3
3319 )

) 2+
3269 ) Vv (NH) of [Cu(NH3)4]

)
3216 )

)
3181 )

The bands at 3269, 3216 and 3181 cm—l are probably best
associated with the [Cu(NH3)i‘j2+ complexes (Table 6.6), whereas
the assignment of the 3319 cm—l band is unclear. This latter
band could be associated with either the copper-ammine complex,
the NH M species or the NH3 hydrogen bonding to the zeolite

4

framework. The shoulder at ca. 3374 cm_1 and the general
1

broad band beneath the sharper features in the 3400-3000 cm’
region are best assigned to hydrogen bonding NH3 and the

+ .
NH4 species.

An alternative assignment for the 3319 and 3269 cm_l

bands proposed by Kadir3o was to Cu(OH)2 and Cu(OH) species

respectively. As in the present study there was no evidence
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in the background spectrum (Figure 6.4a) for these complexes
or water which could react with NH3 to form copper-hydroxide

species, viz.

2+ +
2 HZO + Cu + 2NH3 NH4 + Cu(OH)Z’

the explanation of Kadir must be discounted in assigning

these bands in the present work.

Further in assigning bands to copper-ammine complexes
we have assumed the stoichiometry of the complex to be

+
[Cu(NH.,) ]2 as indicated from ESR5 and gravimetriclo measure-

3°4
ments. There exists the possibility that we may be ob-

serving mixed species, as the compounds Cu(NH3)5(BE‘4)2 31

and 8—CuCl2(NH3)2 32 both have v (N-H) vibrations in the same
region as those of [Cu(NH3)4].SO4. It was also shown in
Chapter Five that sample 1 contained Cu(I) ions, therefore

some bands may be due to Cu(I)—(NH3)n complexes,which must

be assumed to have vibrations in the same region.

6.5.3 Cu(I)-Carbonyl complexes in the presence of NH3

After the removal of NH3 from sample 1 by evac-
uation for 15 minutes CO was adsorbed (Figure 6.8). This
sample was shown in Section 5.6 to contain Cu(I) ions and
the desorption of CO at temperatures of 573K is expected to
have increased this number. Although no direct evidence
for Cu(I)—(NH3)2 complexes was obtained from the IR spectra
(Section 6.5.2), published adsorption measurements2 have shown
ammonia to cause the migration of the Cu(l) ions towards the

supercage sites.
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In a previous study of CO adsorbed on Cu(I)Na-Y
with NH3 present Huang8 observed the v(C=0) vibration of a

1 (40 torr), which almost

Cu(I)CO(NH3)n complex at 2080 cm
disappeared on evacuation for 5 minutes. After partial
desorption of the NH3 (evacuation for 2 hours at 298K) a
band was observed at 2125 cm_l with a shoulder at 2080 cm_l.
Further evacuation for 2 hours at 393K, followed by CO ad-

sorption at room temperature resulted in a band at 2150 cm_1

with a shoulder at 2135 cm-l. The 2150 cm—l band was not

removed on evacuation.

In the present study when CO (0.5 torr) was ad-
sorbed onto autoreduced Cu(II)Na-Y with preadsorbed NH3 one
1

weak band was observed at 2111 cm On increasing the

pressure to 8 torr the intensity of the 2111 cm—1 band in-
creased and a second band appeared at 2069 cm—l. Both bands
were removed by evacuation for 5 minutes. These two bands
must reflect Cu(I) ions in different sites or complexed to

different numbers of NH3 molecules.

Huang explained the lower v (C=0) frequency of
Cu(I)-carbonyl complexes in the presence of NH3 to the re-
location of the Cu(I) ions in the supercages. As the Cu(I)
ions were no longer coordinated to the framework oxide ions,
they were able to m-bond to the CO molecules which weakens

the CZ0 bond and lowers the v(Cz0) vibration to below 2100 cm

The cause of the m-bonding is perhaps better ex-

1

plained in terms of the effect of the coordinating NH, molecule

on the electron density at the cation as explained in Section

5.7.3.
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In Chapter Five we correlated the different
v (Cz0) values observed for CO adsorbed on autoreduced
Cu(II)Na-Y to Cu(I)-carbonyl complexes in different cation
sites in the zeolite framework. When amines (NH3, pyridine
and ethylenediamine) were partially desorbed from Cu(I)Na-Y
zeolites Huang8 found the C-0 stretching frequency to shift
gradually towards the value observed in the dehydrated
zeolite (Table 6.9). The observed values can be inter-
preted in terms of the loss of the amine ligands which (a)
decreases the effective m-bonding between the Cu(I) ions and
the CO ligand, and (b) to the gradual withdrawal of the
Cu(I) cations into the small cavity sites. The two values
of v(Cz0) we observe at 2111 and 2069 cm’1 in the presence
of NH3 must therefore be due to Cu(l) ions in different sites.
The species with the value at 2069 cm_1 probably represents
a complex formed in the centre of the supercage, with full
coordination of the Cu(I) ions to NH3 molecules. Only at
high pressures are the CO molecules able to displace an NH3
ligand to form the Cu(I)CO(NH3)4 carbonyl species. The
higher wavenumber band we associate with Cu(I) ions which are

still partially coordinated to the framework oxygens.

Of the bands due to adsorbed NH3 only the band
at 1273 cm_l is observed to be affected by the adsorption of
CO as on adsorption of CO its intensity decreases. This
band was previously assigned to the 6S(NH3) mode of
[Cu(NH3)4]2+ complexes. Two possible explanations are

available to account for the behaviour of the 1273 cm—l band;
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TABLE 6.9 Effect of Desorption Temperature of the Ligands on
’ the C-0 Stretching Frequency of Carbonyls in
Cu(I)Y (75%) Zeolite (with CO at 25° and 40 Torr)

. o)
Ligand Desorption temperature, C
25 120 200 300 400
NH3 2080, 2125 2135, 2150 2160
en 1916, 2090 1918, 2110 2120 2150 2170
PY 2130, 2190 (?)| 2120 2130 2140 2155
(a) the formation of Cu(I)—CO(NH3)n species causes a re-

duction in the overall number of the [Cu(II)(NH3)4]2+ species
in the supercages;

(b) the symmetric deformation mode (vz) of the Cu(II)-ammine
complex is perturbed by the presence of CO and Cu(I) com-
pPlexes in the supercages so that its position is shifted to
lower wavenumbers. From IR measurements alone it is not

possible to distinguish between these two possibilities.

6.5.4 The reduction of Cu(II)Na-Y

The reduction of Cu(II)Na-Y with CO in the pre-
sence of ammonia has been shown to occur in 1 hour at 673K.2’8
The reduction of sample 1 by this method is discussed here.

This sample already contained a guantity of Cu(II) ions intro-

duced by autoreduction (Section 5.6, 5.3 and 5.7).

For reduction 10.7 torr of NH 4 and 146 torr of
CO were adsorbed at room temperature. The spectra, which
are shown in Figure 6.9, display bands assignable to Cu-ammine
and Cu(I)CO(NH3)n complexes as discussed in Sections 6.5.2

and 6.5.3.
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‘The position of the intense v(CO) of the carbonyl
complex at 2060 cm_l is shifted slightly compared with that
reported in Section 6.5.3, due presumably to increased w-bonding

in the Cu(I)CO(NH complexes. The bands displaying fine

3)n
structure at ca. 2220-2100 cm_1 are due to gaseous CO.

Spectra of the Cu(II)Na-Y disc at various stages
during the reduction are shown in Figures 6.10 and 6.11.
After heating at 673K for 1 hour a noticeable drop in the
transmission of the sample was observed, although the relative
intensities of the bands remained unchanged. On removal of
the zeolite disc from the cell its pinky-brown colour indic-
ated that some Cu(0O) clusters had been formed, explaining
the drop in transmission. The adsorption of CO in Section
6.5.5 did not show any abnormalities due to the Cu(0O) clusters,
which are most probably formed on the external surfaces of
the crystallites. We presume the large number of Cu(II) ions
introduced by autoreduction were responsible for the ease of

formation of the Cu(0) clusters.

The spectra in Figures 6.10 and 6.11 show a number

of features which are summarized below:

1

(1) The bands at ca. 1444 cm — and 1484 cm—.l are due to

NH4+ species formed during the reduction process. These bands
reach their maximum intensity at 473K (Figure 6.10d). Above
this temperature NH4+ is desorbed as NH3 leaving OH groups in
the zeolite framework.

(2) The bands observed in the 2160-2060 cm * region (2060,
2120 and 2160 cm_l) which overlap with the bands of gaseous

CO are due to Cu(I)-CO complexes. The shift to higher wave-

number with increasing temperature would indicate that the
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Cu(I) ions are withdrawing into the sodalite cavity sites
where m-bonding is less effective (Section 6.5.3). It is
also observed that the intensity of the bands is much reduced
at higher temperatures. This may presumably be attributed

to the decreased stability of the complexes at high temperatures.

(3) On heating to 358K the cuprous ammine band reappears at
1273 cm_l and increases in intensity overnight at this temper-
ature. This observation is possibly linked with the de-
crease in intensity of the v(CO) band. As the Cu(I)-carbonyls
are reduced in number, more space is available in the super-
cages for the [Cu(NH3)4]2+ complex to form. Above 358K, the

1

bond disappears as the [Cu(NH,) ]2+ complexes dis~

1273 cm 3) 4

sociate to Cu(II) ions and NH3 molecules.

(4) A band appears at ca. 2230 crn—l after heating the
zeolite at 358K for 13 hrs. (Figure 6.10c). The band, which
disappears on heating above this temperature, we are unable
to correlate with any of the NH3 or CO complexes previously

observed.

(5) Bands which appear in the 2400-2300 cm_l are due to

gaseous CO2, a product of the reduction of the Cu(II) ions.

(6) On heating and at above 573K a shoulder develops at

1320 cm—1 which is not lost on subsequent evacuation and

cooling of the sample. This band may possibly be due to the
symmetric deformation of the Cu(I)-(NH3)n complexes.
(7) After evacuation and cooling the residual structure in

the spectrum is due to amine and carbonyl complex.

These seven points show that a variety of species

are formed during the reduction of Cu(II) — Cu(I) by CO in
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the presence of NH3. The reduction is complicated by the
fact that NH3 on its own may reduce Cu(II) ions. At low
temperatures the appearance of NH4+ species may indicate that
this was the preferred mechanism. At higher temperatures the
loss of the NH * species and the appearance of CO2 in the

4

spectrum would indicate that reduction by CO is preferred.

6.5.5 The adsorption of CO on to reduced Cu(II)Na-Y

In Figure 6.12 the spectra obtained when CO was
adsorbed on to the Cu(I)Na-Y zeolite are shown. A comparison
of this figure with the data for CO adsorbed on autoreduced
Cu(II)Na-Y (Figure 5.4) shows the pattern of band intensities
and positions to be the same. Following from the discussion
in Section 5.7.1 we can conclude that reduction both with
reducing agents and autoreduction led to similar distributions
of Cu(I) ions in the zeolite lattice. Bonding considerations

are therefore the same (Section 5.7).

In the background spectrum Figure 6.12a, the
residual intensity at ca. 2120 cm_1 is associated with Cu(I)
cations located in the supercages. These species may be

associated with residual NH3 in the zeolite framework.

6.6 Conclusions

Infrared spectra of Cu(II)Na-Y during dehydration re-
vealed the presence of copper hydroxyl species formed during
ion exchange of the zeolite. These species were found to
dissociate on heating the sample above 530K, possibly to

(Cu-0-Cu) °* and H,0.
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In- the presence of ammonia the formation of copper
ammine complexes has been observed and the interaction of
ammonia with the structural hydroxyl groups. The latter
interactions were only revealed in subtraction spectra.
The formation of NH4+ species was shown by the bands at
ca. 1450 cm_l.

In addition a band at 1273 cm—l, characteristic of the

4]2+ complex was shown to

SS(NH vibration of the [Cu(NH3)

3)
increase in intensity on the evacuation of NH3 from the
cell, and to decrease in intensity in the presence of CO.
This behaviour was not reported by other authors who have
studied the same systems. We have associated the behaviour
of the 1273 cm © band:

(a) on evacuation,to the removal of NH3 from hydrogen
bonding sites to Cu(II) sites, so forming more [Cu(NH3)4]2+
complexes, and (b) to the presence of CO to Cu(I)—CO(NH3)n
complexes which either block the formation of Cu(II)-ammine

complexes or to the perturbation of the GS(NH3) mode to low
wavenumber.
Spectra of the reduction of Cu(II)Na-Y with CO and NH3

indicated that at low temperatures reduction by NH3 was pre-

ferred, whereas at higher temperatures reduction by CO occurred.

The adsorption of CO on to Cu(I)Na-Y showed the cations

to be located in the same sites as those observed in auto-

reduced Cu(II)Na-Y.
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CHAPTER SEVEN

THE ADSORPTION AND REACTION OF ETHYNE

ON ZINC EXCHANGED A ZEOLITE:

AN INFRARED STUDY
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7.1 Introduction

The work presented in this chapter has, in part, been
published in the proceedings of the International Conference
on Fourier Transform and Computerized Infrared Spectroscopy,
Ottawa, 1985.l This published work relates to an abstract

of a poster and Sections 7.4.1 and 7.4.2 contain some content

from this work.

In this chapter the adsorption of ethyne on zinc
exchanged type-A zeolite is discussed in detail. This work
has revealed a system whose behaviour is very different to

that reported for apparently related system.z—6

In view of the observations for ZnNa-A,we have also re-
investigated the adsorption of ethyne on Na-A and Ag-A
zeolites. This has shown that the behaviour of Ag-A is
similar to ZnNa-A, with the formation of both reactive and
stable species. On Na-A stable species have identified at

three locations in the zeolite framework.

7.2 Previous Spectroscopic Studies of the Adsorption of
Ethyne by Zeolites

Previous IR and Raman studies of the adsorption of C2H2
by zeolites have shown that four types of coordination may be

envisaged between the C2H2 and the zeolite framework, viz:
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(i) "End-on" interaction via hydrogen bonding between
the acidic protons of C2H2 and framework oxygen atoms. In
this case v (C=zC) occurs at a wavenumber value7 which is

higher than the gas phase (1974 cm 1).

(ii) "Side-on" interaction via overlap of the 7 orbitals
of C2H2 with orbitals of the cation to form a m complex. 46
v(C=C) has been reported to fall in the range 1912-1960 cm-l

for m-bonded C2H2 on various ion exchanged forms of A and 13X

zeolites.

(iii) C2H2 may lose one or both of its hydrogens to form
acetylides (H-C=C-M) or carbides (MC=CM). v(C=zC) for acety- 6,8
lides in zeolites have been reported in the range 1850-1961 cm_l.

(iv) Alternatively a reaction may occur in which C,H,
loses its identity, as for example, in the cyclotrimerization
to form benzene on Ni(II) containing Y zeolite,9 or the form-

ation of polyethyne on K-X zeolite.lo

As will be shown later, the ZnNa—A—C2H2 system involves
the formation of more than one type of adsorbed species, one
of which reacts to form ethanal. This contrasts markedly
with published data on alkaline earth and alkali metal ex-
changed A zeolite, where only stable species have been observed.
Tam et aZ,5 have published IR and Raman data for C2H2
adsorbed on Li+, Na+, K+, Mg2+ and Ca2+ exchange type A
zeolites. On the Na+ and Ca2+ exchanged forms all five funda-
mentals of adsorbed C2H2 were observed between the IR and Raman
spectra (Table 7.1). For the other cationic forms only v,

was readily observed (CzC stretching vibration) in both the
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IR and Raman spectra. In all cases there was a lowering
in the frequency of V2, showing a "side-on" interaction.

This observation was in agreement with the X-ray structural

11-14

for Na

data of Seff et al A, Mn4og; Na3—A and Co4Na4~A

127
but in contradiction with the earlier findings of Tsitsishvili

et aZ.l3 The latter authors, in an IR study of C2H2 adsorbed
on various ion-exchanged type A and X zeolites (Niz+, Co2+

+ +
an , Na and Ca2+) were unable to locate bands due to v2,

14

but
as bands due to v3 (antisymmetric C-H stretch) were observed,

they proposed an "end-on" interaction.

TABLE 7.1 The assignment of Bands (cm_l) due to ethyne
adsorbed on Na-A and CaNa-A zeolites after ref.5.

Gas phase

Vibration activity Naj,=A | Cay 14Nay ,7A
v, (C-H) R 3321 3327
v, (C=C) R 1953 1957
v, (C-H) IR 3205 3214
v, 6(H-CZC) R 642 640
v 8 (H-CZC) IR 760 750
13,14

X-ray diffraction data for C2H2 adsorbed on Mn4.5Na3
and Co4Na4—Al4 has since shown C2H2 to only interact with the

. * . + .
transition metal ions in the 52 sites. The Na ions were
observed to retreat into the 82' sites on adsorption of C2H2,
where they were unable to bond to the C2H2 molecules. From

the crystallographic data it was proposed that the C2H2 was

T-bonding to the cations.
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In the case of Na A, the diffraction results of

11,12

12°

Amaro and Seff showed three C2H2 molecules to be assoc-

. . + . . *
iated with the Na ions in the 6-oxygen rings (S2 ). The
remaining three C2H, molecules were found to be associated

with the cations in sites Sl and S3.

Consistent with the findings of Amaro and Seff above,

Tam et aZ5 found that in the Raman spectrum of Nalz—A and

C2H2 the Vv, band (1953 cm_l) was distinctly asymmetric, and
was subsequently resolved into bands centred at 1954 and
1 -1

1949 cm It was suggested that the 1949 cm band re-
sulted from the interaction of C2H2 with the energetically
more favourable Sl cations, while the higher frequency band

*
represented the interaction of C2H2 with the 82 cations.

A more recent study by neutron diffraction,l6 in which
one molecule of C2H2 was adsorbed per cavity in Na12_A’ has
confirmed that C2H2 energetically favours Nat in the Sl or

S, sites. In its equilibrium position the axis of the C2H2

3

molecule was found not to be parallel with the axis of the

8-oxygen ring window at these sites.

Howard et al have recently studied the adsorption of
C2H2 on Ag12_A by inelastic neutron scattering3 (INS) and IR4
spectroscopy. The INS data showed only one adsorption site

for C2H2 within the zeolite framework, in contrast to the IR

spectra where two different m bonded C2H2 species were ident-
1

ified, characterized by Vg at 1955 and 1912 cm These species

were easily removed on evacuation. In addition part of the
adsorbed C2H2 lost hydrogen and formed silver acetylide (v2
observed at 1820 cm-l). Part of the liberated hydrogen formed

hydroxyl groups within the framework, while the remainder was
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proposed to form hydronium ions, characterised by a band at
1686 cm_l. It will be shown later in this study that the
1686 cm—l band is, in fact, due to ethanal formed from the
adsorbed C2H2. A band at 1380 cm—l, which was unassigned,
has been found in the present study to be associated with

the formation of ethanal.

No previous studies of C2H2 adsorbed zinc exchanged
zeolites has been published. The crystal structure of

Zn_Na,-A is available and has been described in Chapter Two.

5772

7.3 Experimental

Two samples of zinc exchanged A zeolite were used for

the C2H2 adsorption experiments. These were prepared as

described in Chapter Three and analysed as Zn4 3Na3 4—A

l.lNalO.9_A' Hereafter they will be referred to ?s

ZnNa-A and low exchanged ZnNa-A, respectively. Linde

and Zn

Nalz-A, referred to hereafter as Na-A, was obtained from

BDH and used without further purification.

The Aglz—A zeolite used in the present work was supplied
by J. Howard (Durham) and had been prepared as described in
the literature.17 This sample will be referred hereafter

as Ag-A.

. Ethyne (99.9%, British Industrial Gases Ltd.) was
purified by passing the gas slowly through concentrated
HZSO4. Ethyne ( 99 atom % D, Merck, Sharp and Dohme Ltd.)

was used without further purification.
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TABLE 7.2 A summary of the dehydration conditions used
for the zeolite samples

Maximum Time at maximum
: Reference
Sample Temperature temperature
number

(K) (hours)
ZnNa-A 1 750 15
ZnNa-A 2 733 14
ZnNa-A 3 743 15
ZnNa-A 4 673 12
Low exchange
TnNa-A 5 716 15.5
Na-A 6 739 15
Ag-A 7 723 2

The dehydration, adsorption, etc. were carried out
in situ as described in Chapter Three. A summary of the de-
hydration conditions each sample was subjected to is given
in Table 7.2. Quantities of adsorbates are given in the

results section.

The spectra for all samples, except sample 4, were
measured on the Nicolet 605X spectrometer. The scan times,
where relevant, are quoted in brackets in figure captions.
If no scan time is given then a scan time of 238 seconds
was used. The data for sample 4 was collected on the PES580

spectrometer using the conditions described in Section 3.4.1.
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7.4 Results and Discussion

The results of the adsorption of C2H2 on ZnNa-A, Na-A

and Ag-A will be discussed in different sections as follows:

(1) the adsorption of C2H2 on ZnNa-A;

(2) the effect of prolonged contact time of C2H2 adsorbed

on ZnNa-A;
{3) the hydration of ethyne: comments on mechanism;

(4) the adsorption of C2H2 on Na-4j;

(5) the adsorption of C2H2 on low exchanged ZnNa-A;

(6) prolonged C2H2 contact on Aglz—A;

(7) the effect of heat on the hydration of Cszover

ZnNa-A.

7.4.1 The adsorption of C2H2 on ZnNa-A zeolite

On adsorption of C2H2 onto ZnNa-A zeolite
several bands due to adsorbed species are observed
(Figure 7.1), in the v(C=C) and v(C-H) stretching regions

of gaseous C2H2 (Table 7.3).
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The effect of pressure on the spectrum of ethyne adsorbed on ZnNa-A
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TABLE 7.3 Summary of the vibration bands

(cm—l)

and their assignment

for gaseous ethyne 13

and ethyne adsorbed on ZnNa-A zeolite

Assignment of c oy @ c. D ZnNa-A + ZnNa-A Assignment of
gaseous ethyne 22 272 C2H2 C2D2 adsorbed species
vy C-H or C-D stretch 3374b 2701
v, C-H or C-D stretch 3209° 2439 3238 2403 vC-H) or v(C-D) of m-
bonded ethyne, species A.
3203 2378 v(C-H) or v(C-D) or zinc-
acetylide, species B.
v3 C=C stretch 1974'b 1762 1955 1744 V(C=C) of m-bonded ethyne,
species A.
1943 1731 V(CzC) of zinc- acetylide,
species B.
1366 - Unassigned, but due to
zinc-acetylide
v, C-H or C-D bend 730° 537 763 § (C=C-H) of m-bonded
; ethyne, species A
vy C-H or C-D bend 612b 505 750 §(C=C-H) of zinc acetylide
species B
a. Selected value
b. Raman active only
c. Infrared active only.

0ce
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In the region between 2000 and 1900 cm_l two

bands of very differing intensities were observed at 1955 and
1943 cm“l (Figure 7.1(ii)). These may be assigned to the

CzC stretching vibration of adsorbed C2H2 at two sites, A and
B, within the zeolite framework. This mode is formally IR
inactive in gaseous C2H2. The observation and shift in the L8
bands, with respect to the gas phase Raman value of 1974 cm_l,
indicates a lowering of symmetry and a weakening of the Cz=C
bond on adsorption.

In the v(GH) region two bands were observed at
3238 and 3203 cm_l. By comparing the relative intensity
changes of these bands, with those in the v (C=C) region, on in-
creasing the pressure (Figure 7.1) and evacuation (Figure 7.2),
the higher frequency band in each region can be assigned to

species A and the lower frequency band to species B (Table 7.3).

A band at ca. 1915 cm_l in Figure 7.1 is due to a background

feature.

When C2D2 is adsorbed onto ZnNa-A (Figure 7.3),

the results obtained are similar to C2H2, but as expected,
the bands are shifted to lower wavenumber. The two v (C=ZC)

1

vibration are observed at 1744 and 1731 cm - and the v (C-H)

vibrations at 2403 and 2378 cm_l. From the behaviour of
these bands on increasing the pressure in the system and on
evacuation compared with the C2H2 case,we assign higher wave-
number transition in each region to species A and the lower

wavenumber one to specics B (Table 7.3).

The V(C:=C) vibration of gaseous C,D, occurs at

1762 cm_l, which is an isotopic shift of 0.892 compared to
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the CzHé molecule. The isotopic shift of infrared active

Vs mode calculated from the gas phase values (Table 7.3) is
0.741. Thus calculating the shifts of the bands assigned to

species A and B, the following results are obtained:

Gaseous Species Species
ethyne A B
v3(C—D)
—_ .741 . 742 . 742
V4 (C-H)
\)(C:C)D
—_— .892 .892 .891
v (C=Q)

A comparison of the above shifts shows that the assignment

of the bands to species A and B (Table 7.3) are realistic.

The assignment of the remaining band at 1366 cm
observed only in the spectrum of adsorbed C2H2 (Figure 7.2)
is not so clear. No equivalent band was observed in the

spectrum of C2D2 on ZnNa-A.

As later, in Section 7.4.2, adsorbed ethyne is
shown to react with zeolitic water, to investigate the strength
of the adsorption complexes.C2H2 (14.2 torr) was adsorbed
and immediately evacuated from ZnNa-A. From the data shown
in Figure 7.2 the bands at 3228 and 1955 cm—l due to species
A were observed to be immediately lost, while the remaining
bands (3203, 1943, and 1366 cm_l) decrease steadily in in-
tensity over a period of 60 minutes. ‘Clearly species A is
due to weakly (physi)adsorbed C2H2,while species B is assoc-
iated with strongly coordinating C2H2. From the behaviour of
the 1366 cm_l band on evacuation (Figure 7.2) it is reasonable

to attribute this band to species B.
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From previously published studies of C2H2 ad-
sorbed on zeolites (Section 7.1) species A may be assigned to
a side-on, w-bonded C2H2 complex formed with the charge coﬁ—
pensating cations in the zeolite framework. In view of our
observations (Chapter Four) that adsorbate molecules may
interact with both the Zn2+ and Na+ cation in ZnNa-A, further

evidence is required to identify with which cation (Zn2+ or Na )

Species A is formed.

In fact, in Section 7.4.2 it will be shown that
species A, unlike species B, does not react with zeolitic water.
Data, also presented later, shows that C2H2 adsorbed on Na-A
gives bands in positions similar to species A and also has no
reaction with zeolitic water. In view of these results, we

. : + .
assign species A to C2H2 adsorbed on the Na cation.

The value of v(CzC) for species B (1943 cm_l)

falls within the range (1912-1960 cm_l) normally associated

with m-bonded C2H2. This does not, however, explain the
existence of the band at 1366 cm_l. An alternative explan-
ation is to identify species B with zinc acetylide. Justific-

ation for this is obtained from published IR data on zinc-

19,20

acetylides (Table 7.4).

The bands due to species B were observed at 3202,
1943, 1366 and 750 cm—l. Although these bands do not com-
pletely agree with either of the complexes given in Table 7.3,
the overall similarity in band positions and number is clearly
seen. Some differences in the band positions for an inorganic

complex and one formed in a zcolite framework Would clearly be ex-

pected, considering the unique nature of the zeolite framework

environment.
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TABLE 7.4 The infrared bands (cm_l) and their assignments

for some zinc-acetylide complexes.lg’20
Assignment Zn(CECH)z.ZNHB19 k2[Zn(CECH)4]20
v (C-H) 3236 (s) 3290 (s)
v (C=C) ( 1961 (w) 1940 (w)
Unassigned - 1370 (b,s)
v (C=C-H) ‘ - 660-670 (w)
s = strong, w = weak, b = broad.

The formation of zinc-acetylide will be accompanied
by the release of H+ into the zeolite framework. In sub-
traction data, of the spectrum before adsorption of C2H2,
from that after adsorption, the loss of hydroxyl bands, present
in the dehydrated zeolite, is observed. This indicates the
interaction of the hydroxyl groups with the adsorbate species.
We would expect H+, released on acetylide formation, to inter-
act with the structural hydroxyl groups, causing the v (OH)
stretching mode to disappear from the spectrum,as observed, as

H2O or H3O+ species were formed.

In the region below 1200 cm_l, on adsorption of
C2H2 a number of features are observed (Figure 7.4(a)->(d)).
Néw bands occur at ca. 763, 750 and 730 cm-l which may be
assigned to the ¢§(C=C-H),mode of species A, species B and
gaseous C2H2 respectively (Table 7.2). The behaviour of a
new band observed at 818 cm—l (Figure 7.4(d)) resembles that

of species B. This transition is on the side of the very
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Figure 7.4 The spectra region below 900 cm_l for C2H2

adsorbed on ZnNa-A zeolite (sample 1)

(a) dehydrated zeolite background; (b) immediate evacuation
of 14.7 torr of C2H2; (c) evacuation of sample (b) for 1 hour;

(d) readsorption of 8.5 torr of C2H2; {e) sample (d) after 8

hours; (f) sample (d) after 24 hours.
(y axis offset)
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intense framework vibration at 950 cm_l and therefore changes
in the framework modes may be responsible. Thus the assign-
ment of the 818 cm_l band to species B must be regarded as

tentative.

1

Below 500 cm_l a band at 490 cm - is observed to

disappear on adsorption of C2H2 and a band at 471 cm_l to
shift to 467 cm—l. Tﬁe movement of the latter band and
changes which occur in the 450-400 cm_1 regions are all
probably linked to small changes in cation location, as the
T-0O bending and pore openingmodes are reported in these regions
(Chapter Two). The band which disappears on adsorption at
491 cm_l and reappears on evacuation (Figure 7.4(c)) may be
due to the displacement of water and the formation of H3O+

on C2H2 adsorption.

7.4.2 Effect of prolonged contact time on ethyne
adsorbed on ZnNa-A

(A) ZnNa-A and CZHZ

When 8.5 torr of C2H2 was left in contact with ZnNa-A

the bands at 3203, 1943, 818 and 750 cm—l due to species B

slowly decrease in intensity over a period of 24 hours
(Figures 7.4 and 7.5). Simultaneously the band at 1366 cm 1
1

developed shoulders and a new band appeared at 1685 cm

(Figure 7.5(b)). After 24 hours the five species B bands

had disappeared, while those due to species A remained

(Figure 7.5(e)). The bands observed after 24 hours are

summarized with their assignments in Table 7.5).
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TABLE 7.5 A summary of the bands (cm_l) and their assign-

ments in the 4000-1200 cm_l region for ethyne
adsorbed on ZnNa-A zeolite after prolonged contact

Band Assignment
C2H2 C2D2
3238 v {C-H) )
) of species A.
2403 v (C-D)
1955 )
) v(C=C) of species A.
1744 )
1715 v {(C=0) of H-bonding ethanal
1685 )
) v(C=0) of adsorbed ethanal
1666 )
1652 Vv (C=0) of ethanal
1640 § (HOH) of zeolitic water
1606 v (C=C) of enol form of ethanal/
zeolitic water?
1450 )
) S§(HOD) of zeolitic water
1410 )
1414 ; 6 (CH) and §(CH,) of adsorbed
1355 ) ethanal
1312 §(C-H) / 6(CH3/CH2D/CHD2) of

H-bonding ethanal.

On evacuation species A was removed and new bands were
observed at 1685, 1414 and 1355 cm_l (Figures 7.5(f) and 7.6(b)).
As the new band at 1685 cm_l occurs in the region of v (C=0)
stretching vibrations, the new species was therefore assigned
to ethanal, adsorbed on the zinc cations. Confirmation of
this was obtained by the adsorption of- ethanal onto a freshly

prepared ZnNa-A zeolite (Figure 7.6(c)). The adsorption of
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(a) ZnNa-A + C2H2 (8.5 torr) after 24 hours contact.
(b) sample (a) after evacuation of gas phase.
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ethanal-by ZnNa-A will be discussed in Chapter Eight) .

The two remaining bands in Figure 7.7(b) at ca. 1642
and 1652 cm_l are tentatively assigned as follows: the
|
1652 cm band to ethanal adsorbed on a second site (Chapter

Eight) and the band at 1642 cm_l to zeolitic water.

In Section 7.4.1 we assigned the band observed at
1366 cm-l to a vibration of species B, which we proposed to
pe zinc-acetylide. The complete disappearance of the 1366 cm_l
band on ethanal formation and the observation still of bands

due to the m-bonded species A, gives further weight to our

assertion that species B is zinc-acetylide.

(B) ZnNa-A + C2D

For C2D2 adsorbed on ZnNa-A we similarly observe the
disappearance of species B with time. The data is illustrated
in Figure 7.7 and summarized in Table 7.5, from which differ-

ences in the behaviour of the adsorbate bands of this system to

those of the C2H2 system are observed.

Bands which appear in spectrum 7.7(e) at ca. 1410 and
1450 cm_l are due to the deformation mode of HDO in the zeolite
framework. Bands in the same positions have been observed
21

for D20 adsorbed on ZnNa-A. The different desorption

rate of the two bands on evacuating the sample after 24 hours
. 2
is the same as observed previously for D2O on ZnNa-A 1

(Figure 7.8).

With time new bands are observed at 1715, 1666 and l.312cm—l

which can be associated with ethanal formed by the hydration of
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Figure 7.7 The adsorption of C2D2 on ZnNa-A: effect of prolonged contact (sample 3)

(a) dehydrated zeolite background, (b) sample (a)'+ 16.8 torr of C2D2 , sample (b) after
(c) 30 minutes, (d) 3 hours, (e) 8 hours, (f) 13 hours, (g) 18 hours. (y axis offset)
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Figure 7.8 The evacuation of ZnNa-A + C2D2 after 18 hours

contact (sample 3)

(a) ZnNa-A + C,D, after 18 hours; (b) the immediate evac-
uation of sample (a), and evacuation of sample (a) for
(c) 10 minutes, (4) 2 hours.

(y axis offset, scan time 64 sec.)
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species B (Table 7.5). The v (C=0) band of ethanal is first
observed at 1666 cm—l. As the contact time is increased

we oObserve other bands to appear together at 1715 and 1312 cm_l.
These latter bands are observed as a large intensity increase
in the v(OH) and v (0OD) stretching vibrations becomesapparent.
We therefore associate the new v (C=0) band at 1715 cm_l with
ethanal hydrogenbonding in the zeolite cavities (Table 7.5).
In agreement with this proposal the v(C=0) band at 1666 cm—l

is seen to decrease in intensity as the hydrogen bonding com-
plex is formed. On evacuation of the zeolite after 18 hours
contact (Figure 7.8) water is removed from the zeolite cavities
and the intensity of the 1666 cm“1 band is restored at the

expense of that at 1715 cm_l.

The final new band at 1312 cm-'l is in the region of
the deformation region of C-H groups. This band is thus
clearly associated with the deformation modes of partially
deuterated ethanal formed from the hydration of C2D2. As
the rapid deuteration of the OH group in the zeolite is ob-
served on C2D2 adsorption, the ethanal species formed will be

randomly deuterated. Hence the deformation mode at 1312 cm_l

cannot be assigned to particular deuterated ethanal molecule,

without further investigations.

Finally in the C2D2 data a band appears after 30 minutes

contact at 1606 cm_l. Although the appearance of this band

coincides with that of the 1666 cm_l their behaviour on pro-
longed contact time differs. The intensity of the 1606 cm—l
band is observed to stay constant, while that of the 1666 cm-l

band decreases (Figure 7.7 (e+rg)). Two assignments are
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possible for the 1606 cm—l band: (a) to the 6 (HOH) mode
of zeolitic water, (b) to the v(C=C) mode of the enol form
of ethanal. Without further investigation we are unable

to specify which assignment is correct.

7.4.3 The hydration of ethyne: comments on mechanism

On adsorption of C2D2 onto ZnNa-A we observe the

rapid disappearance of the v(OH) and 6(H20) bands of zeolitic

water (Figure 7.9) and the appearance of v(OD) and ¢ (HOD) ab-

sorption bands. This indicates that on adsorption of C2D2

the very rapid exchange of the D atoms of C2D2 occurs.

(@)
,[ (a)
2 (c)
3
[V
= (b)
// i 1

3800 3400 3000 2600 2200 1900 1700 1500

Wavenumber /cm-}
Figure 7.9 The adsorption of C2H2 on partially dehydrated

ZnNa-A (sample 4)

(a) partially dehydrated zeolite background
(b) sample (a) + 17.2 torr of C202

(c) sample (b) after 1.5 hours. (y axis offset in (ii)).
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Although the Ds of ethyne are acidic, the rapid exchange of
D/H with zeolitic H20 would not be expected. This observ-
ation is clearly consistent with our proposal of the fbrm—
ation of zinc-acetylide in the zeolite framework and the
probable formation of H3O+ species {(with adsprbed C2H ).

It should also be noted that for other molecules we have never
observed the disappearance of the v(OH) and & (HOH) modes of

zeolitic water on adsorbtion.

It is obvious from the above observation that we are
observing the hydration of ethyne via a zinc-acetylide inter-
mediate. Clearly, therefore, the presence of zeolitic water

is essential to the formation of the product.

The hydration of C2H2 in the presence of mercury salts
and sulphuric acid has been known for a long time.22 The

mechanism of the hydration was suggested to occur by the

formation of a m-bonded ng+—C2H2 intermediate,23 viz:
+
HC CH H Hg
2+ / ~._ 7~ +
Hg®" + C,H, — \Hg2+ + H,0 — /c—c\ + H
HO H
OH
/ 2+
CH,CHO ~ e———— CH,=C + Hg
\\CH
"enol" (unstable)

Copper sulphate-sulphuric acid solutions have also been

shown to catalyse the hydration of ethyne.24

In this instance,
the mechanism has been proposed to include the formation of
Cu(HSO4)C2H_ species, 7.n. copper acetylide complexes, in

acid media (HZSO4), viz:



238

Cu(HSO0,) 2t a) CoHy

Cu(HSO4) C2H2 + H20 _ Cu(HSO4) C2H + H3O

- +
Cu(HSO,) C,H  + H 0" ==== Cu(HSO,) CH=CHOH,
+
Cu(H,S0,)CH = CHOH + H 0" ——= Cu(HSO,) + H,0
+
+ CH, = CHOH,
CH. = CHOH.' + H.O —» CH.CHO + H.O '
2 2 2 3 3

As in the ZnNa—A{-CzH2 system, we have shown the reaction
to occur via the zinc-acetylide intermediate, a similar series
of mechanistic steps may be envisaged. Further work, in-
volving the adsorption of partially deuterated ethanal will

be needed to confirm the reaction mechanism.

The hydration of C2H2 on 13X zeolites containing Cd2+,

Zn2+, Cu2+ and Ag+ ions has been previously reported.

Kinetic studies using a differential reactor showed the main
product to be ethanal, but small quantities of crotonaldehyde
(CHBCH = CHCHO) and ethanoic acid were also formed. The

deactivation of the zeolites was observed, due to the

formation of polymerized ethyne and ethanal.

Further investigations of the hydration of C2H2 on
cadium exchanged 13X zeolites, using IR spectroscopy, have
shown preadsorbed NH3 to moderate the deactivation.25 The
NH3 was shown to react with C2H2 to form pyridine, which

blocks the Bronsted acid sites, responsible for the formation

of higher products from C2H2 and CH3CHO.

In the literature there have been no other previous

reports of the hydration of ethyne by type A zeolites. No
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discussion of the hydration mechanism on zeolites has

appeared.

7.4.4 The adsorption of C2H2 on Na-A

Tam et aZS have previously published IR and
Raman data on C2H2 adsorbed on Na-A. As their data, summar-
ized in Table 7.1, only included the publication of Raman
spectrum, it was thought worthwhile to look closely at the
bands observed in the FTIR spectrum and, in particular, the
v(C=C) mode. We also wanted to investigate whether ethanal
was produced after periods of prolonged contact to confirm
the assignment of species A (Section 7.4.1) to C2H2 adsorbed

+ . . . . .
on the Na ions. The IR data obtained is presented in Figures

7.10 and 7.11 and summarized in Table 7.6.

On adsorption of C2H2 onto Na-A the slow uptake
of C2H2 was observed by the increase in the intensity of the
adsorption bands. It has previously been shown that ad-

12

sorption of C is complete in about 15 hours. The

)
spectra obtained in this study over a period of 16 hours
under various conditions show a number of changes in the
v(C-H) and v(C=C) regions (Figures 7.10 and 7.11) which will

. + .
be interpreted in terms of the adsorption of C2H2 on Na ions

&t different sites.

Tam et aZS in their study allowed an equilib-
riation time of 20 hours before obtaining the Raman spectrum
of C,oH, adsorbed on Na-A. From an analysis of the profile

of the asymmetric v(C=C) band centred at 1953 cm_l.they were
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Figure 7.10 The adsorption of C_H., on Na-A (sample 6)

22
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(a) dehydrated zeolite background, (b) sample (a)

+ C2H2 5.4 torr after 20 minutes contact;

(c) the adsorption of 14.7 torr of C2H2 after evacuation of (b) for 3.5 hours, (d) sample (c)

after 16 hours,

(e) immediate evacuation of sample
(Y axis offset)

(d), (f) evacuation of sample (d) at 660K.
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Figure 7.11 The v(C=C) band of C2H2 adsorbed on Na-A

under different treatments (sample 6)

(a) dehydrated zeolite background; (b) sample (a) + C2H2
(5.4 torr) after 20 minutes contact; evacuation of
(b) for (c) 6 minutes and (d) 3.5 hours; (e) readsorption

of C2H2 (14.7 torr); (f) sample (e) after 16 hours; evac-

uation of sample (f) at (g) room temperature and (h) 423K.

(v axis offset)
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TABLE 7.6 A summary of the infrared bands (cm_l) observed
in the present work and their assignment for
ethyne adsorbed on Na-A

Band Mode Assignment
3222 ) ( A
v3 YVv(C-H) of different sites ( B
3193 ) (
1954 )
) (A
1950 v2 JV(C=C) of different sites (B
) (C
1942 )
1665 6(H20) of zeolitic water
1580 ) overtone and combination bands of
1386 ) framework or adsorbate
760 v5 §(C=C-H)

able to identify C2H2 adsorbed on two sites in the zeolite

framework. The bands centred at 1954 and 1949 cm—l were

*
assigned to C2H2 adsorbed on cation in the S, or S3 and

S1 sites respectively. This work was in agreement with

diffraction studies.lz’l6 In Figure 7.11 the v(CZC) bands

at various stages in our adsorption study are shown. Three
1

v(C=C) bands are identified at 1954, 1950 and 1942 cm —,

‘which are assigned to sites A, B and C respectively.

Initially (Figure 7.11(b)) the band is centred
at 1950 cm—l {Site B) and the band at 1940 cm_l (Site C) is
seen to give the whole band an asymmetric profile. On evac-
uation of C2H2 (Figure 7.11(c)), Site C disappears leaving
the band due to Site B reduced in intensity at 1950 cm_l.

After 3.5 hours evacuation (Figure 7.11(d)) the band centre

shifts and is observed at 1954 cm * (Site A) with Site B
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1

present'as a shoulder (1950 cm ). On readsorption of

C2H2 (14.7 torr) the band profile is not observed to change
(Figure 7.11(d)) and Site C is not now observed.

After leaving 14.7 torr C2H2 in contact with

the sample for 16 hours the v (C=C) band centre is observed

1

at 1954 cm ! (Site A) with a shoulder at 1949 cm ' (Site B).

1 due to Site B in-

On evacuation the shoulder at 1949 cm
creases in intensity, while the band at 1954 cm—l,due to

Site A is decreased in intensity. After desorption at 423K
(Figure 7.11(h)) only a broad band due to Site B is observed

at 1950 cm_l.

In the v(C-H) region the béhaviour of the band

at 3222 cm-l may be correlated with that of the 1954 cmnl

1

band (Site A), while the 3193 cm © band can be attributed to

Site B.

Despite the changes in the v(C=C) band listed
above the spectrum after 16 hours is in reasonable agreement
with the results reported by Tam et aZ.S The shift observed
in Vi to 3222 cm“l in our work compared to 3205 cm_l reported
by Tam et al may be due to different populations of cations
in sites A and B. For v5, only one band was observed at
760 cm_1 which must be assigned to this mode on all three

acsorption sites.

In accordance with the previous work of Tam
*
et aZ5 we will correlate Site A with C2H2 adsorbed at 82 and
Site B with C2H2 coordinated to Sl sites. This then means

that Site C can be assigned to C2H2 adsorbed at S3. Struct-

ural data (see Chapter Two) for Na-A has shown only one cation
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per unit cell to be located in site SB' As we observe

Site C to disappear with prolonged contact, it is reasonable
to propose that the cation at S3 migrates to the 52 sites.
In agreement with this the intensity of the band at 1954 cm—l

due to Site A is observed to increase with prolonged C2H2

contact.

In addition to the above changes the intensity
of the bands at 1580 and 1380 cm_l present in the background
spectrum (Fiqgure 7.10(a)) are observed to increase on C2H2
adsorption. On desorption, by evacuation and heating, the
bands return to their original intensity (Figure 7.1C(f)). There
are two possible reasons for the changes observed in these bands
both associated with their assignment to overtone and combin-
ation modes: (1) overtone and combination modes of the frame-
woxrk, which are modified by cation movement and (2)
overtone and combination bands of the adsorbed molecule

(\)5 and vg).

Tam et aZS reported the desorption of adsorbed
C2H2 from Na-A by evacuation for 1 hour at room temperature.
In the present study using the very much more sensitive
technigue of FTIR spectroscopy, adsorbed C2H2 is still seen

to be present after evacuation for 3.5 hours.

After prolonged contact of C2H2 with Na-A no
bands due to ethanal were observed (Figure 7.10). It is
therefore concluded that Na+ ions do not promote the hydration

of C2H2. In view of this fact, the assignment of species A

. . . + .
in Section 7.4.1 to C2H2 coordinating to the Na cations

appears correct. It is noticed that the stability of the
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C2H2—Na+ complex on ZnNa-A is very much reduced compared
to the Na-A zeolite. A similar observation has been made

for propene adsorbed on ZnNa-A and Na-A (Chapter Four).

7.4.5 The adsorption of C,H, on low exchanged

ZnNa-A zeolite

Experiments on the adsorption of C2H2 on low
exchanged ZnNa-A zeolite show that the adsorption behaviour
was very similar to that of pure Na-A zeolite. . For example,
three bands for the C=C stretch were observed at 1956, 1950
and 1942 cm_l in good agreement with the band positions
identified with Sites A, B and C in the Na-A zeolite
(Section 7.4.4). In addition, unlike high exchanged ZnNa-2A
(Section 7.4.2), no ethanal was detected in the spectrum,

after C2H2 had been in contact with the sample for 21 hours.

From the above evidence, it must be concluded
2+ . . .
that the Zn ions are located in the sodalite cage sites,

where they were unable to coordinate to C2H2.

Hence only bands due to C2H2 coordinating to
+ . : , :
the Na ions in the supercage sites were observed and no

ethanal formation occurred.

7.4.6 Prolonged ethyne contact on Aglz—A

In a previous study of C2H2 adsorbed on Ang—A
Howard and Kadir4 observed a band at ca. 1690 cm-l which they
assigned to Vg of H3O+. The band, on comparison with the
ZnNa-A + C2H2 system, resembles the transition we have assigned

to adsorbed ethanal. It was therefore decided to examine
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the Aglé—A + C2H2 system over periods of prolonged C2H2
contact. The sample of Aglz—A used in this new study
was obtained from the previous authors and dehydrated for

2 hrs. at 673K in accordance with the previous study.4

The background spectrum of Aglz-A after dehyd-
ration is shown in Figure 7.12(a}. Bands observed at 3590-
3300 and 1648 cm“l are due to water readsorbed on cooling the
sample. A weak band at 3610 cm“l can be assigned to struct-
ural hydroxyl groups. This is in contrast to the previous

study where very little water was readsorbed on cooling.

On adsorption of C2H2 onto the sample (Figure
7.12(b)) the 6(H20) band at 1648 cm—1 disappeared and the
v (OH) region was perturbed. New bands were clearly seen in
the 3800-3000 cm—l region, while only very weak features were
observed below this. On subtracting the background speétrum
(Figure 7.13) the bands due to adsorbed C2H2 are more easily
seen, the positions of which agreed well with the published

results of Howard and Kadir (Table 7.7).

It should be noted at this point with reference
to subtraction spectra, that the work of Howard and Kadir
was carried out on a dispersive instrument. This instrument
did not have the computing power of the FTIR spectrometer used
in the present study. Hence the generation of subtraction
spectra, to aid the interpretation of the results, would not

have been easily obtained by Howard and Kadir.

Above 2200 cm_l the spectra obtained showed
greater resolution than those of Howard et al. We observed

two bands due to v (C-H) of the adsorbed C2H2 at 3206 and
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Figure 7.12 The adsorption of C2H2 on Aglz-A: the effect of prolonged contact (sample 7)

(a) dehydrated zeolite background, (b) sample (a) + 20.7 torr of C2H2, (c) sample (b) after

16 hours éontact, (d) sample (c) after evacuation of the gas phase. (v axis offset)
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TABLE 7.7 A summary of the vibrational bands (cm ) and their assignment for ethyne adsorbed on
Aglz—A observed by Howard and Kadir? and in the present work
Howard Present work Assignment
and Initial adsorption After 16 4
Kadir Zeolite positions fram sub- hours Howard and Kadir Present work
background traction spectrum contact
figure 2
3592 3610 gggi v (OH) v (OH)
3590 -|negative feature v{OH) of hydroxyl groups and
3300 3490 (broad) zeolitic water
3400- 3206 _ - N
3100 3171 (shoulder) v(C-H) of m-bonded ; v (C-H) of adsorbed C2H2
3000 . hydrogen band bridging the
2500 2950 Unassigned H,0*.H,0 ion.
C= -
1955 1950 ;v( C) of w-bonded C2H2 on
different sites
1820 1816 (CzC) of acetylide
1719 Y -
1684 (broad) ) v (C=0) of ethanal
1686 v, of 130"
1648 1652 G(HZO) of zeolitic HZO
1465 )
1441 )
1y s ) §(C-H) modes of adsorbed ethanal
1352 )
1314 (sh) )
1460 framework vibration
1380

unassigned

assignment unknown but probably
due to the acetylide

8V
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Figure 7.13 The subtraction spectrum of Ag-A + 20.7 torr of C2H2 - dehydrated zeolite background

N.B., features marked with a + are artefacts of the subtraction, and are not bands.
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3171 cmTl. Vv (OH) bands were observed at 3655 and 3584 cm_l

as a result of the formation of Ag-acetylide. q negative
Cm-

feature is observed at ca. 3490)in the subtraction spectrum

shown in Figure 7.13. This shows us that, on adsorption of

1 in the background

CoH, the v(OH) vibration at ca. 3500 cm
spectrum are perturbed greatly or lost. We can associate
this feature with the formation of ?30+ species resulting
from acetylide formation. Although we now do not assign
the band at ca. 1690 cm_l to the q30+ species, a band ob-
served at ca. 2500 cm—l which was also reported by Howard and
Kadir, can probably be assiéned to the hydrogen bond bridging
‘the oxonium ion (H;0'. H,0). A band at 2510 cm ' has pre-

viously been reported by Corma et a227 for this ion in Y

zeolites.

After C2H2 has been in contact with the sample
new bands are observed in the region between 1750-1200 cm 1
(Table 7.7 and Figure 7.12(c)). These new bands can be
assigned to ethanal adsorbed in the framework. This was
confirmed by the éubsequent adsorption of ethanal on the
sample after the evacuation of the gas phase for 90 minutes
(Chapter Eight). The band thus assigned to the H20+ at
1686 cm_l by Howard and Kadir has now, clearly, been shown
to be due to ethanal, formed by the slow hydration of ethyne.
It should be remembered that in the present work the large
quantities of water readsorbed on cooling the sam?le after
dehydration will have increased the amount of ethanal formed.
Thus the chances of observing the bands due to ethanal were

greatly increased in the present study. Whereas, with the samples
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Howard and Kadir, which readsorbed very little water on
cooling, the chances of observing a number of bands due to

ethanal over the time scale of their experiments, was very

slim.

After 16 hours,>subtraction spectra show clearly
that the three v(CzC) bands are no longer present. From the
present observations we are unable to state if both the Ag-
acetylide and the w-bonded Ag—C2H2 species are active to C2H2

hydration.

Other features to note are the disappearance
of the VW OH) groups at 3650 and 3584 cm_l on ethyne hydration.

This shows the hydroxyl groups are part of the hydration

1

process. A band observed at 1380 cm by Howard and Kadir

but not assigned, was not seen in the present work. The
non-observation of this feature in the present work is perhaps
due to the high water content of the sample. In view of the
band observed in the same region in ZnNa-A + C,H, system,
which was assigned to Zn-acetylide, the band reported by

Howard and Kadir is likely to be due to the Ag-Acetylide

complex.

7.4.7 The effect of heat on the hydration of
ethyne on ZnNa-A

In previous sections we have shown that C2H2
adsorbed on ZnNa-A, in the presence of zeolitic water, reacts
to form ethanal. In order to probe the system further, a
preliminary study has been made of the effect of heat on the

hydration reaction. The spectra obtained are shown in

Figure 7.14.
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Figure 7.14 The effect of heat on the hydration of ethyne
on ZnNa-A zeolite (sample 2)

(a) dehydrated zeolite background; (b) sample (a) + 6.7 torr
after ca. 30 minutes, sample (b) heating at (c) 423K,
(d) 473K, (e) 473K for 20 minutes and (f) 473K for 50 minutes.

(y axis offset)
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At room temperature (Figure 7.14(b)) bands due

to ethanal are visible at 1685, 1415 and 1355 cm 1. A band

at 1642 cm—l is due to zeolitic water. As the temperature
was raised new bands were observed at 1642, 1598, 1445, 1309
and 1284 cm_l and the previously observed ethanal bands shift
to 1692, 1411 and 1355 cm_l. The new bands are obviously

due to new products formed in the zeolite framework from ethyne
and/or ethanal. The band observed at 1645 cm_l is probably

due to ethanal, as a band in this region has been observed

when ethanal is adsorbed on ZnNa-A (Chapter Eight).

Although the assignment of the remaining bands
cannot be definite without further investigation, the features
at 1600 and 1450 cm—l resemble the asymmetfic and symmetric
stretches of the OCO group. This species has been reported
for ethanal adsorbed on alumina.28 The remaining bands are
probably due to CH3 and CH2 deformation modes. On ion
exchanged 13X zeolites25 (Section 7.2) quantities of ethanoic
acid and crotonaldehyde were observed in the hydration products

and these products may be responsible for the new bands ob-
served on ZnNa-A.

This preliminary study has illustrated that the
reaction of ethyne and ethanal on ZnNa-A is more complex at

higher temperatures.
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7.5 Coﬁclusions

On adsorption of ethyne on ZnNa-A zeolite (high ex-
change), the formation of stable and reacting species has
been observed. The stable species has been identified as
ethyne m-bonded to the Na+ ions in the framework, through a
side-on interaction. The second species, which with time has
been observed to react with zeolitic water to form ethanal,
has been identified as zinc-acetylide. At higher temperatures,
a preliminary study has shown that additional products are

formed, which are probably carboxylate species.

The adsorption of ethyne on low exchanged ZnNa-A show
that ethyne complexes were only formed with the Na® cations.
The Zn2+ ions were, therefore, concluded to be located in the
sodalite cages, where they are unable to form complexes with

adsorbed ethyne. No hydration of ethyne was thus observed.

Ethyne adsorbed on Ag-A zeolite has also been shown to
react with zeolitic water, forming ethanal, but no ethanal
formation was observed when ethyne was adsorbed on Na-A.

It is therefore concluded that the transition metal cations
are responsible for promoting the hydration of ethyne to ethanal

in the presence of zeolitic water.

The IR spectra of ethyne adsorbed on Na-A, has shown

ethyne to form complexes with the Na+ ions located in sites
*
Sl’ 82 and S3 in the framework. The three v (C=C) bands

were clearly resolved in the IR spectrum, in contrast to a

previous Raman study.5
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CHAPTER EIGHT

AN INFRARED STUDY OF ETHANAL

ADSORBED ON SOME TYPE A ZEOLITES
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8.1 Introduction

This study of adsorbed ethanal was motivated primarily
This
by the identification-of)nolecuha as the product of ethyne
hydration on zinc and silver exchanged type A zeolites

(Chapter Seven). In addition to work on Zn and Ag exchanged

zeolites, we also report work on Na-A zeolite..

Considering the amount of published infrared data on
adsorbate-adsorbent systems, surprisingly very little work
has been carried out on ethanal adsorbed on catalytic sur-

faces.l > The published work has shown that ethanal may

either:

{a) form stable species by hydrogen bonding to surface
hydroxyl groupsl or coordinating to metal cation, or

(b) may react with the surface to form, for example,

carboxylate species.3’4

Young and Sheppardl studied the adsorption of ethanal
on silica. They observed the v(C=0) vibration of ethanal,
hydrogen bonding to the surface hydroxyl groups, at 1724 cm—1
compared with 1743 cm—l in the wvapour phase. On heating the
sample at 393K crotonaldehyde was formed, characterized by
bands at 1688 (v(C=0)) and 1643 (v(C=C)) cm_l. It was pro-
posed that the acidity of the surface hydroxyl groups promoted
an aldol condensation between two ethanal molecules to form

an aldol, which following dehydration yielded the unsaturated

aldehyde, viz:
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H
. . |
CHBCHO ee. HOSi —= CH3CHOH ee. 081 —=—= CH2=CHOH ... 0Si
[1] (I1)
H
|
(1] + [IT] — SiO ... HO—CH(CH3)—CH2CHO . +.. HOSi
[ITI]
acetaldol
H
I
[IIT] —— SiO ... HZO + CHZCH = CHCHO ... HOSi
crotonaldehyde

In contrast to the relatively simple spectrum of ethanal
adsorbed on silica, the IR spectrum of ethanal adsorbed on
ZnCl2 > was somewhat more complex. The number of bands ob-
served in the v (C=0) region was found to depend on pressure
and contact time. Bands observed at 1715, 1705, 1685 and
1675 cm_l were assigned to the v (C=0) vibrations of ethanal
coordinating to thé ZnCl2 surface, while a fifth band at
1630 cm—l was attributed to the v (C=C) vibration of the enol

form.
3 ’
Studies of ethanal adsorbed on MgO and Alumina4 have

both shown the presence of carboxylate groups. On alumina,

however, only a carboxylate species was identified by inelastic

electron tunneling spectroscopy. The band assignments are
summarized in Table 8.1. On MgOB, in addition to bands due
1

to carboxylates, at 1565 and 1415 cm ~, bands at 1712, 1688,
1674, 1485, 1368, 1330 and 1268 cm ¥, in the IR spectrum, were
assigned to physisorbed ethanal, hydrogen bonding to the

surface hydroxyl groups.

Studies of ethanal adsorbed on zeolites has been limited

to work by Kiselev et'aZ2 on Li and Cs exchanged type X zeolites
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TABLE 8.1 A summary of the inelastic tunneling spectrum

. TH3

of //C\\ formed by the adsorption of ethanal
o 0
7
N\a1

. 4
on alumina

Band (cm—l) Assignment
1605 OCO asymmetric stretch
1472 OCO symmetric stretch
1423 CH3 asymmetric deformation
1395 )
) CH3 symmetric deformation
1343 )
and decationated zeolite Y. The position of v(C=0) of

adsorbed ethanal was found to be dependent upon the cation

size, for ion exchanged X zeolites, 7.e. Li-X = 1720 cmnl and

CS-X = 1703 cm_l. The C-H deformation modes of adsorbed

ethanal were identified for both zeolites at 1453 and 1355 cm—l.

In decationized zeolite—Y2 ethanal was found to interact
with the structural hydroxyl groups. Bands due to a physi-

sorbed species, which was removed on evacuation, were identified
l 1

. A number of other features were
1

at 1698, 1428 and 1358 cm
also noted at 1660, 1645, 1600 and 1460 cm The CO group
of ethanal interacting with the aprotic centers on the surface

of the decationized zeolite was assigned to the band at 1660 cm—l.
the remaining features at 1645, 1600 and 1460 cm_l were ob-

served to increase in intensity on evacuation and heating.

These were attributed either té the formation of surface
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carboxylate compounds or to the presence of two types of

aprotic centers of different acidity.

In the case of ethanal adsorbed on type A zeolites, we
have observed the formation of a number of surface species.
The interpretation of the spectra has been based both on.
experience of the behaviour of adsorbate-zeolite systems and

on the previously published work discussed above.

8.2 Experimental

.Zn4.3Na3 4-A, (ZnNa-A) was prepared and analysed as
described in Chapter Three. This sample was dehydrated at
739K for 16 hours before ethanal adsorption, according to

the procedures described in Chapter Three.

The Nalz—A (Na-A) sample used for the ethanal adsorption
work was the sample used in the previous chapter after ethyne
had been desorbed by evacuation and heating at 660K for

20 minutes.

Similarly the disc used for the Aglz-A (Ag-A) + ethanal
experiment was the same one used in the previous chapter for
the ethyne adsorption, after it had been evacuated for 90
minutes at room temperature. This treatment does not remove
all of the ethanal produced from the hydration of ethyne.
However, heating the sample would have reduced the transmission

of the disc, which was not desirable.

Ethanai (99%, Aldrich Chemical Company Ltd.) was purified

by the freeze-pump-thaw technique before use.



262

All data was obtained on the Nicolet 605X spectro-
photometer using a scan time of 4 minutes for the Na-A. and

ZnNa-A data and 2 minutes for the Ag-A data.

8.3 Results and Discussion

The results obtained for the adsorption of ethanal

will be discussed in two parts:

(i) the initial adsorption and identification of
stable ethanal species;
(ii) the behaviour of Na-A and ZnNa-A on desorption

of ethanal by evacuation and heating.

8.3.1 The adsorption of ethanal

For comparison with the spectra of adsorbed
ethanal, the vapour phase IR spectrum of ethanal in the
sample cell, at various pressures, is shown in Figure 8.1.

In Table 8.2 the normal modes and their selected frequencies
of gaseous ethanal, taken from the literature,6 are given.

A comparison of this table and the spectrum in Figure 8.1,
shows the figure to be very much more complicated. This 1is
due to the presence of P, Q and R branches, and Overtone and

combination bands of the normal modes.7

In the IR spectra of ethanal adsorbed on Na-A,
ZnNa-A and Ag-A zeolites a number of intense features are
observed (Figures 8.2-8.7). These spectra show common
features, indicating the formation of similar species within

the zeolite framework.
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TABLE 8.2 Assignments and positions (cm—l) of the normal
modes of gaseous ethanal in the region above’

1200 cm-li,after ref. 6

v

Assignmenta Position (cm_l)

vy (CH3d—stretch) 3005
Vi1 (CH3 d-stretch) 2967
v, (CH3 sym. stretch) 2917
v3'(C-H stretch) 2822
Vg (C=0 stretch) 1743
Ve (CH3 d-deform.) 1441
vl2 (CH3 d-deform. 1421
Ve (C-H bend) 1400

7 (CH3 sym.-deform.) . 1352
a.

d = degenerate, deform = deformation of

sym = symmetric.

The 3800-2700 cm“l region

On adsorption of ethanal, the spectra in the 3800-2700 cm—l

(Figures 8.2-8.4), show a number of new features which can be
assigned in the perturbation of the structural hydroxyl groups
and the C-H stretching vibrations of adsorbed ethanal. These

data are summarized in Table 8.3.

In the background spectra of Na-A and ZnNa-A (Figures
8.2(i)a and 8.3(i)a) the features between 2800—3OOcm—l are due
to the instrument, as described in Section 3.4.2. In the case
of Na-A the intense bands at 3460, 3424 and 3288 cm—l are
due to the Vv (OH) vibrations of water, readsorbed on cooling

the sample (Section 4.4.1). A very weak band at 3712 cm_1
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TABLE 8.3 The band positions (cm-l) and their assignments
for ethanal adsorbed on some type A zeolites

Na-a2 | ZnNa-A Ag—Aa Assignmentb
3478 3384 ; Hydrogen bonding interactions
3276 3184 ) at two sites
2995 3005 2996 vy )
)
2967 2956 2944 Vi1 ; CH3 stretch
2910 2912 2917 Vs )
2873 2881 2848 )
) V3 CH stretch
2840 (sh)| 2861 2828 )
27173 2763 ; overtone and combination
2741 2743 2736 ) bands of adsorbed ethanal
1713 1717 v (C=0) of ethanal adsorbed at
Na ions
1718 )v(C=O) of hydrogen bonding
1704 ) ethanal
1682 1681 VvV (C=0) of ethanal adsorbed on
Ag or Zn ions

1410 1415 1410(br) CH3 antisymmetric deformation
1351 1352 1351 CH3 symmetric deformation

1311 C-H bend.
a. sh = shoulder, br = broad.

b. see Table 8.2.
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in the background spectrum can be assigned to framework

hydroxyl groups, (Figure 8,2(i) (a)).

The background spectrum of ZnNa-A shows a sharp
feature at 3650 cm_l due to hydroxyl groups, probably
associated with the cations (Section 2.4.2): while the
broad feature observed atca. 3350-3100 cm_l can be assigned
to hydrogen bonding interactions of water readsorbed on
cooling. The Vv (OH) bands observed in the background
spectrum of this particular sample of ZnNa-A were stronger

than those observed in previous samples (Chapters Four, Seven

and Nine) .

On adsorption of ethanal new broad bands were observed
at ca. 3400 cm_l for Na-A and 3384 and 3184 cm—l for ZnNa-A
in the region above 3100 cm—l (Figure 8.2(i) and 8.3(i).
The disappearance of the higher wavenumber v (OH) vibrations,
observed more clearly in subtraction spectra (Figures 8.2(ii)
and 8.3(ii)), show these former bands to be due to hydrogen bonding inter-
actions, These interactions will be between the surface
hydroxyl groups and the carbonyl group of ethanal. The
broadness, shift to lower wavenumber and significant increase
in intensity, with respect to the free v(OH) modes, is typical
of hydrogen bonding interactions.B'9 The presence of two
hydrogen bonding bands in the case of ZnNa-A, clearly shows
that of two hydrogen bonding species are formed within the
zeolite framework. Previous studies of hydrogen bonding

surface species,8 would indicate that complexes of the type:
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H CH3 H /H3
C C
| I
0 0
SN '
B o i
Q ? Q

Zeolite Zeolite
may be responsible for these two species. In Na-A zeolite

the presence of one new v (OH) band showed only one type of

hydrogen bonding complex to be formed.

On evacuation of ethanal from Na-A and ZnNa-A zeolites

the new Vv (OH) bands are observed to slowly disappear.

The background spectrum of Ag-A zeolite is shown in
Figure 8.4 (a). The spectrum was obtained after the evacuation
of the sample for 90 minutes to remove ethanal formed from
the hydration of C,H, (Chapter Seven). After this evacuation
treatment , weak bands due to adsorbed ethanal were still
observed in the 3000-2700 cm_l region. A broad feature at
ca. 3500-3100 cm“l is possibly due to hydrogen bonding v (OH)
group interacting with the adsorbed ethanal. The sharp band
at 3572 cm_1 can be assigned to structural OH groups, probably
associated with the cations. On adsorption of ethanal the
v(OH) band at 3572 cm_l immediately disappears (Figure 8.4(b))
as the OH groups interact with the adsorbate molecule. Evac-
uation, which removes the loosely coordinated ethanal, restores

the intensity of the v (OH) bands (Figure 8.4 (e)).

In the region between 3500-3000 cm—l, there appears,
from the data shown in Figure 8.4 to be some perturbation of

the hydrogen bonding v(OH) bands on ethanal adsorption. If
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these spectra afe oveéilaid, then, in actual fact, no new
v(OH) bands are observed, but the shape of the background
level in this region does change. This causes the effects
observed in Figure 8.4. From these observations it can
probably be concluded that the change in background level
is caused by an increase in the number of hydrogen bonding
species. The absence of largé changes for Ag-A, as ob-
served for Na-A and ZnNa-A zeolites on ethanal adsorption,
can be explained by the initial presence of these hydrogen
bonding species: this being due to the incomplete removal
of ethanal from the ethyne hydration experiment (see Section

8.2).

In the C-H stretching region between 2700-3100 cm—l

new bands due to adsorbed ethanal are observed for all three
zeolites. These data are summarized and assigned in Table

6,7 The observation

8.3, by reference to the gas phase data.
of two V3 vibrations for adsorbed ethanal indicates the form-
ation of more than one adsorption complex in the framework.

This is confirmed by the observation of multiple v (C=0) bands.

The bands observed below 2800 cm-l are assigned to over-
tone and combination bands of the adsorbed ethanal. Overtone
and combination bands are clearly seen in the data for gaseous

ethanal in Figure 8.1, and were assigned by the authors in
7
reference
On evacuation and heating the v (C-H) bands are gradually
reduced in intensity as the ethanal is desorbed. No new

bands are observed.
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The 1800-1250 cm_l region

In this region bands due to the v (C=0) stretching
vibrations and the 6(CH3) deformation modes are observed
(Figures 8.5-8.7). The data for the three zeolites are
summarized in Table 8.3. In spectra 8.5(b) and (c}, 8.6(b),
{(c) and (d) and 8.7(b) and (c) bands observed at 1761, 1746
and 1733 cm_l are due to the P, Q and R branches of gaseous
ethanal. These bands are clearly observed in the spectra
of gaseous ethanal shown in Figure 8.1. On evacuation of
ethanal from the sample cell (Figures 8.5(d), 8.6(e) and

8.7(d)), these bands are immediately removed.

For all three zeolites two general observations are

made from the spectra obtained on the adsorption of ethanal:

(i) A shift of between 23-63 cm_1 to lower wavenumbers
is observed in the frequency of the C=0 stretching vibration,

1 (Table 8.3).6 These

from the gas phase value of 1743 cm
shifts are typical of those observed for ethanal adsorbed on
a variety of surfaces, e.g. MgO, Li-X, H-Y, as discussed in

Section 8.1.

(ii) The deformation modes observed below 1500 cm-l,
unlike the v (C=0) vibrations, show very little change on
increasing thé pressure or on evacuation of the ethanal
(Figures 8.5-8.7). This indicates that the interaction of
the ethanal is vZa the carbohyl end, anc that the CH, group is only
slightly perturbed by adsorption. In agreement with this,
the deformation modes are observed to have values very like

those observed in the gas phase (Tables 8.2 and 8.3).
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Figure 8.6 The 1800-1250 cm—l region of ethanal adsorbed
on ZnNa-A zeolite

(a) dehydrated zeolite background, (b) zeolite + 10.1 torr of
ethanal, (c) evacuation of sample (b) to 4.8 torr, (d) evac-
vation of sample (c) to 0.8 torr, (e) on evacuation of ethanal

from sample (4d).
(y axis offset)
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on Ag-A

(a) =zeolite background after evacuation of C2H2/CH CHO for

90 minutes (Chapter 7); (b) zeolite + 11.6 torr of éthanal,

(c) evacuation of sample (b) to 0.9 torr, (d) on evacuation

of sample (c), (e) evacuation of sample (c) for 30 minutes,

(f) evacuation of sample (c) for 120 minutes.

(y axis offset)
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The spectra of ethanal adsorbed on Na-A are shown in
Figure 8.5.A After the removal of the gas phase by evacuation
(Figure 8.4(d)), a very strong band which can be assigned to
V(C=0) 1is observed at 1713 cm_l. Below 1500 cm_1 the bands
which are assigned to the CH3 deformation modes are observed
1

at 1410 and 1351 cm The feature in the background spectrum

at ca. 1670 cm_l is due to the deformation mode of adsorbed
water (Section 4.4.1), while the band at ca. 1435 cm_l is
attributable to carbonates or overtone and combination bands
of the framework vibrations (Chapter Seven). The presence of
one V(C=0) vibration indicates the formation of a single type
of adsorbed species. We assign this species to ethanal co-
ordinating to the Na(I) ions, due to the cation dependent
bands observed in similar positicns on Li and Cs exchanged X zeolites2

(Section 8.1). This assignment does not, however, explain
the weak hydrogen bonding interaction observed above 3000 cm_l,
described previously. The only explanation for this is that
the v (C=0) of the hydrogen bonding species is of weak intensity

and is présent beneath the very strong v(C=0) vibration of

ethanal coordinating to the Na(I) cations.

The spectra of ethanal adsorbed on ZnNa-A (Figure 8.6)
is much more complicated than that observed for ethanal ad-
sorbed -on Na-A (Figure 8.5). On adsorption of ethanal three
new v (C=0) vibrations are observed at 1717, 1704 and 1682 cm-l
in Figure 8.6(b). (The bands above 1730 cm_1 are due to
gaseous ethanal). On reducing the overpressure of ethanal in

the cell, the relative intensity of the three bands is ob-

served to change. Clearly, Figures 8.6(b)»>8.6(e) show that
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the species characterized by the band at 1704 cm"l is de-
sorbed most readily. In view of this observation, this band

is assigned to ethanal hydrogen bonding to the. framework

hydroxyl groups. The remaining two bands are assigned to
ethanal coordinating to the cations. The similarity between
1

the position of the v(C=0) vibration at 1717cm - and that

observed for ethanal adsorbed on Na-A leads us to assign the

1 band to ethanal adsorbed on the Na(I) ions. The

1717 cm
third bapd at 1682 cm_l is then assigned to an ethanal com-
plex formed with the Zn(II) ions. The G(CHB) modes of all
three complexes are observed at 1415 and 1352 cm_l. These
bands show no variation on evacuation or changing the pressure

of ethanal in contact with the sample.

Finally, on ZnNa-A a weak band is seen at ca. 1642 cm

This band will be discussed and assigned in Section 8.3.2.

The Ag-A disc onto which ethanal was absorbed (Figure 8.7(a))
showed weak bands due to adsorbed ethanal formed from the
hydration of ethyne in Chapter Seven. The desorption treat-
ment used after ethyne adsorption (evacuation for 90 minutes)
was not able to completely remove these bands. On adsorption
of ethanal (11.6 torr), these weak features are very much
increased in intensity, as the concentration of adsorher ethanal
is increased. Two v (C=0) vibrations are observed at 1718
and 1681 cm—l. As the higher wavenumber band was observed to
be more readily removed by évacuation (Figure 8.7(d) and (e)),
we assign this band to ethanal interacting with the framework

1

hydroxyl groups. The 1681 cm ~ band is then assigned to the

adsorption of ethanal on the Ag(I) cations. In contrast to
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Figure 8.4, where very little change was observed in the
3800-2700 cm—l on desorption of ethanal, major changes are
observed in the v(C=0) region. This shows the v(C=0) band
to be very much involved in coordination and a sensitive in-
dicator to the formation of ethanal complexes at different
sites.

In addition to the observation on Ag-A of two CH3 de-

formation modes, at 1410 and 1351 cm—l, a third band is ob-

served at 1311 cm—l. This band is assigned to the C-H bending
mode which is observed at 1400 cm—l in the gas phase. On
Na-A and ZnNa-A no C-H bending mode was observed. The large
shift seen on Ag-A and the non-observation on the other two
zeolites studied, show this mode to be strongly perturbed on
adsorption. As the interaction of ethanal to the zeolite

H

) 7’
surface is occurring via the carbonyl of the —CQ group, a

large perturbation of the C-H bending modes is to be expected.

8.3.2 Desorption of ethanal

No data on the desorption of ethanal from Ag-A
was obtained in the present study. For Na-A and ZnNa-A
the spectra obtained are shown in Figures 8.8 and 8.9 res-
pectively. These figures show that a number of new bands
appear in ghe 1700-1550 region on the desorption of ethanal.
We will assign these modes to new species formed from the re-
action of ethanal on the zeolite surface at elevated temper-

atures.

For Na-A the desorption data is shown in Figure

8.8. As the sample is evacuated for 60 minutes the intense

v(C=0) band at 1713 cm is reduced in intensity as ethanal
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Figure 8.8 The desorption of ethanal from Na-A zeolite

(a) spectrum on evacuation of ethanal (see Figure 8.4),
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Figure 8.9 The desorption of ethanal from ZnNa-A zeolite

(a) spectrum on evaucation of ethanal (see Figure 8.5),
(b) evacuation of sample for 45 minutes; evacuation and
heating of sample (b) at: (c) 423K, (d) 488K, {e) 593K and
(£f) 733K.

(y axis offset)
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is removed from the framework (Figures 8.8(a) and (b)). When
the sample is subsequently heated to 423K while being evac-
uated, two new bands are observed at 1671 and 1635 cm_l

(Figure 8.8(c)).

For other systems described in this thesis, bands
which appeared on desorption were due to the removal of an
intense feature which revealed a weak component. In the
present case the new bands at 1671 and 1635 cm“l are clearly
due to new species formed by the reaction of adsorbed ethanal

and probably water or hydroxyl groups in the zeolite cavities.

Above 423K the bands at 1671 and 1635 cm © are
considerably reduced in intensity, and a third new, but broad,
band is observed at ca. 1575 cm—l. This latter band is still

observed when the sample is heated to 693K.

During the desorption the CH3 deformation modes
in the 1420-1300 cm-l region are reduced in intensity and no
new bands are observed which can be correlated
with the other new features. After heating to 693K, some

1

residual intensity was observed at between 1420 and 1350 cm’ ,

which must be associated with the 1575 cm-l band.

Data obtained on desorbing ethanal from ZnNa-A
by evacuation and heating is shown in Figure 8.9. At room
temperature, on the immediate evacuation of ethanal from the
cell (Figure 8.9(a)), three strong v(C=0) bands are observed
at 1717, 1704 and 1682 cm—l, which were assigned to three
different sites in Table 8.3. A foruth weak band is observed

at 1645 cm_l. On evacuating the sample these bands are ob-

served to change.
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Firstly, by evacuating and heating to 423K the
two higher frequency v (C=0) bands at 1717 and 1704 cm—1 are
completely removed (Figure 8.9 (c)). They are both still
present as weak features after evacuation for 45 minutes
(Figure 8.9(b)). The band af 1704 cm—l was assigned to
ethanal hydrogen b@nding through the carbonyl group to struct-
ural hydroxyl groups. This.particular species was observed
to be relatively weakly adsorbed by the intensity decrease of
the 1704 cm—l band on feducing the pressure in the cell
(Section 8.3.1). Therefore the disappearance of the band by
spectrum 8.9 (d) is not surprising. The second band to dis-
appear rapidly was observed at 1717 cm_l'and assigned to an
ethanal complex formed with the Na(I) cations. The complex
in ZnNa-A is seen to be more weakly adsorbed than the same
species observed in Na-A zeolite. A similar difference in
desorption behaviour was observed for the Na(I)-propene com-

plex in the Na-A and ZnNa-A {(Chapter Four).

As the sample was heated (Figures 8.9(c) - 8.9(d)),
the 1685 cm_l band decreased in intensity as the Z2n(II)-
ethanal complex was desorbed. Simultaneously bands due to
new species were observed at 1645 and 1620 cm—l. Heating
to 593K completely removed the 1685 cm-l species, while the
1645 and 1620 cm_l bands were still observed. These latter
two bands are, as in the Na-A case, due to new species formed
by the reaction of ethanal with the zeolite surface. It
would appear that these species arise from the Zn(II)-ethanal

complex, as only this complex is present in the framework at

423K.
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In the CH3 deformation regiép very little change
is seen in the band at 1415 and 1352 cm_l on evacuation, even
though major changes occur in the v(C=0) region (Figures 8.9(a)
and (b)). Obviously, from this observation, the major con-
tribution to the former bands must be from the Zn(I)-ethanal
complex. Heating causes the disappearance of both bands.

But at 593K a weak band is observed at 1415 cm_l, which we

must associate with the band at 1642 cm—l.

Interpretation of the changes which occur on desorption

The changes described above on the desorption of ethanal
on evacuation and heating from Na-A and ZnNa-A are clearly
associated with the reaction of adsorbed ethanal at elevated
temperatures. It is strongly expected that heating a sample
in the presence of gaseous ethanal would increase greatly the
intensity of the bands due to the new species.

A comparison of the new bands with those observed for
ethanal adsorbed on silica,l MgO,3 alumina4 and decationized
zeolite Y2 would lead us to assign these new bands, except the

1 on Na-A, to carboxy-

1642 cm_l band on ZnNa-A and the 1671 cm
late species (Section 8.1). These will be formed by the re-
action of the adsorbed ethanal with water or hydroxyl groups in the

zeolite framework.

In decationized zeolite Y2 bands observed at 1645, 1600

1 . . . .
were found to increase intensity on evacuation

and 1460 cm
and heating. These bands were assigned to either carboxylate
species or to new aprotic centers. The bands observed at

1671 cm_1 on Na-A and 1642 cm_l ZnNa-A we prefer to assign to
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ethanal adsorbed on new, probably aprotic centers formed by

the action of evacuation and heat on the samples.

8.4 Conclusions

The IR spectra of ethanal adsorbed on some type A
zeolites (Na(I), Zn(ITI) and Ag(I)) have been reported for

the first time.

It has been observed that on adsorption of ethanal frame-
work hydroxyl groups are perturbed. Hydrogen bonding com-
plexes between the carbonyl group of ethanal and the frame-

work hydroxyl groups have been envisaged.

In addition to hydrogen bonding complexes, the coordin-
ation of ethanal to the charge compensating cations has been
observed characterized by their v (C=0) frequencies, viz.
Na(I) = 1713 cm ¥, zn(II) = 1682 cm * and Ag(II) = 1681 cm .
In ZnNa-A interaction of ethanal with both the Na(I) and

Zn(II) cations was observed.

When ethanal was desorbed from ZnNa-A and Na-A, the
action of heat has been observed to cause the reaction of the
adsorbed ethanal with the framework. Carboxylate species were

identified.

The behaviour of ethanal adsorbed on type A zeolites has
been observed to be very similar to that reported for X and Y
type zeolites.2 In both cases the action of heat was shown

to cause the formation of new species.
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CHAPTER NINE

AN IR AND INS STUDY OF ETHENE

ADSORBED ON ZnNa-A ZEOLITE
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9.1 Introduction

The work presented in this chapter has been published
in part, in the proceedings of the First International

Conference on the Structure of Surfaces.l

The only full investigation by IR spectroscopy of
ethene (C2H4) adsorbed ion-exchanged type A zeolites, has
been a study by Howard et alz of the fully silver exchanged
form (Aglz—A) under various dehydration treatments.2 In
common with an earlier IR investigation of C2H4 adsorbed on
ion-exchanaged type 13-X zeolites,3 the formally infrared
inactive (in the isolated molecule) vibrations Vo (C=C stretch)

deformation) were observed showing that olefin
4

and V3 (CH2

interaction with the surface had taken place and that

dissociation had not occurred. Under all pretreatment con-
ditions, the authors observed the adsorption of C2H4 at two
sites within the Agiz-A framework. However, whilst zeolite
samples pretreated at a higher dehydration temperature held

C equally strongly on both sites, those samples pretreated

2ty
at a lower temperature held C2H4 less strongly on one site than
the other. This work was in agreement with an inelastic
neutron scattering study by the same authors,5 which located
two distinct adsorption sites but there was discrepancy with
the X-ray study of Kim aﬁd Seff6 in which only one adsorption
site was located.
In the earlier IR study by Carter et a1’ of C,H, ad-

+ + + 2+

+
sorbed on Li+, Na , K, Ag , Ba , Ca and Cd2+ exchanged

(greater than 90%) type 13-X zeolites, spectra were reported
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in the reégion 3300-1300 cm_l. Bonding was shown to be weak

by the complete removal of the adsorbed gas upon evacuation
at room temperature, from all but the silver and ¢admium ex-
changed forms. In the latter zeolites evacuation at temper-

atures in excess of 473K were necessary to displace the C2H4.

A scheme3’7 was proposed for cation—C2H4 interaction
in which a o-bond is formed by overlap of the olefin
orbitals with either a 5s or 5sp orbital of the cation. Addit-
ionally, in the case of silver, back donation was suggested

*
to occur from filled silver 4d orbitals into the vacant 7

orbitals of C2H4 according to the Chatt-Dewar-Duncanson Model.s’9

Of direct relevance to the present study Tomaselli et a%o
have recently reported the FT-IR spectrum of C2H4 adsorbed
on Na-A zeolite. In the presence of 100 torr of C2H4 four
bands were observed in the 2200-1200 cm_l region at 1946
(v7 + v8), 1664 (vz), 1450 (\)l2 CH2 deformation) and 1339 (v3)
cm_l. An increase in vz, relative to the gas phase value of

1623 cm *

had not previously been reported for C2H4 either
adsorbed or in organometallic complexes. The spectrum was
interpreted in terms of a non-rotating adsorbed species formed
between one C2H4 molecule and 2 Na(I) ions in the supercage.
The two Na(I) iéns (in sites S, and S, ) were proposed to lie
in the plane of the ethylene molecule, such that they caused

a compression of the H-C-H angle, justifying the increase in
Vg We consider that without further detailed quantitative
analysis this interpretation must be regarded as tentative.

No details were given either of the region above 2200 cm-l

so that the effect of the proposed change of geometry on the
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v (C-H) modes can be observed, or of the desorption behaviour

of the adsorbed species.

The motivation for the present study came mainly'from
paucity of IR spectroscopic data on C2H4 adsorbed on type A
zeolites. We have, in addition, studied the C2H4 + ZnNa-A
system by inelastic neutron scattering (INS) spectroscopy, as
this technique has been shown to give valuable information on

zeolite-adsorbate interactions.s’ll

As INS studies were not the main objective of this thesis,
only a brief outline of INS spectroscopy with respect to ad-

sorbate-adsorbent systems will be given.

9.2 Inelastic Neutron Scattering Spectroscopy of
Adsorbed species.

In vibrational studies of species adsorbed within zeolite
frameworks most attention has centred on the changes in the
internal mode frequencies of the adsorbate with respect to the

2,3,10 On adsorption the three rotations and

free molecule.
translational degress of freedom of the free molecule usually
become hindered (Figure 9.1). These modes directly reflect
the surface-adsorbate bonding and their frequencies can there-
fore be used to calculate force constants and barriers to
rotation. While this type of analysis provides a sensitive
test for any model of adsorbate-adsorbent interaction these

modes have generally not been studied because of the diffic-

ulties in observing them using optical spectroscopy, viz:

(A) the modes occur below 1200 cm—l and in this region zeolite

frameworks are usually extremely absorbing in the infrared;
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(B) many zeolites fluoresce making Raman experiments difficult

or impossible;

(C) it is known from work on organometallic complexes that

at least some of these modes are very weak in optical spectra.

None of these difficulties applies to INS spectroscopy
for which there are also no electromagnetic selection rules.12
In an INS experiment the scattering mechanism involves direct
interaction between the incident neutron and the scattering
nucleus. Each nucleus has a characteristic incoherent cross
section (0). The value for the hydrogen atom (80 x lO—24 cm2)
is some 20 times larger than the value for any other element.
The intensities of INS bands are dependent upon a number of
factors,12 two of which are the o value and the mean square
amplitude of vibration of the atoms in the normal mode. Since
the mean square amplitude of vibration is greatest for atoms of
the lightest mass and the value of ¢ of the hydrogen atom is
large, those modes which involve hydrogen will dominate the INS
spectrum. Thus in zeolite-adsorbate studies in which the ¢
value of the atoms of the dehydrated zeolite are small, com-

pared with the hydrogen atoms of the adsorbate the INS spectrum

will be dominated by the vibration of the adsorbate.

In INS spectroscopy deuteration of an adsorbate molecdle,
does not only result in the shifts of bands due to the mass
effect. The o value for D (2 x 10_24 cm2) is 40 times less
than that of H, therefore the intensity of vibrations is also
severely affected. By the selective deuteration of a molecule,

the assignment modes can be made easily.

The aim of the INS studies of the ZnNa-A + C2H4 system was

two-fold, viz:
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(A) to investigate the low wavenumber re@ion; and

(B) to use a prototype spectrometer to investigate the high
wavenumber (>2000 cm—l) region with the aim of locating the
C-H stretching vibrations of the adsorbated, which are not

observed in the IR spectrum.

9.3 Experimental

The samples of ZnNa-A were prepared and analysed as de-
scribed in Chapter Three. The IR spectra of adsorbed C2H4
were obtained by the method outlined in Chapter Thrée using
the PE580B Spectrophotometer. Two samples of ZnNa-A were
used, Zn4-3Na3.4—A and Zn3.2Na5.6—A. As the spectra obtained
were identical for both samples, results will only be presented
for the higher ion-exchange form. C2H4 gas (British Indust-
rial Gases) was purified by the freeze-pump-thaw technique

before use.

Neutron scattering measurements were made using the
beryllium filter spectrometer at AERE Harwell (100-800 cm_l)12
and the filter difference spectrometer (300-4000 cm-l) at Los
Alamos National Laboratory.13 For the Harwell data the trans-
ition frequencies have been calculated from the peak maxima
using standard corrections factors.14 The Los Alamos data was
analyzed as previously described.13 For the.INS experiments
the samples (approx. 50g) were pretreated as for the IR
measurements (713k for 15.5 hr. at 10_5 - 1016 torr) and the
samples held in thin-walled aluminium cells. The spectrum of
the degassed zeolite was obtained to serve as a background,

C,H, was then adsorbed and the spectrum re-run. At Harwell,

274
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coverages of 0.95 and 1.75 C2H4 molecules per supercage

-A and of 1.75 C,D, molecules per supercage on

on Zny oNag ¢ 20,4

Zn -A were studied. The Los Alamos experiment on

3.8%%4.5
Zn3.8Na4!§Ainvolved an adsorption capacity of 1.03 C2H4
molecules per supercage. Adsorption was carried out at

ambient temperature, where all the C2H4 (C2D4) was observed

to be chemisorbed (no residual overpressure). The Harwell
measurements were made at 80, while a temperature of 12K was
used at Los Alamos. The effect of the lower temperatyre em-

ployed at Los Alamos will, at most, be band narrowing in the

spectrum.

Though samples with different degrees of ion—exchange
were used for the INS and IR measurements the effect on the
spectra is negligible, as IR measurements at both ends of the
ion-exchange range gave identical resqlts. All samples, re-

gardless of ion-exchange will hereafter be referred to as

ZnNa-A.

9.4 Results and Discussion

9.4.1 Infrared data in the region 1700-1200 cm“l

The IR spectrum of dehydrated ZnNa-A and of C2H4
adsorbed on it (overpressure of 5 torr) are shown in Figure 9.2,
(a} and (b). Bands due- to internal modes of the adsorbed
1

species are clearly seen at 1326, 1451 and 1602 cm These

transitions are readily assigned by comparison with the optical
data15 for gaseous C2H4 (Table 9.1). The change in activity
of Vs and V4 on adsorption reflects a symmetry lowering from

D2h of gaseous C2H4. On evacuation for five minutes the
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Figure 9.2 Ethene adsorbed on dehydrated ZnNa-A

(a) Background (degassed zeolite)

(b) Sample (a) + 5 torr of C2H4

(c) Sample (b) evacuation for 5 minutes.
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TABLE 9.1 IR bands (cm-l) and their assignments for C2H4

adsorbed on ZnNa-A zeolite

Assignment (gaQC;$Zi;¥ Gas phase15 Adsorbed
vz(C=C stretch) Raman 1623 1602
\)12(CH2 deformation) IR 1443 1451
\)3(CH2 deformation) Raman 1342 1326

intensities of the bands fall by at least a factor of 10
(Figure 9.2(c)). These observations are indicative of re-
latively weak non-dissociative adsorption at a single site.
This is in contrast to C2H4 adsorbed on Aglz—A,2 where two
distinct adsorption sites were observed. The adsorption of
propene has been observed to occur in ZnNa-A on both the

Zn(II) and Na(I) ions (Chapter Four). In the present study
the observations from the IR spectrum of only one site and our
experience that preference will be the formation of transitional
metal complexes, we propose that the C2H4 is adsorbed on the
Zn(II) ions located at site 82 * in the a-cage, as C2H4 is

too large to enter the B-cages. Though a stable Na(I)—C2H4
complex has'been proposed,lo it must be remembered that after
partial ion-exchange of Na-A, it is very unlikely that two
Na(I) will be located close enough to form a complex of the
proposed structure. The narrowing of the IR bands which takes
place on adsorption indicates that the adsorbed molecule is

not freely rotating, in agreement with similar complexes in

10

other A2’ and in some 13-X type3 zeolites.

In view of the intense bands observed in the 1700-1200 cm-l

region, it is remarkable that we do not observe any bands due
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to the C-H stretching modes of adsorbed C2H4 (expected at
ca. 3000 cm-l). A similar observation has been reported by
Carter et aZ3 for Cd-X zeolite, and also observed for Cd
exchange A zeolite by us,16 though these modes have readily

been observed in a wide range of other ion exchange zeolites.z’3

The absence of the v (C-H) modes must be a consequence
of subtle electronic changes which occur on adsorption of
C2H4. These are possibly due to the nature of the cations,
as zinc and cadmium are foundlin the same group in the periodic
table. The essential first step to a further understanding
of these electronic changes is a good normal coordinate
analysis, but this obviously requires the frequencies of the
modes to be known. We have therefore studied the
ZnNa-A + C2H4(C2D4) system using INS spectroscopy, with the
aim of locating the C-H stretching vibrations and identifying
the zeolite surface interactions. The spectra obtained are

shown in Figures 9.3 and 9.4 and summarized in Table 9.2.

TABLE 9.2 INS data (cm_l) and assignments for C2H4

adsorbed on ZnNa-A zeolite

Observed Predicted
C2H4 C2D2 deuteration deuteration Assignment
shift shift
183 156 0.84 0.86 Ty
130 237 0.76 0.73 Ty
490 Amplified zeolite
566 modes
636 ‘ Overtone of Tt
825 CH, rock
1024 CH2 twist
v (C=C)
1460 CH2 scissoring
CH2 rock, ete.
3050 C-H stretching modes
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9.4.2 1INS data below 400 cm-1

Two distinct bands are seen in the INS spectra
of both C2H4 and C2D4 in this region and little change is
observed on increasing the coverage. Since these bands are
not amplified surface rodes (as thefrequency shiftson deuter-
ation) and there are no intramolecular modes below 586 cm_l,
these transi;ions must be hindered rotations and/or trans-
lations of the adsorbed molecule relative to the zeolite
surface (Figure 9.1). The higher wavenumber transition occurs
at 310 (C,H,) and 237 (C,D,) em™ ! anad assuming these to be
the same mode, this yields an isotropic ratio of 0.76. Using
a Zeise's Salt geometry17 for the adsorbed C2H4 an isotropic
shift of 0.73 is predicted for the hindered rotation (TX)
about the C=C axis (Figure 9.1). No other mode has such a
large isotropic shift, since no other mode involves little or
no carbon atom motion (Table 9.3). Therefore the only reason-
able assignment to the 310 (C2H4) and 273 (C2D4) cm-l bands
is to the hindered rotation (Tx). The corresponding mode was
observed at 417 (C2H4) and 298 (C2D4 cm"l in silver exchange
A zeolite.5 Since the adsorbed ethene is not easily removed
on evacuation from Aglz—Az, it is reasonable to expect a
higher frequency in this case. The corresponding mode in
Zeise's salt ([KPtClZ(C2H4)H20]) occurs at 1180 cm-l, 18 in

the solid state: since the metal-ethene bond in this very

stable complex is much stronger than in the complex formed in
zeolites.
The lower wavenumber bands at 183 (C2H4) and 156 (C,D,)

yield an isotropic ratio of 0.84. This is in gond agreement

with that expected (0.86) for the hindered rotation about an
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TABLE 9.3 Deuteration shifts predicted for Zeolite—ethene17
vibrations assuming a 'Zeise's Salt' geometry
for the adsorbed ethene molecule.

* Deuteration

Mode shift
T 0.73
X
T 0.86
Y
T, _ 0.84
t 0.94
X
t 0.94
y .
t 0.94

* The three hindered rotations and three hindered trans-
lations of ethene relative to the zeolite surface are

defined in Figure 9.1.

axis parallel to the surface, Ty in Figure 9.1. This corres-
ponds to the antisymmetric metal-ethene stretching mode of
organometallic complexes, and in Zeise's Salt, ry, occurs at

490 cm_l, once again reflecting its stronger bonding.18

9.4.3 1INS data above 400 cm_1

The INS data on ZnNa-A + C2H4 in this region,
shown in Figure 9.4, was obtained using the filter difference
spectrometer at Los Alamos. Clearly the intense band at
318 cm—l corresponds to Ty observed at 310 cm-l using the

Harwell spectrometer. The overtone of this band is seen at

636 cm_l. Above this value relatively narrow bands occur

1 with broader features centered at

1

at 825 and 1023 cm

ca. 1460 and 3050 cm The broad features clearly contain
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a number of unresolved features. The 1460 cm_l band must
contain a number of modes including the Vor Vi and Vi modes

observed in the infrared spectrum in the 1700-1200 cm_l region.

The 3050 cm_l band we must assign to the four C-H
stretching modes. These modes were not observed in the IR
data, we presume due at most to a small dipole moment, but
because INS data has no such rules these vibrations are
observed, though the quality of the data is poor. Clearly,
further work would be valuable in this region using a low Q
(momentum transfer) spectrometer,12 which would give better
energy resolution (ca. 10 times) and lead to narrower bands,
providing the information necessary to attempt a normal co-
ordinate analysis on the system. The observation of these
C-H modes indicates that the nature of the complex is indeed
similar to those previously reported for 13—X3 and Aglz—A2
zeolites, and that their non-observation in the IR spectrum

is due to the nature of the cation which must perturb the

electronic structure of the ethene molecule.

The assignment of the 825 (sharp) and 1024 cm_l bands is

more difficult. Although bands are observed in the INS spectrum

of Zeise's Salt,18 at 840 and 1030 cm_l, in good agreement with

the C2H4 + ZnNa-A data, the data for the complex also contains
1

an intense band at 720 cm No similar band is found for the

zeolite complex. Examination of the previously published INS
data for C,H,y + Agl3-X shows bands at ca. 820 and 1000 cm_1
with a minimum close to 700 cm_l. No INS data has been pub-
lished in this region for the C2H4 + Ang_A system. Thus the
ZnNa—-Aand Agl3-X data are comparable in this respect and the

adsorbed molecule is spectroscopically more similar to gaseous
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C2H4 than it is to the strongly bonded form in Zeise's Salt.

The INS bands at 720 and 840 cm_l in Zeise's Salt were
assignedll to CH2 rocking modes (vl7 and v23). In the gas
phase these modes (vlo and Ve respectively) occur at 826 and
1236 em . 1> It is likely, therefore, that the 825 and
1024 cm_l bands we obsefve correspond to the CH2 rock and

CH2 twisting modes which occur at 826 (v6) and 1023 (v4) cm_l

respectively in uncoordinated C2H4.15

The remaining weak bands in the region 480-650 cm_l

are tentatively assigned to framework vibrations of the zeolite
enhanced in intensity by the "riding" motion of the adsorbed
species. This tentative assignment is made because none of
the hindered rotations or translations of adsorbed C2H4 can
occur in this region nor are there any intramolecular C2H4

modes.

9.5 Conclusions

In contrast to studies of C2H4 adsorbed on Aglz—A, the
present study has revealed only one adsorption site, the
Zn(II) ions, for C2H4 adsorbed on ZnNa-A. Using INS spectro-
scopy the C-H stretching vibrations which are surprisingly
absent in the IR spectrum, have been observed. This has shown
that subtle changes in the electronic structure of the adsorbed
C2H4 molecule caused by the nature of the cations must be res-
ponsible for the IR inactivity of these bands. A complex
similar to those previously reported on Aglz-A and 13-X type

zeolites may be envisaged for C2H4 adsorbed on ZnNa-A.
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postgraduate research thesis contains an appendix listing:
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All research colloquia, research seminars and lectures
arranged by the Department of Chemistry during the
period of the author's residence as a postgraduate
student. (* indicates attendance and + indicates
absence from Durham due to research at a central

neutron facility).

All research conferences attended and papers presented
by the author during the period when the research for
the thesis was carried out. (* indicates paper

presented) .



(A)

306

Research Collogquia, Seminars and Lectures held

in the Department of Chemistry during the academic

years

1982-~1985

27. 9.

13.10.

14.10.

27.10.

28.10.

15.11.

24.11.

24.11.

12. 1.

21. 2.

82%*

82*

82*

B2x*

82%

82

82x*

82*

.82*

83

.83

83*

.83

.83

Dr. W.K. Ford (Xerox, Webster, N.Y.) "The
dependence of the electron structure polymers
on their molecular architecture".

Dr. W.J. Feast (Durham), "Approaches to the
synthesis of conjugated polymers"”.

Prof. H. Suhr (Tubingen, FRG), "Preparative
chemistry in non equilibrium plasmas".
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Prof. M.F. Lappert, FRS (Sussex), "Approaches to
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Dr. G. Bertrand (Toulouse, France), "Curtius
rearrangement in organometallic series: A route
for new hybridised species".

Prof. F.R. Hartley (R.M.C.S., Shrivenham),
"Supported metal-complex hydroformylation
catalysts".

Prof. G.G. Roberts (Applied Physics, Durham),

"Langmuir-Blodgett films: Solid state polymer-
isation of diacetylenes".

Dr. G. Wooley (Trent), "Bonds in transition metal-
cluster compounds".

Dr. D.C. Sherrington (Strathclyde), "Polymer-
supported phase transfer catalysts".

Dr. P. Moore (Warwick), "Mechanistic studies in
solution by stopped flow F.T.-NMR and high
pressure NMR line broadening".

Dr. R. Lynden-Bell (Cambridge), "Molecular motion
in the cubic phase of NaCN".
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solid-state chemistry of diacetylene monomers and
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Prof. D.C. Bradley, FRS (Queen Mary College, London),
"Recent developments in organo-imido-transition
metal chemistry”.
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11. 3.83
16. 3.83
25. 3.83*
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11. 5.83
13. 5.83*
13. 5.83*
l6. 5.83
18. 5.83%*
25. 5.83
15. 6.83
22. 6.83%

5. 7.83

5.10.83%
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Dr. D.M.J. Lilley (Dundee), "DNA, sequence,
symmetry, structure and supercoiling".

Prof. H.G. Viehe (Louvrain, Belgium), "Oxidation
on sulphur".

Dr. I. Gosney (Edinburgh), "New extrustion re-
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Prof. K. Burger (Munich, FRG), "New reaction
pathways from trifluoromethyl-substituted hetero-
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compounds”.

Dr. N. Isaacs (Reading), "The application of
high pressures to the theory and practice of
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"Synthesis, structure and properties of alumin-
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in nucleophilic substitution reactions".
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approaches to spectroscopic characterization of
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12.10.83
19.10.83
26.10.83*%
30.11.83%
14.12.83
10. 1.84%
18. 1.84%
8. 2.84%
15. 2.84"
7. 3.84%
21. 3.84%
23. 3.84
2. 4.84
3. 4.84*%
25. 4.84
27. 4.84
14. 5.84*
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Dr. C.W. McLeland (Port Elizabeth, Australia),
"Cyclization of aryl alcohols through the inter-
mediacy of alkoxy radical and aryl radical cations".

Dr. N.W. Alcock (Warwick), "Aryl tellurium (IV)
compounds, patterns of primary and secondary
bonding™.

Dr. R.H. Friend (Cavendish, Cambridge), "Elect-
ronic properties of conjugate polymers".

Prof. J.M.G. Cowie (Stirling), "Molecular inter-
pretation of non-relaxation processes in polymer
glasses".

Prof. R.J. Donovan (Edinburgh), "Chemical and
physical processes involving the ion-pair states
of the halogen molecules".

Prof. R. Hester (York), "Nanosecond laser spectro-
scopy of reaction intermediates".

Prof. R.K. Harris (UEA), "Multi-nuclear solid state
magnetic resonance".

Dr. B.T. Heaton (Kent), "Multi-nuclear NMR studies".

Dr. R.M. Paton (Edinburgh), "heterocyclic
syntheses using nitrile sulphides".

Dr. R.T. Walker (Birmingham), "Synthesis and
biological properties of some 5-substituted uracil
derivatives; yet another example of serendipity

in antiviral chemotherapy".
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spectroscopic studies of electrode and other
surfaces". :
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field-type models of the bonding in molecular
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reactions in free radical polymerisation".
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21. 3.85%
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8. 5.85
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Dr. P.J. Garratt (UCL), "Syntheses with dilith-
iated vicinal diesters and carboximides".

Dr. A. Haaland (0Oslo), "Electron diffraction
studies of some organometallic compounds".

Dr. J.B. Street (IBM, California), "Conducting
polymers derived from pyrroles".

Dr. C. Brown (IBM, California), "New superbase
reactions with organic compounds"”.

Dr. H.W. Gibson (Signal UOP, Illinois), "Iso-
merization of polyacetylene".

Professor W.W. Porterfield (Hampden-Sydney College,
Virginia), "There is no Borane chemistry - only
Geometry".

Dr. T.A. Stephenson (Edinburgh), "Some recent
studies in platinum metals chemistry".

Emeritus Prof. H. Suschitzky (Salford), "Fruitful
Fissions of Benzofuroxanes and Isobenzimidazoles
(umpslung of o-phenylendiamine)".

Dr. G.W.J. Fleet (Oxford), "Synthesis of some
alkaloids from carbohydrates".

Dr. J. Dwyer (UMIST), "Zeolites".

Professor K.J. Packer (B.P. Ltd., Sunbury), "NMR
Investigations of the Structure of Solid Polymers".

Dr. M. Poliakoff (Nottingham), "New methods for
detecting organometallic intermediates in solution

Professor H. Ringsdorf/Mainz, FRG), "Polymeric
hiposomers as Models for Biom ra:nes and Cells".

Dr. M.C. Grossel (Bedford College, London),
"Hydroxypyridane dyes - bleachable one-dimensional

metals?".

Dr. D. Parker (I.C.I. plc, Witton), "Application
of radioisotopes in industrial research".

Professor G.E. Coates (Wyoming, USA), "Chemical
education in Britain and America: successes and

deficiencies".

Professor D. Tuck (Windsor, Ontario), "Lower
Oxidation state chemistry of Indium".
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crystalline polymers".
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Professor J. Passmore (New Brunswick, Canada),
"The synthesis and characterizat109 of some novel
selenium-iodine cations, aided by 7Se NMR
spectroscopy".

Dr. J.E. Packer (Auckland, New Zealand),"Studies
of Free Radical Reactions in aqueous solutions
using ionising radiation".

Professor I.D. Brown (McMaster, Canada), "Bond
Valence as a model for Inorganic Chemistry".

Dr. M. Hudlicky (Virginia State University, USA),
"Preferential Elimination of Hydrogen fluoride
from vicinal Bromofluoro-compounds".

Dr. R. Grimmett (Otago, New Zealand), "Some
aspects of Nucleophilic substitution in Imidazoles™.

Dr. P.S. Belton (Food Research Institute, Norwich),
"Analytical Photoacoustic Spectroscopy”.

Dr. D. Woollins (Imperial College, London), "Metal-
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Professor Z. Rappoport (Jerusalem), "The rich
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stitution".

Dr. T.N. Mitchell (University of Dortmund),
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