MOSSBAUER  STUDIES
OF IRON—EXCUANGED ZEOLITES

by

Bruce Lockhart Dickson. M.Sc.

A Thesis submitted in partial fulfillment .

of the requirements for the degree of
DOCTOR OF PHILOSOPHY.
of the University of London

July. 1973

Physical Chemistry Laboratories,
Imperial College of Science and Technology,
South Kensington,

London, SW7? 24Y.



ABSTRACT

Tﬁe site location and tﬁeﬁlocal ligand enViroﬁment surrqunding
ferrous ions exchanged into Linde A; X, and Y zeolites have been studied
by M8ssbauer Spectroscopy; Ferrous ions in tﬁe fully Hydrated'zeolites
have.é similar six-fold coordinate goemetry involving both lattice oxygen
ions and water molecules. On dehydration most of tﬁe ferrous ions in
zeolites X and Y move preferentially into tﬁé hexagonal prism Sites'but
some ferrous ions remain in the sodalite window site. This site gives
the ferrous ions an unusual planar three—fold'coopdination. In A-
zeoiite the preferential cation site is in the sodalite window and on’
dehydration ferrous ions in A zeolite give only the unusual spectrum
associated with this three-fold coordination.

The effects of mild dehydration and of fhe.sorption of HQO, CH30H,

C,HLOH, NHy, CH,, C CH

oHs CN and C,H.Cl in the dehydrated, ferrous

yHg> CHy otls

exchanged A zeolite have been studied. . The sorption of gas molecules

of varying size enables the coordination geometry of the ferrous ions

in the dehydrated A zeolite to be determined. The nature of the
interaction between these gas molecules and the ferrous ions and of tﬁe.
sorbate complexes formed is discussed. | The ferrous ions act as a

primary sorption site for the polar molecules, a complex of the form
(Z-O)SFe2+(ROH)2 (where R = H, CHy and C,Hg; and (Z2-0) represents a

lattice oxygen) being formed. Ethylene is weakly sorbed and the effects
of non-localised sorption on a surface cation are demonstrated. Catalytic
decomposition of ethyl chloride to ethylene and hydrogen chloride was
observed to occur at room temp-rature. Water was also found to dissociate

to a certain extent when coordinated to the ferrous ions in partially

hydrated A zeolite.
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CHAPTER 1

* "INTRODUCTION

Zeolites (molecular sieves) are characterised by an open strucfure
containing interconnected cﬁannels of molecular dimensions which are
normally filled with water(l’Q). The thermal stability of the alumino-
silicate framework enables the channels to be emptied of this water or
any other occluded molecules. Witﬁin tﬁe large internal volume of
dehydrated zeolites a large range of'organic reactions are catalysed and
because of this ability zeolites Have found an.increasing industrial
usage.

As a result there is considerable interest in tﬁe factors determining
the catalytic properties of various zeolites in particular reactions.
The interpretation of such studies is aided by the availability of a
large and crystallographically well-defined surface and tﬁe major factors
affecting the catalytic activitf have been determined(s). One of these
factors is the type and location of the cations that are required by the
zeolite to balance the negative charge of the aluminosilicate framework.
The cations can be located in a variety of positions in the zedlite and
these may themselves be the active sites. The cations inaccessible to
the molecules in the major channels can still exercise large effects via
their electric fields or by providing acidic sites through dissociation
of traces of water.

Many studies, using a variety of techniqués,.have been made of the

. . . . . 5 . .
Jocation of different cations in zeolites (4, ). However, little 1s known

about the type of complex formed between sorbates in the zeolite and the
cations, even though this is probably a primary step with many of the
catalysed reactions. Those studies that have been made have been most

concerned with the changes occurring to the sorbates themselves rather than

-with the nature of the complexes formed.



The aim of the present work was to examine Fhe naFure of sorbate-
cation complexes in zeqliﬁes. Mossbauer'sPectrqscqpy was used for tﬁis
purpose and, wﬁilst it can give a wide range of information on this
particular subiect, tﬁe number of types of cations tﬁat can be examined
are limited. In the present study only higﬁ spin ferrous iron cations
" in the zeolites Linde A, X, and Y ﬁave been examined.

Before the nature of the catidn—sorbatg complexes can be determined
the coordination of tﬁe cation to the zeolite framework must be found.
The study thus falls into two parts: a) the location and coordination of
the ferrous ions in the zeolites A, X and Y, and,- b) the formation of
ferrous iron-sorbate complexes in zeolite A. ‘ first tﬁe structure and

properties of these zeolites will be described.

1.1. The Structure of Linde Sieves A, X and Y

(6,7).

Linde Sieves A, X and Y are synthetic zeolites . Zeolites have

been classified into seven groups based on the structure of the

(4)

aluminosilicate framework . Zeolites A, X and Y beiqng to the
faujasite group.

A large number of X-ray crystallographic studies have been made on

(8)

Initially these studies were made with powdered

(9)

these three zeolites
samples but recently single crystals have become available and the
framework structure of these zeolites are now well cﬁaracterized.

The aluminosilicate framework of these zeolites is most readily
conéeived as being made of sodalite cages. Each sodalite cage consists
of 24 (8i/A10y) tetrahedra linked together to form a truncated octahedron
with fourteen faces as ;hOWn in figure 1.1. Six of these faces are made
up of four-oxygen atoms in a square. The remaining eight faces are made
up of six oxygen atoms formiﬁg a puckered ring. This ring has an effective

open diameter of 0.22 nm. The silicon and aluminium atoms occupy positions

in the interstices between oxygen atoms. The space. inside a sodalite cage
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FIGURE 1.1.

Two viewus of a sodalite cage; A. a stereoscopic diagram
showing positions of Si and Al atoms ( = ) and of oxygen
atoms ( O ) and B, a line drawing showing the sodalite
cage as a truncated octahedron where the vertices are

Si or Al atoms and the oxygen atoms are represented by
lines.

(Stereoscopic diagram adapted from ref. 24.)
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is approximately spherical wiFh a diame?er of Ot66 nm.

Tﬁe A zeolite structure is produced by stacking these cages in-six-
fold coordination. Zeolites X and Y ﬁave tﬁe same framework topology as
the mineral faujasite but differ in the framework Si/Al ratio. The
faujasite structure is produced by tetrahedral stacking of tﬁe sodalite
cages. Stacking the cages in 8-fold coordinétion is also possible and
produces the mineral sodalite. The A zeolite and the faujasite structures

will now be considered separately in more detail.

1.1.1. The A Zeolite Structure

The octahedral stacking of the sodalite cages takes place via bridging
oxygen atoms connecting the six four-membered windows.  This produces
small cubic cages as is shown in the diagram in Eigure-i.Z(a). In the
diagram the oxygen étqms joining silicon or aluminium atoms are SHOWn as
straight lines. In the actual structure tﬁe oxygen atoms will be
displaced so as to give a tetréhedral arrangement of oxygen atoms around
each Si or Al atom. The structure contains a large cavity at the centre
of a cubic box made up of eight sodalite‘units. Tﬁis cavity has an
approximate diameter of 1.14% nm. It is connected to the neighbouring
cavities by six eight-membered windows which make up the face of the cube.
This window is almost planar and circular with a radius of 0.42 nm.

The sodalite cages ére joined to'the‘largé éavity by the six-membered
windows.

The unit cell of the structure can be considered to be based on this
cube and would contain one large cavity and eight cone-eighths of a
sodal;te cage. The space group for such a unit cell is Pm3m. The ideal
unit cell composition (for the dehydrated sodium form of the zeolite) is

Na,;A1ly551,.0,g

(10)

On the basis of Loergnsteins rule ,» which states that alumina tetrahedra

may not be interconnected, there must be ordering of the silicon and
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aluminium atoms in the structure. The strict alternation of SiO]+ and
AlOl1L tetrahedra leads to a lowering of the symmetry. The unit cell size
is then doubled. Si/Al ordering in hydrated sodium-A has been

. . .o (11)
established by single crystal X-ray studies . The space group of
the enlargened unit cell is Fm3c and the unit cell edge was found as

2.461 nm. For most purposes the smaller unit cell is used as it is more

convenient for use in discussion of the structure.

(12,13) 14) (15)

The location of sodium calciuﬁ( , and thallium cations
in the A zeclite structure has been determined. The most- favoured
cation site is on the three fold axis running tﬁrough the sodalite six-
membered windows. The actual distance of tﬁe cation from tﬁé plane of
the inner three oxygen atoms of tﬁe window is determined by tﬁe radius

6f the cation and the ability of the lattice to distort to accommeodate it.
Sodium cations are coordinated to tﬁe window on the large cavity side

but with thallium ions, one-eigth of the ions were found on the sodalite
cage side of the window(ls).

There are eight of these window sites per unit cell which when filled
leaves four univalent cations per unit cell to be sited elsewhere. These
have proved difficﬁlt to locate using powder diffraction tecﬁniques.

A study on a small dehydrated crystal of sodium—A(l2) has located three
of the four sodium ions in the plane of the eight-membered window.  The
cation in this site has a very unusual planar coordination geometry.

The remaining sodium ion is probably asscciated with the oxygen ions
forming the small square cages and the surface of the large cavity.

The statistical occupancy of the twelve such sites per unit ceil would be
too low to enable these ions to be distinguished by X-ray methods.
Another possible site suggested for this remaining cation is double

occupancy of the eight-membered window. This is unlikely as it would

bring two poorly coordinated cations into' cleose proximity.
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With divalent cations in the zeolite only partial occupancy of the
sites is required. Dehydrated calcium-A with 67% of the sodium ions

(14); The four calecium ions were sited

replaced has been studied
in the plane of the six-membered windows wﬁilst tﬁe four sodium ions
were displaced into the large:-cavity by 0.04 nm. No cations were found
in the large window sites.

The position of cations in manganese,cobalt and nickel exchanged A-
zeolites have been studied by other techniques. Using u.v. reflectance

(16) (17)

spectroscopy the coordination site of cobalt and nickel ions in the

dehydrated zeolite was determined to be the six-membered window.  The

(18) (19)

magnetic susceptibility of cobalt-A and nickel-A

‘has been measured
as a function of dehydration. Nickel-A was unstable té’ext;eme deﬁjdration
but the behaviour noted for both cations is in accord with their being
sited in the sodalite window. At partial dehydrati;n the susceptibility
of both cations indicated tetrahedral coordination fhrqugh coordination

of a water molecule.to the cation. - A similar coordinationlﬁas determined
for manganese ions in A zeolite even after dehydration, in an E.é.RJ

étudy <2O). Manganese ions appear to prefer the sodalite cage side of

the window as the sofption of water vapour must be done at a relatively
high temperature (v 80°C) before the spectrum of partially hydrated ions

is obtained. As remnant water molecules can be involved in tﬁe cation

coordination in all zeolite structures the faujasite structure will be

considered before discussing them further.

1.1.2. The Faujasite Zeolite Structure

The three dimensional open structure of Zeolites X and Y is obtained
by linking the sodalite cages through four of the six-membered windows with
oxygen bridges. . These bridges form the so-called hexagonal prism.

Joining the sodalite cages in tﬁis tetrahedral array produces a large

cavity of near 1.30 nm diameter. The arrangement is shown in Figure 1.2(b).
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The large cavity, knqwn as Fhe supercage, is connecﬁed.to the
neighbouring cavities by four twelve-membergd rings of 0.80 - 0.90 nm
diameter, WHiCH are tetraﬁedrally arranged about the cavity: Tﬁe unit
cell in the faujasite structure contains eight supercages, eight sodalite
cages and sixteen Hexagonal prisms; It Has a cell edge around 2.48 nm.
There are 192 silicon or aluminium atoms per unit cell tﬁqugh, as previously
mentioned, the Si/Al ratio can vary from one up to around tﬁree.

Generally when the ratio is -less thén 1.82 the zeolite is referred to as
X-rype and those above this are referred to as Y-type. Natural faujasite
has a Si/Al ratio of 2.3 and is Y-type. Tﬁe unit cell composition of

Al H,0.

the sodium form of faujasite is Na5 58811340384.n o

8
The space group usually assigned to the faujasite structure is Fd3m.
Ordering of the Si and Al atoms could occur as in A zeolite especially in
the X zeolites. A single crystal ¥X-ray study on Hydrated sodium-X(Ql)
found evidence for such ordering. The space group in that case was Fd3.
The situation with more silaceous zeolites is still uncertain and Has been
discuséed in detail elsewhere(s).
A large number of studies have been made on the positions of the
exchangeable cations in the faujasite zeolites and tﬁe factors that
govern their distribution amongst the sites(s). The positions that cations
can use are shown in relation to the framework oxygen ions in Figure 1.3
on a section through a sodalite cage. Only site I, in the hexagonal
prism, is fully enclosed by the framework oxygen ions. The coordination
to a cation in this site is almost octahedral and is generally the
preferred site for a smgll multivalent cation in the dehydrated form of the
zeolite. Site I', outside the hexagonal prism, or II', outside the
sis-membered window, enable cations to coordinate to both framework oxygen
ibns and small molecules such as water whiéh can enter the sodalite cage.

Site II allows similar coordination between sorbates in the supercage and

cations coordinated to the oxygen ilons of the six-membered window.
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Figure 1.3

Two stylized projections of the faujasite structﬁfé $h§wing _
cation positions in the hexagonal prisms (a), sodalifé éagés“:
(b), and the supercage (c). Projection A shows the units and
the cation positions on a plane through the structure. In
vrojection B the four major cation sites are shown positioned
along a three fold rotation axis of the structure. The solid

line represents the boundary of the respective cavities.
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A site III, displaced inF?,Fhe supercage from Fhe fpur—membered
rings of_;he sodalite,qage, and a siFe V,.@isplaced slightly from the
centre of the large window-separating.the supercages, have been propbsed(l,22).
Site III is used to pro&ide the large number of sites needed in a
dehydrated X zeolite containing univalent cations. For example in an
X zeolite with a Si/Al ratio of 1.24 tﬁere are 86 cations to locate but
only 16 can be placed in site I and 32 in site II or II'.  Simultaneous
occupation of the two site-l' of a Hexagonal prism could occur but
simultaneous occupation of a site I and I' or site IT and II' is unlikely.
The short cation—catioﬁ distances would make these arrangements unstable.
Thus there are at minimum 22 cations unplaced wﬁich could occupy the u48
site III positions. As yet no study on a dehydrated X-zeolite has been
reported and there is no direct evidence for site III.

Site V océurs in hydrated zeolites and allows the coordinated water
molecules of a fully hydrated cation to hydrogen bond closely to the

(8)

framework oxygen ions However, in the hydrated zeolites most of the

cations are similarly hydrated though not detected by X-rays and this
site is not of great importance.
The location of transition metal cations in faujasite zeolites have

(5)

been widely studied. A recent review summarizes the currently
available results obtained by X-ray, E.S.R. and optical speétroscopic
techniques. Despite the many studies the factors which determine thé
distribution of cations amongst the péssible sites are not>yet clearly
established. However, a major faétor in every study is the extent of
dehydration of the zeolite. As mentioned with cations in A zeolite the
presence of residual water molecules can have a large effect onAthe
coordination geometry. With the faujasite zeolites the presence of
traces of waﬁer can, for examﬁle, stabilize cations in site I' over the
site I, and thus affect theidistribution of cations amongst the various

(23)

sites Thus for comparing different studies the manner and extent
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of the dehydration treatment must be clearly stated.

1.1.3. Framework Hydroxyl Groups

Tﬁe water molecules tﬁat remain after a zeolite has been dehydrated
do so in the form of ﬁydroxyl groups. Thesé occur in low concentrations
but play an important role in tﬁe catalytic properties of zeolites(s).
Generally X-ray methods are unable to detect the presence of these groups
which are randomly located in tﬁe structure. Some residual oxygen atoms
in association witﬁ cations located in the sodalite window sites, have

(24)

been found in dehydrated nickel-faujasite but most work on establishing

the presence of hydroxyl groups has required the application of infra-red
spectroscopy. |

Two general types of hydroxyl groups are found after deﬁydration of
faujésite zeolites. One group is associated with tﬁe framework only and
are present either as impurities or possibly on tﬁe outer surface of the
zeolite crystal as terminating groups. The-otﬁer group are those wﬁich
depend on the type of'exchangeable cation present for formation. These
hydroxyl groups occur mainly with zeolites containing multivalent cations
(25’26’27). The accepted origin of these groups is in the dissociation
of residual water molecules during dehydration. A multivalent cation
cannot satisfy the charge distribution of the zeolite lattice as can
univalent cations. During dehydration the hydrated cation becomes
localised giving rise to electrostatic fields which may lead to the
dissociation of a coordinated water molecule. For a divalent cation, M2+
this would give an Hon" species and the proton would react with a lattice
oxygén as seen in the following reaction scheme.

Zeolite + M(H20)2+ > MOH' + zeolite - OH

Generally the band in the I.R. specﬁrum attributed to the MOH® species is
sensitive to the level of hydrafion and disappears on mild dehydration.

The formation of MO or M-O-M groups have been suggested to account for,this(ze)

.
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The dehydration is.reversible and the ITR' band assigned to MOH ™ species
reappears on slight hydratiqn‘indicating the bonding in these oxide
groups would not be strong.

The factors governing the type of groups formed are still not clear.
For instance, nickel, cobalt and zinc Y zeolites do sﬁow tﬁe MOH+ bond
after mild dehydration whereas manganese, copper, silver and cadmium-Y
zeolites do not(27). Other differences are seen in the beﬁaviour
towards readsorbed water so that the picture given above is at best a
very simplified view of the manner in whicﬁ hydroxyls are formed.

Several I.R. studies have been made on hydrated A zeolite witﬁ

(29)

univalent cations present and the effects of dehydration of Na-A

have been investigated(so’sl). As expected no hydroxyl- groups were

found on dehydration of sodium A. The nickel exchanged forms of A.zeolite

(32)

has been examined and no hydroxyl'bands found after extensive dehydrat-
ion. Dehydration at around 150°¢ - QOOOC shows bands attributed to a
water molecule coordinated to a nickel cation and evidently the ﬁigher
dehydrétion removed these molecules without dissociation -occurring. This

result is supported by U.V. reflectance spectra of dehydrated nickele(lﬁ)

and: cobalt—A(l7).

Readsorption of water gives a tetrahedral complex
showing there are no residual water fragments or hydroxyl groups attached

after full dehydration.

1.2. General Properties of Zeolites A, X and Y

1.2.1. TITon Exchange

The ability to exchange rapidly the type of cation present in the
zeolite is one of the most useful properties of zeolites. Usually the
exchange is done from aqueous solution but exchange has been shown to
take place -from alcohol solutions or from molten salts. A large number
.of studies have been made both on the kinetics and equilibrium of ion-

(33)

exchange processes. These have been extensively reviewed by Rees and

Sherry(su).
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O0f interest to this study is the exchange of divalent transition
metals in zeolites A, X and Y.  Isotherms for the ion exchange of

3
. . . . . . 35
cobalt and nieckel ions into A zeolite have been determlned( J).

The
zeolite sﬁows preference for tﬁe divalent cations and exchanges of up to
80% were obtained. Tﬁevexcﬁange was found to be slow. Using 0.1 M
solutions of the metal ions, three days of continuous shaking of the
zeolite with the exchange solution was required to reacﬁ equilibrium,
Though tﬁere are many studies on the e#cﬁange of bi-and tri-valent
cations into X and Y zeolites there do not appear to be any studies on
the ion exchange of transition-metal cations. However, experience sﬁows
that ion-exchange of transition metal cations is readily achieved without

(5)

any undue effects on the zeolite structure .

1.2.2. Gas Sorption

The zeolites may be dehydrated by careful heating under vacuum.
Generally high temperatures are needed before the dehydrated framework
collapses. For example, destruction of tﬁe cobalt-A framework occurs

(35) and at 800°C for sodium—A(ss). Tﬁe last traces of

af around 750°C
water removed from these zeolites occur at around 550°C. Similar
figures apply to X and Y zeolites.

The size of molecule that can be sorbed by the dehydrated zeolite is
dependent on the size of the channels in the zeolite, on the number and
type of cations and therefore, also on the concentration of hydroxyl
groups in these ?hannels. The resulting critical diameter controls tﬁe
sieve action of these sorbents and a molecule whose minimum cross-Sectioqal
diameter is larger than.this diameter is not sorbed. Hence this
"molecular sieve" action may be used to séparate molecules of different
sizes. For example, calcium-A sorbs n-alkanes but not iso-alkanes, and

(6)

sodium-A does not sorb either . This latter effect is due to the

(6)

blocking by sodium ions of the eight-membered windows between large cavities
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The critical diameter of the.sorbed molecules may be somewhat larger than

the window size as both vibration of the iops making up the window and

(2).

deformation of the sorbate molecules can affect the dimensions The

sorption capacity -of sodium and calcium-A zeolite for a wide range of
. (6) : :

gases has been determlned( ). The critical diameter of calcium-A is

around 0.5 - 0.56 nm and the total volume available per unit cell is

0.93 nm3 (6).

The larger windows in the faujasite structure allows much larger
molecules to be sorbed, eg. aromatic compounds and tertiary amines.
The critical diameter for sodium-X is 0.90 - 1.0 nm but, in contrast to

(7)

A zeolite, calcium eichange redﬁces tﬁis to 0.8 - 0.9 mm . From’tﬁe
capacity for water the available sorption volhme‘per unit cell is 7.9 nm3.
The sorption volume corresponds therefore, to 51% of the total volume of
- the structure. For A zeolite the equivalent figure is 48%. In both
structures the sorption volume includes tﬁe free volume of the sodalite

cages (of around 0.15 nm3 per cage). This latter volume is only

accessible to water, ammonia and other small molecules.

1.2.3. Sorption Complexes

- The manner in which sorbed molecules interact with the zeolite .
has been investigated for a number of different gases. A large number
of studies have been made on hydrated zeolites to study the nature of
intracrystalline water. N.M.R. relaxation times for:theAprotons of
water in.sodium—x show the intracrystalline fluid to be about 30 times
as viscous as water at room temperature(ss). X—Qﬁj studies Sﬁow tﬁe
water molecules in the "cavity of A-zeolite not to be distributed at
random but to form an ordered array(ll). The sodium ions in the six-
membered window are coordinaﬁed by one water molecule on either side of
the windows though the ﬁater mélecule on tﬁe large cavity side is closer
by 0.05 nm. A similér goordination was found with ammonia sorbed in

(15)

37 . | . ' :
sodium—A( ) but in hydrated thallium-A the water molecules could
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not be located.

In the hydrated faujasite zeolites most studies show the cations
to be fully Hydrated._ Sﬁrprisingly the supercage is only approximately
33% larger than tﬁe large cavity in A zeolite. | Héwever, full solvation
of many of the cations can occur and their mobility approacﬁes tﬁat of
cations in salt soiutions(ss). Studies on transition me%al cations
~generally show the cations to have octaﬁedral coordination in the
hydrated zeolite(s). |

Data for sorbed molecules otﬁer than water is ratﬁgr less systematic.
The sorption complexes of sulphur dioxide, krypton, xenon, iodine and

(1) (40)

chlorine in calcium-A and of sulphur and bromine in sodium—A

have been determined by X-ray methods. The intéractin between tﬁe sorbed
molecules and the cations is seen as a movement of the.cation iﬂto tﬁe
iarge'cage from the window site. The degree of movement is Xe < Kr < I2 <
302 < HéO in calcium—A(lu) indicating the expected order of interaction.
This movement appears to be required only for a cation in the plane of
the window as the sorption of Br2 or H20 on sodium-A does not cause the

sodium ions to change their position(ll’qo).

In contrast the sorption of gases into Y zeolite can lead to cation

migration. The crystal structures of nickel-faujasite containing

(41) (42)

m-dichlorobenzene and manganese faujasite containing l-chloro butane
provide evidence for the formation of complexes in the supercage between
the cations and the sorbed molecules‘though the complexes could not be

definitely located. The effect of sorbing a number of gases into nickel -

and copper exchanged Y zeolite has been studied by X-ray methods(43’uu).

Small molecules such as ammonia which are able to enter the sodalite cage
do not have a large effect on the cation distribution when added in
small amounts. Large molecules which cannot enter the sodalite cages

such as pyridine, napthalene and butene cause the cations to migrate from

within the hexagonal prism to positions where coordination can occur.
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This effect was stronger With the copper exchanged Y fhan with nickel-Y
wﬁere, on strong dehydration, tﬁe'nickel io?s show a greater preference
for the I site. Copper ions appear to prefer the I' site;‘ Tﬁe actual
structure of the complexes formed in the supercage could not be determined.
However, lengtﬁening of some Si/Al-0 bonds indicates that the sorbed
molecules are ionized resulting in proton transfer to tﬁe zeolite

(43)

framework . One feature of these results is tﬁat the cations in the
faujasite zeolites sﬁow a greater mobility than tﬁe cations in A-zeolite upon
sorption of water, and probably for other gases as well.

A greater number of studies Have been made on tﬁe effect on the gas
molecules of sorption into various zeolites(a)p Generally infra-red
studies have been used to determine changes in molecular vibrations after
sorption, Cation-dependent shifts show that, initially, tﬁe molecules’
are sorbed either to the cation sites or to the structural Hydroxyl
groups. 'Further sorption takes place on the zeolite framework and‘in A
the channels and consequently the heat of sorption is usually dependent
on the degree of covepage(us’us).‘ Some of these results will be used
and discussed in greater detail in later chapters.

.A few studies using other spectroscopic methods to étudy sorption
complexes have been reported. U.V. reflectance spectra of cobalt and
nickel-A zeolite with small amounts of ammonia and water sorbed show that
tetrahedral complexes are formgd(ls'l7). With the faujasite zeolites,
the sorption of gases is often a useful way of determining the presence of
cations accessible to gases in the supercages. Thus the sorption of
alcohols into copper-Y zeolites leads to the formation of octahedral
complexes as determined‘by E.S.R. measurements(47). The cations involved
remained fixed to the lattice, probably in the sodalite window site.
Studies of this nature have also been made with Mossbauer Spectroscopy

and these are discussed in Section 2.2. . However, there do not appear

to be any studies primarily on sorption complexes in faujasite Zeolites,
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which is surprising considering the wide use of these zeolites as

catalysts.

1

1.2.4, Catalytic Properties of ‘A, X and Y

A number of reviews of the catalytic properties of zeolites have

(3,48,49)

recently appeared These give a good indication of the wide

range of reactions that can be catalysed by zeolites. The larger pore
diameters of the faujasite zeolites make them very useful as catalysts
and less work has, therefore, been done on the catalytic properties of

A zeolite. The use of the small pore A zeolite as a shape selective

(50,51)

catalyst has been proposed For instance, in the dehydration of

ethanol , calcium-X at SHBOC gives a product mixture of diethyl ether

and ethylene whereas calcium-A gives almost pure ethylége(Sl). The

restricted channels of A zeolite does not allow the larger ether molecules
to form. The molecular sieve action of A zeolite can be used, for example,

to dehydrate n-butyl alcohol in the presence of isobutyl alcohol which

cannot enter the channels of the zeolite(so). This particular reaction

is a useful demonstration that catalysis does occur within the zeolite

structure. However, calcium-A can promote some polymerisation reactions

of alkenes on its outer surface(52). The dehydrohalogenation of t-butyl

chloride to give various polymeric alkenes can also take place on the

A(ss).

outer surface of calcium and magnesium- This reaction will be

referred to later.
In general the catalytic activity of A zeolite is lower than the
equivalent X or Y zeolite and higher temperatures are required to promote

(3)

reactions over A zeolite than X or Y zeolite Since A zeolite does

show some activity for B-eliminations reactions (eg. dehydration of

(

(50 . '
alcohols as above )) the type of sorbate used in the study of sorbate
complexes were chosen as possible reactants or products of such reactions.

However, apart from one case no catalytic activity was investigated in

this study.
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CHAPTER 2.

t

The Application of MBssbauer Spectroscopy to Zeolite Studies

2.1. The MUssbauer Effect

The MYBssbauer effect is tﬁe phenomenum of nuclear gamma-ray
resonance in solids, te. tﬁe emission of a y-ray by the decay of a
nuci;us in a solid and the subsequent reabsorption of the y-ray by an
identical nucleus in another solid. The discovery that a nucleus bound
in a solid matrix can to a certain extent decay to give a y-ray without
loss of energy through nuclear recoil was made by R.L. MBssbauer in
1957 (54). The occurrence of these "recoilles;" events in solids arises
because the recoil energy of the nuclei that can be taken up by'changes
in the vibrational modes of the solid is quantized. Thus transfer of
the recoil energy takes place by integral multiples of pﬁonon energy to
the lattice. If the recoil energy is less than the phonon'enqrgy then
a fraction, £, of the events take place without lattice excitation;
However, it is the linewidths of these "recoilless" y-rays that is their
valuable feature.

The shape of the spectral emission band for y radiation from a fixed

nuclel is given by(ss)
(r/2)*

W(E) =
(E-E)° + (r/2)?

where W(E) is the relative probability of the emission of a quantum with
energy E. The average energy is Eo and T is the width of tﬁe emission
line at half height since when E = E_  T/2, W(E) = 1/2 W(E). This

scattering of energies about the mean value is a consequence of the excited

state of the nucleus having a finite average lifetime TN From the
Heisenberg uncertainty principle the width of tHe line is given by
r = h‘ .

2nt
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A nuclear half life, Ty of_lO—7 sec wquld give a linewidﬁh of
1.7 % lO_gevi This linewidth.is smaller tﬁan characteristic values for
tﬁe magnetic dipole and electric quadrupole interaction-of'nuclei with
their surrounding electrons. Thus cﬁanges in the environment of the
M8ssbauer nuclei can be observed from changes in the resonance energy
of the emitted or absorbed Y—ra&s.

To do tﬁis the y-ray energies from the source must be swept tﬁrqugﬁ
a range to find the resonance energy for the absorber; This can be
done by simply moving either the source or absorber relative to each
other and so modifying the y-ray energy by tﬁe Doppler effect. For a
relative velocity of v the Doppler shift in tﬁe energy of the emitted
y-ray is Eo % . -

‘In this study only the MBssbauer nuclide 57Fe. is used. The

(56)

Y-ray energy is 14.41 KeV and the half life of the excited state is

(57).

9.77 x 10°° sec This gives a linewidth of 4.67 x 10 2%ev. A

o)
1 KeV.

velocity of 1 cm sec-l will alter the y-ray energy by 4.80 x 10
In fact for 57Fe velocities in the mm/sec. range are adequate. In

a typical experiment the transmitted y-ray count rate isvdetermined at

a series of velocities. This is done automatically witﬁ tﬁe velocity
range being swept repéatedly until sufficient counts have been accumulated
to distinguish clearly the absorption peak from the count at non-resonant
velocities. A typical 57Fe spectrum is shown in Figure 2.1. for a
quadrupole split 57Fe adsorber versus a single line source. The

various parameters that are measured from a spectrum are identified.

The interpretation of these parameters will be considered in the following
sections but only as far as they are relevant to this study. Excellent

(55,58,59)

reviews of MBssbauer Spectroscopy are available for further

aspects of -the subject.



27

Figure 2.1

A typical Mossbauer spectrum of ferrous iron showing a quadrupole

split deublet. The experimental observables indicated are :-

ToS. -
QeSe -
FWEM, -
£ -

Isomer shift,
Quadrupole splitting,
Full width half maximum height,

Resonance absorption (for one pealk).

96
%

TRANSMISSION

94

VELOCITY/(mm/sec)




28

2.1.1. The Isomer Shift

The electric monopole in?eraction whicﬁ'yields the isomer shift arises
}rom the finite volume of the nucleus and the electron density at the
nucleus. The leads to a perturbation of the'nuclear levels due to
the Coulombic interaction of the negative electron density at tﬁe
nucleus and tHe positively charged nucleusj The energy difference
(55)

between ground state Bg and excited state Be'is given by

e L2 02 2.2 2
AE = AE_ - ¢ wZe”|y(0)] (Rg R ee. (2.2.)

where AEO is the separation between the two levels in tﬁe absenée of tHe
electric field; Rg and Re are the radii of the gﬁound and excited states
respectively, and ]w(o)lz is the electrondensity at the nucleus assuming
|¢(0)|2 is constant over the nuclear volume. The measured energy
difference is between the transition energy in a source(S) and an
absorber (A). This is termed the isomer shift (I.S.) and is given by
5

2 2.2 2 2
LS. =5 n%e” (R - R IS 78 NI IR P eee (2.30)

o
' The, further assumption (Rg2- ReQ) % 2R(Rg— Re) is usually made. The

57Fe.(60) Thus an increase in

value of (R~ R )/R is ~10.2 x 107" for
electron density at the nucleus will lead to a decrease
in therbserved isomer shift value.

The quantityh’;ol2 is generally taken as the S-electron density at
the nucleus. When relativity is taken into account p-electrbns do give
a small contribution but this is onlyia small fraction of the total
nuclear electron density.(el) However, the S-electrons are shielded
by other electrons and, %n particular, by the d-electrons. Thus the
value of |¢ol2'is a complex function of the electronic configuration of
the ion. For example, in ionic compounds, Fe3+ with one less d-electron

than Fe2+ has a less positive isomer shift as there is less shielding of

the S-electrons from the nucleus. Calculations to determine isomer shifts
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for different environments are. difficult to perform. ‘?he usual method
of interpreting isomer shift data'is by comparison with data derived
from iron atoms in known coordination geometries with known ligands.

In covalent compounds tﬁe isomer shift is affected by the hybridisation
of orbitals. This requires the relative importance of S, p and d
wavefunctions, and tﬁe manner in wﬁicﬁ the electrons ére delocalised

to the ligands, to be taken into account;(Sl?

There is an additional contribution to tﬁe isomer sﬁift as a result

of the motion of the nuclei in the lattice. If the velocity of the

motion of the nucleus at the instant of emission or absorption of the

gamma-ray is V at an angle © then the energy for resonance is(ss)
V cosg V2 ’ -
E =E (1 ——20 4 o)
o c 2 -
2c

The third and latter terms are relativistic terms. Normally the period
of vibration is much less than the 10_7 sec. lifetime of tﬁe excited
state and the second term averages to zero. The second order Doppler
(SOD) energy Eo<v2>/2c2 does not average to zero and contributes to the
isomer shift’; <v2> is the mean square velocity of tﬁé nucleus. | Tﬁe
thermal motion is temperatufe dependent and this term is tﬁe maﬁor
contribution to the temperature dependence of the isomer shift.
Expression (2.3.) contains no temperature dependent terms but temperature
effects on the population of electron energy levels can also indirectly
affect the values of |1ps(0)|2 and hence the temperature dependence of

the isomer shift.

2.1.2. The Quadrupole Splitting

In the presence of an electric field gradient (e.f.g.), the spin

degeneracy of a nuclear state with spin I > } is removed. The Hamiltonian

for the nuclear quadrupole interaction with an e.f.g. at the nucleus is

given as (55,63,64)
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2
e
I

M =

Q 2
'8 I-

9Q  rar 2 _ N2, )
STy 190, -I(I) + 3 (L7 + 191 e (2.4)

|

o=
—~

: _ : ) : -
where I = I £ il and Ii is.the nuclear spin in the ith direction.
= X y .

Q is the nuclear gquadrupole moment

9=V, o oandn= (VY N,

where Vii are the elements of the diagonalized e.f.g. tensor chosen
so that |[V__| >|v._| > |[V._].

zz vy XX _
The ground state of >Tre has spin I = } and thus no quadrupole

interaction. The excited state has spin I = 3/2 and the eigenvalues, ¢,

are given by(55) . v
o2 1 :
e=+ 288 (14092 cer (2.5.)

The selection rule for magnetic dipole radiation is Am = 0, *1.
Thus transitions are allowed between the ground state and both levels
of the excited state and yields the two line quadrupole split spectrum.

The observed splitting is given by
. 2. ..
Q.S. = |E(23/2) - E(£1/2)] = Lg—giz ATF )| ... (2.6.)
3

The quadrupole splitting, Q.S. is defined as a positive quantity unless

measurement of the sign of VZZ is available from other measurements.

2.1.2.1. Electric Field Gradient Calculations

To interpret quadrupole splitting values the origin of the e.f.g.
at the nucleus has to be considered. There are two sources of the
e.f.g.

1) The asymmetry of the valence charge distribution and
2) the asymmetry of the charge distribution of the neighbouring ions in

the crystal lattice.

a) The Lattice Contribution

The lattice contribution to the elements of an e.f.g. tensor are

given by(ss) .
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= 3., X, - .. ' cen .7.
U E q (3% % - T kdlj) r, : (2.7.)
where is the charge of the kth ion at a position (x X ®. )
9 8 b . nat ap K1 *k2° *k3’?

distance Pk from tﬁe centre of the MBssbauer nucleus.

and Sij =0 ;f ifJy=1ifi = 5;

The summation is carried out over the whole lattice. The point charge
approximation enables a straigﬁt forward calculation of tﬁe elements

of the e.f.g. tensor to be made. Unfortunately, in practice this type
of calculation often fails to converge until ions at large distances

from the central ion are included.  Some ingenious methods of grouping

(66).

ions in clusters have been proposed to overcome this. The validity

of these calculations is doubtful as chemical experiencé-With chromophores

(67)

show there is a rapid attenuation of near-neighbour effects.

Similarly surface effects in crystals only penetrate to a few atomic

(68

layers. ) However, as there is no other method currently available

for the task of evaluating the effect of the lattice on a central ion

the summation method continues to be used.(sg)

The interaction between the ligands and the quadrupole moment of the

M8ssbauer nucleus is enhanced by the polarization of the electronic

(70)

cloud of the MBssbauer atom. This "antishielding" is accounted for

by multiplying the elements of the e.f.g. tensor by the quantity (1 - v_)
where y_ is the Sternheimer antishielding factor. For Fe2+ it has a

(71) (72)

value of -9.1 and for Fe3+ a value of -9.14.

b) The Valence Contribution

The valence contribution to the e.f.g. arises when tﬁere is an
aspherical distribution of outer electrons around the MBssbauer ion.
. . . . 6 ey
This occurs for high spin ferrous (3d") but not for high spin ferric (3d5)

or low spin ferrous inon. The contribution of the valence electrons to
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the e.f.g. tensor is calculated by an extension of the point charge

(65)

method for a continuous charge distribution, via..

7

= I,p(x,y,z)(3x_x,—r26;;)r—sd e (2.80)
. ig ij

Uij
where p is tﬁe cﬁarge density of a volume element df.

These elements are obtained by replacing the density p(x,y,z) by
the square of the particular wave function for tﬁe valence electron’
orbital. If 'pure' d orbital ﬁydrogenic wa&e functions are used the
e.f.g. elements for tﬁe 'd" orbitals are obtained as integral values
of-n% e<r—3>:for the diagonal elements of the tensor and zero otherwise.
e is the charge on the electron and <r—3> is tﬁé expectation value of
r'—-3 over the orbital wavefunction. For example for Véz_tﬁeAintegral

values for (axy, d _»>d . dx2_y2, d 2) are (-2, 1, 1, -2, 2).

ya

However, in practice the wave functions are obtained as linear combinations

of the pure d orbitals, ze.
5

Y, = ) a,.d.
- 1 j:l 1:] :]

where dj’ j = 1,5 are the 5 3d orbitals, and the aij are constants.

The e.f.g. tensor elements are then given as

2
(Uij)k [ |¢k| Uide

T
5 5
= a®  a d* U_.d dt oo (2.9))
le IZl fem knJT moaym
(65)

Values of the integral have been tabulated and so only the coefficients

3 re needed to calculate the various matrix elements. Of course, this

is only true at low temperatures where only the lowest energy orbital is

h

populated by the Gt 'd' electron. At higher temperatures this d-electron

will partially populate the other orbitals through a Boltzmann distribution
viz.
5

Pi = exp(—Ei/kT)/(_Z

exp(-E./kT)) veey (20100)
J=1 T



where P, is the pqpulaﬁign,gf th i?h grbi?al qf energy
Es» T is tﬁe absolute’temperaﬁure and k the Boltzmann consﬁant;

Tﬁus tﬁe e:f.g. elements are given by tﬁe sum of'the contributions
(Uij)k due to each state, and wgighted‘by the relative Boltzmann
population of each. As with the lattice contribution there is an effect
from the distortion of the inner electrons whicﬁ actually de;reases'
the effective e.f.g. seen by the nucleus. The elements are mulﬁiplied
by a factor (1-R) where R is thevSternHeimer shielding factor: For

ferrous iron R = 0.32;(74)

Thus the elements of the e.f.g. tensor seen by the nucleus are obtained as

+ (1-R)(U,.) oo (2.110)

U3 = (- Ym)(Uij)lattice ij valence

1]
provided the three tensors are expressed with respect to the same axis

system.  This matrix can be diagonalized and the values of'VZZ and n

required to calculate the quadrupole splitting obtained.

2.1.2.2. Theoretical Calculations of Quadrupole Splittings

If the structure of the lattice around the MBssbauer atom is known
the lattice terms of the e.f.g. tensor can be calculated. But for the
valence terms the wave functions and energy levels of the djorbitals
of the ion must first be found. |

A number of methéds exist for determining the effect of ligands of
‘differing charges on a central metal ion. The most satisfactory
approach at present is to use a self-consistent field molecular orbital
method.  However, such a calculation is diffiéult and very few Have

(73)

yet been carried out on transition metal-ligand groupings.

Thus the usual approach is to use crystal field theory despite its well

(67)

knovn failings.

The crystal field potential V(r) due to k point charges q; with

polar coordinates (ak9k¢k) is given by (64).
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V(p) =] A" 2" P" (cos 6) exp(im¢) S (2.120)
nm 0T o
: m _ eqy "(nélml)!-' m s
where A_ = E o (ot [m )7 P (cos 6, ) exp(im¢, )

k

and Pi cos 8 is a normalized Legendre polynomial.
The effect of the crystal field is treated as a perturbation on the
energy levels of a omne-electron atom with hydpogenic orbitals.

For high spin ferrous iron only the Gth

d-electron is important and this
approach is adequate. . If IM > is an unperturbed orbital,wﬁeré M denofes
the component of the angularvmomentum along the z axis)tﬁen to determiﬁe
the effect of the perturbation the secular determinant given by

H, . = <M|V(r)|N> needs to be found.

MN | -

The terms in V(r) can be split into constant terims and operator terms
dependent on 8 and ¢. The Stevens equivalent operator’metﬁod'(75)
is then used to facilitate the calculation of the necessary matrix
elements from the operator terms. Diagonalization of tﬁe'matrix yields
the required energy levels and wavefunctions.

Thus a full theoretical calculation of the guadrupole splitting and
its temperature dependence can be made knowing ohly the ligand positions
and charges. A computer program tﬁat used this general method was
made available for this study.(76) However, there are two major
disadvantages to the general method. Firstly, any relationships between
different parameters are lést and secondly, because of the assﬁmptions
'éf'crystal field theory, the numerical results are usually of 1it£le value.
Many of the constants required in the calculations are also not known to
any high degree of accufacy. Consequently, each calculation is bestA

considered separately so that the number of variable parameters may be

reduced and relationships between them established.
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In the case of cations in the ze?liFes A, X and Y, the principal
coordination sites all lie on a 3-fold symmetry axis. Cations in
tﬁese Sites'ﬁave at minimum the ppint symmetry of C3v' If the z axis
is cﬁosen to lie along this symmetry axis then the asymmetry parameter,
n, is zero. Tﬁe crystal field potential; V(r) must be invariant under
the same symmetry operations tﬁat leave tﬁe distribution of point cﬁarges
‘around the nucleus invariant. Tﬁus witﬁ a‘tﬁree—fold rotation axis

CaV(r) & Cy exp(img)

exp(im(¢ ¥.%; ))

exp(img) V(r)

and m can only take thevvalues 0, iS, +6,

A further reduction in tﬁe number of terms required to be considered is
obtained by considering the type of integrals that occur in the secular

determinant. These may be reduced to integrals with one-electron

. . . . 77
wavefunctions, since the terms in V(r) are one electron operators.( )

It may then be shown that in general these integrals are non zero only

if n ¢ 2% where for a d electron £ = 2 and if n is even.(78) Thus the

potential takes the simplified form:-

. V(r) = A orQPQ(cose) + A oruno(cose)
-3
n

This abreviated form is not the complete potential but only that part

2 y
+ Pus(cose)(Aus(exp(i3¢)+ A

exp(-i3¢)) ... (2.13.)
which affects the d-electron energy levels. The constant term, Aoo,
shifts the energy levels but does not affect the splittings and is,

therefore, ignored. Since there is a symmetry plane in the zx plane

-3 (77)

3 _
then for the C3v group Au = Au .

The crystal field Hamiltonian can thus be reduced to
., O © og o 349 3
Heop =8, H, +8,°H,° + 8, ”4 s (2.14))

M. = M
where Bn is now kAn <r™> and k are constants given in Table 2.1.



Elements of the Hamiltonian matrix

<2-2|
<2-1]
<2 0|
<2 1}

<2 2|

"TABLE 2.1,
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| 2-2> 2-1> |2 0> |2 1> |2. 2>
) o 3
Bu 2B2 B4
3 ) o
Bu B2 -uBu
o o
2B2 +6B4
-3
B2 -4B. —Bu
3 ‘o
B Bu -2B
o _ 1 2
where B2 =-5 <r > A2
o _ 1 L o]
By So3 w4y
Bu3 = 20 <ru> A43
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The matrix elements <m/Hnm/m-‘>Aare evaluated by the method of equivalent

0Peratopé(75) and the final matrix <m/.H;F/m'>'is given in Table 2.1.
Tﬁe energies EO', El' and‘Bz' are the first order solutions

obtained by neglecting off-diagonal terms and are given by

o] o]

t = X
EO 2B2 + BB4 v dz2 - |
t = © _ o . 2.15.
E,' =B, 4F, T, dxz’dyz ve. (2.150)
1 o~ (o] o 2
E,' 2Byt B, 4702, d 0

Inclusion of the off diagonal terms yields.the solution

E =E! n d 2
° ° 5 2 2
- E.' - Y 22' N(dxz + YdX -y ) : .
El - _L_—_ '\l{ e (2-16-)
2 N(dyz - ydxy)
Ay
2
) S 1
£ = ) vE N(dxz—y2 - ydxz) _
= 5
2 1-y { N(dxy + ydyz)
P-1 2.-3
= N = 2
where vy 1 1 ++y7)
3 i
and P =1+ |0y |22
| 1
E, "By ,
The mixing of the El' and E2' states occurs unless BHB = 0. Thus, if

all 8 = 0 or m/2, mixing does not occur and the first order solution is

exact. Such a case is trigonal planar geometry. When B20 =0, Eo = E2.

This occurs for octahedral geometry where © = arc cosO%B) = 54,7°,

The EO, E, level is the familiar t_, 1level.

2 2g
The valence portion of the e.f.g. tensor can now be readily estimated

from a Boltzmann weighted sum of the contributions from the various states.

<« The individual contributions are

W > = =Peends
zZ o 7
. _ 2 -3 2 2 .
<sz>i1-- - e<r > (N 2y ) oo (2.17.)
<V_ > . = 2-e<r_3> (2N2— yz).

zZz %2 7
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Tﬁe lattice contribution to the quadrupole splitting is determined
from equation 2.7. The.liéand and valence tensors are'b?tﬁ individually
diagonal with respect to the set qf coordinate axis based'op the 3-fold
rotation axis as Z axis. However, with some geometries the lattice
Vo is less than VXX (= Vyy) and thé principal axis of the lattice e.f.g.
tensor is not along tﬁe 3-fold axis. In tﬁese cases the relative
léttice and valence contributions must be considered.before the direction
and magnitude of Vzz can be determined. Howeveré for th; geometries
considered in this study both tensors were diagonal witﬁ respect to1ﬁe ‘
same axis system.

The lattice contribution to VZZ can be rewritten with the position .

of the charge qk expressed in polar coordinates'(ak6k¢k)j ViZ, .
(v ). .= Yaq (3cos’e-1)/a’ (2.18.)
zz’lat i E3N k k Tt e
In this form its similarity to B20 is clearly seen. Thus the lattice
- contribution can be written as
o
(Qs.). .= - T2By (1 ) e, (2.19.)
lat 5 ©
<r >

Using the first order solution B,® can be expressed as + (Al— 2A2)

2 7

where 4, = E 'o- Eo' and 4, = B2' - Bo'. Substituting in 2.19. produces

1
an expression relating the lattice contribution to tﬁe orbital splittings.
This expression can be criticized on the basis that the configuration

of the electrons around the ion is determined by attraction, repulsion
and overlap between orbitals of the central ion and its ligands whereas
the lattice contribution is a measure of the whole lattice. This is a

basic criticism of crystal field theory but, as will be seen, the relation-

ship is useful.

Spin orbit Coupling

So far no mention has been made of the effects of spin orbit coupling.



(1)
e}

‘ : A A
The spin orbit coupling term in the. Hamiltonian is }éo = X.L.S where
A is the 5pin orbit coupling constant. The method of operator equivalents

can be used to determine the elements <L = 2, M_, S = 2, MS]}{CF + }4;Ol

L
L =2, ML', S = 2, MS'> of the 25 x 25 Hamiltonian matrix. Tﬁe"
diagonalization of this matrix may be done by computer methods. However,

if only the effect of the spin orbit perturbation on tﬁe lovest level
is considered the size of the task is simplified. Such an approximation
is justified when the crystal field.splittings are much larger tﬁan the
spin orbit splitting.

The energies.of tﬁe'25 states are given to first order by the diagonal
matrix elements. This enables one useful result to be readily obtained.

The spin-orbit Hamiltonian may be expanded as
AA AA AN AR
- 1
~A.L.S = )\(LZSZ + 2(L+ST + L_S+)) oo (2.20.)
\ . .
where L, S, are step up and step down operators, which give off-diagonal

terms in the matrix. The diagonal terms are given by tﬁe’operators

o 4 .

L,. S VL.
z A A

<LM SMc|Lo S_|LM SM.> = My Mg eve (2.210)

Now for the singlet state (Bo), M, = 0, and there is no spin orbit

L
splitting of this state in the first order theory. Both doublet states
will be split however.

In the case of trigonally distorted octahedral symmetry the’

incorporation of spin-orbit coupling can be simplified by using orbital

wavefunctions expressed in terms of the eigenstates of L2|m>)‘as (79,80)
IBO> = |2 o> . singlet
]Bl> = cos a2 1> + sina|2-1>
l§1> = -cos ol2-1> % sinof-2 1> éoublet El
|32> = cos al2°2> + sinaf2-1>
IB_2>=_ cos o]2-2> - Sind12‘1>}_dQUblet EQ

The other diagonal terms of the Hamiltonian matrix are given by
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A A
. : 2
: = - cen 2.22,
<B,, msj iz izls_lms>'~‘ + mSX(S cos”a-2) . ( _22A)
A L 5 -
and <si2~ mS] Lz Szlsi2ms> * mSA(S cos a-1)
where mS-= -2, -1, 0, +1, 2.

In tﬁe case of ogtahedral symmetry o = arc cos(l%). The 10 levels
of IBi2> are split in 5 doubly degenerate levels'lxl apart'but the
state [B,,> is not split. |

The major effect of spin orbit coupling on the quadrupole splitting
will occur when eitﬁer |8i2> is the ground state, or is close to tﬁe
lowest state. This will modify the temperature dependent behaviour of
the quad?upole splitting and the e.f.g. will have to bg evaluated as a
thermal average of all the appropriate states. Tﬁis Has been done for

(81)

the case of near octahedral gemmetry. In this case_18+l> is

assumed far removed in energy from the IBO> and |B+2> levels which

derive from the t2g level.

—E(%mg/kT
Then VZZ(T) = VZZ(O) -

Efi(l¢ims>)e

z
1

vee (2.230)
e—E(Q{mS)/kT :

where fi(|¢ims>) is the e.f.g. contribution from an electron in the ith

state.  The contributions for the 15 states of IBO> and [B+2> and

their respective energies with E(¢Oms) = 0 are given in Table 2.2.(81)
Then
E(lom>) + 27 £(g,m>)e H O/ KD
v, (T =V (0) S s ~ e (2.24))
e—E(¢2mS/kT)

5+ 2L

m
S

where the factor 2 arises from the ¢_2_states degenerate with ¢2 states

and £ ([¢_,m>) = £([¢_0>) + 2£(|¢_£1>) + 26(|¢_22>).



State
log O
|¢oil>
I¢Oi2'>
|¢i2,i2>

ey, 12
|¢i2~0>
l¢i2il>

l¢i212>

where S = —AL

2

TABLE 2.2,

fi(|¢i,ms?)_
~(1-38%)/(1+65%)
—§l~2.582)/(l+582)
-(1-52)/(1+25%)

1(1-482)/(14252)

1(1-65%) /(1+38%)
1(1-682)/(1+35°)

3(1-482)/(1+252)

=

41

Energy

and A2 = EQ-EO is the trigonal splitting of the t, level.

2g
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2.1.2.3. Refinements to the Quadrupole Splitting Calculations

In the section above the ligands were assumed to be point charges
and the system fully ionic. In practice some corrections are needed
for the finite size of the ligands and for the effects of covalency.

a) Ligand Size Effects

In the case of lattice sum calculations with ferric ions the
polarizability of the small ferric ion on neigﬁbouring iigands (in
particular oxygen) can be taken into account; The necessary data for such
calculations are availasle ffom studies on the polarization‘effecté in
materials such as aAl, O A description of the metﬁod has been given

2.3°
(69)

elsewhere and, as this study is concerned primarily with ferrous

ions, it will not be considered further. B
Little work has been done on improving the quantitative calculations
for ferrous systems by taking into account tHe size of tﬁe'ligands;
Generally the theoretical failure of crystal fieid theory Has discouraged
any further_work on it(82’83). However, as it remains tﬁe only feasible
computational method at present an attempt was made at improving the
point charge approximation.(au)
In the model used the ligand is considered to conéist of a set of
orbitals directed aloné the central ion-ligand axis and a point charge
at the nuclear centre. This point charge is the sum of tﬁe nuclear
-charge and electronic charge in orbitals not directed towards tﬁe central
ion. Now the charge distribution of the ligands remaining are divided

into charge elements which are treated as point charges in the lattice

sum. Thus the constant terms A: of equation 2.12. become

m_ {n=|m|)! m
Al = E e ! <gq Fn (riei¢)>K ce. 2,25,
where FZ (ri%?) z (1) Pg {cos ©) exp(im?).

The expectation value is with respect to the Kth ligand charge distribution

and may be expressed
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m
<gF.> =72
F k.

m m
- F a > We.  2.206.
& fn(RK,eK,¢K)_ Zj PjKe< n(r, »$) 5

. . .th. . -4 th o, .
where <>5K is the expectation value over the j  orbital of the K~ ligand.
: e

P. is the electron population of this orbital. Z,, is now the reduced

JK K

nuclear charge at tﬁé centre of the ligand whose positional coordinates
are(RK, SK, ¢K). A number of approximations are introduced to enable
the two centre integral <F§ (r,e,¢))>jK to be analytically evaluated.
Firstly variations in the angular terms over the solid angle subtended by
» the ligand are assumed to be small, Ze.

<FE(PG¢)>jK &<r—(n+l)>jK

Secondly only o type orbitals are assumed present on the ligands to be

m .
Pn éosGK) exp(lm¢K). cee 2,27,

considered. Then r may be expressed in a ligand centred coordinate

system (r'0'¢") as

N}

r = [(RK - r'cose')2 + (r'sine')2] L. 2.28.
. There is no ¢' dependence with the assumption of cylindrical symmetry about

~the ligand-central ion axis. Expanding (r/RK)—m in a Taylor series about

(r'/RK) = O enables <r_(n+l)> to be eval&ated, Ze,

m . em m<r'>.K m<(r') >k o

- W R 1 - 1 .
@ oup m Ry {1+ —§;r—1—<cose TS ——Eigj——l" [-1+(m+2)<cos“By>1+..}

PN 2.29f

The expectation values may be evaluated using hydrogenic angular wave

(64)

functions and Slater radial wave functions for the ligands.

Examples of the use of this method have been given elsewhere.(su)
‘The effect of thi; method is to decrease the effective seperation of the
central ion and 1igands. This is most pronounced on-the nearest neighbouf
ligands and there is little effect on ligands in further coordination
shells. The enhancement of the influence of the first coordination

sphere is in agreement with chemical expérience.(67) The effect of the
seperation decrease is to give large increases in the orbital splittings.

In the past 'effective distances and charges' have often been used to

give better quahtitative_agreement of crystal field calculations with
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experimental results. The finite ligand model enables Fhe effect of ?he
inner coordination ligands to bhe enhanced wiﬁhgu? such arbitrary
assumptions. Also the effective distances for the various terms

Ag, Ai, Ai vary and lead to more complex cﬁanges than a simple decrease
in distance would give.

An example of the effect of applying the finite ligand model is shown
in Figure 2.2. The t2g_eg splitting (10 Dq) is shown calculated for the
[PeOBJlO—'chromophore which has been trigonally distorted from octahedral
symmetry by a small amount. The dependence of 10 DQ on the effective
chérges placed on the oxygen ions and on the iron-oxygen separation is
used to show the effect of the finite ligand model. The model generally
gives values of 10 Dq‘over twice as great as the point charge model for ligand
charges of - 1.0. ' When the charge is reduced to zero the finite ligand
model still gives a large value of 10 Dq whilst the point charge model
shows no splitting. The former result is in accord with spectroscopic
evidence that neutral ligands do produce splittings of the orbitals.(gs)
The finite ligand model gives this splitting through the sep@ration of the
negative and positive charge contributions of the ligand.

‘A remaining prob%em with crystal field calculations is the extreme
sensit;vity of the calculated splittings to small distortions from

cubic symmetry. The calculations on Feoslo

"~ for example, suggest only a
small range of trigonal distortions lead to temperature dependent quadrupole
éplittings which is contrary to experience with ferrous compounds. Whilst
the use of molecular orbital theory can show that small distortions

of the symmetry from octahedral do not have large effects of the orbital
splittings there does not seem any method at presenf for 'correcting'
crystal field theory. Thus in fitting primary parameters to Mossbauer

data the angular distortions obtained will in general be much smaller

than in reality. This effect is also seen in calculations on known



Figure 2.2

4 comparison of 1ODq values calculated for a [Feos] species
with a small trigonal distortion. Values ars shown for three
Fe~-0 bond lenghts (in rm.) and for oxygzen charges of between
0 (the Y axis) and -2,

10

FINITE
LIGARD

10Dq
(10%em™1)

e l ;
0 12 3 :

POINT LIGAND  10Dg/(10°cm™t)
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structures.where the distortions in the coordination geometry can give
no theoretical temperature dependence for the quadrupole splitting yet
an experimental dependence is observed.

b) Covaléncy Effects

The predominant effect of covalency in the ligand-central ion

bonding is radial expansion of the 3d wave functions.(BG)

This results
in changes in terms such as <r—3>, <1:'2>,~ A, R and ymf The spin orbit
coupling parameter is decreased by the radial expansion by a factor, az,
which lies between 0.6 and 0.9. A similar decrease is expected in
<r—3> but the changes,in <r2>, R and y_ are not known. However, the
most important effect of the radial is on <r—3>;Awhich determines the

3>/<r—3>o where <r_3>o is the

. 2 -
e.f.g. tensor size. The parameter a_ = <pr
free ion value can be used as another parameter in fitting Mossbauer data.
A considerable degree of variation in <r—3> values has been suggested by

(86)

Hazony. Using a value of <r_3>o = 5.1 au,as calculated from Freeman

and Watson wave functions(sqz values of <r_3

>, for high spin ferrous

ions in octahedral coordination, are found in the range 4.4 au to 2.8 au.
'For covalent ferrous iron a vglue of <r_3> & 0.5 au was suggested as
being a lower limit.

In theoretical estimates of quadrupole splitting the effect of
covalency can not be included rigorously. It can be left as a final
variable parameter or a value can be assumed. It does, however, represent
another difficulty in attempting Q.S. calculations based on ligand

positions and charges alone,

c¢) Other Methods

At present the most useful way of treating Mossbauer data is to fit

a parameterized expression of the form

3 220T) ... 2.30.

2

>o. F(Ay58,

to the data. The necessary function F(Ai,A2,q

Q.S. = (2/7) e2Q(1-R Ja’<r”
) : (o] C
A,T) for trigonal

geometry has been given here. Other geometries such as tetragonal
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(87)

distorted octahedral have .been treated elsewhere. = The fitting
procedure produces values for the parameters which may be compared with
R S, .

" values obtained by other methods or used to determine the electronic
structure of the central ion.

A second method whereby an expression of the form

Q.S. = (2/7)e2Q(l—R )a2<r—3> .F(r 6,6, A,T) ee. 2,31,

tT o’ ¢ o) K KPK"™?

could be fitted to Mossbauer data to obtain structural data is also
possible. However, until the calculation methods become more refined
such a procedure has little value. This will probably be dependent

on a detailed application of molecular orbital methods to the calculation

of quadrupole splittings. However this lies in the future.

2.1.3. Time Dependent Phenomena

During the course of this study a situation was found in which the
ferrous ion was under the influence of a fluctuating environment.
The theory necessary to interpret the cbserved spectra is given here.

The process under consideration assumes the atom can move between
two environments -in a random statistical manner. If exchange is slow
the spectrum will show two separate sites, but if it is rapid there will
appear to be only one absorption in an appropriately averaged position.
The jump between sites is assumed to be very rapid and the time spent
between the sites is negligible. When the nucleus is in site A'there

. . 1 . .- . . .
is a constant probability TA per unit time of it making a jump to

site B. Ta is the mean lifetime for the A site. Similarly L is the

lifetime in the B site. The fractional populations of A and B sites P

= 1 d
and py (=1 pA) are related to 1, and T, by
P, = A Py = s
A TA+TB B ot
when only two sites are presenf. If more sites are présent then Py and

T, cannot be so simply related.

A
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(88)

Following the treatment by Wickmann the equation of motion for
the density matrix, p, for the nuclear levels of the absorbing nuclei

is given'by:

. dp . . *
= = eee - 2,32,
3t ih [P’HT] _ 2
where }{T is the total Hamiltonian describing the nuclear levels.

The density matrix elements are given by

d Poot

— :i'w'p'-f-.z (—J-'-) ' P ‘e
. dt. ac! “ao 88" T “aa’BRT TRB!

2,33,

where W . represent the Mossbauer absorption frequencies as shown below.
ool p rred

These may be converted to the doppler velocities in which the transitions

Vaa'
)

are normally measured by the expression waa' = Wo(l -
1 .
;)

aat BB is the first order transition rate at which frequency

(

g

W WA. Vfg \VB
Site A ‘ Site B

The observable dependent on a frequencyifaa,, is the-éxpectétion
value of the multipole radiation operator, To', inducing the Mossbauer

transition. This has the property



49

<T '> = TrlpT] =} <i|plj> <jlT_ ']i> ee. . 2.35,
o . A o) . tlo : Lo o
Thus tﬁe number of density matrix elements'required is equal to the
nurber of allowed transitions corresponding to a component of the tensor

operator inducing a transition.

Relabelling the density matrix element for transition of frequency

wz as GZ the equation of motion associated with To' is
+
dG
A _ L+ t 1 + _1 .t .
Tt—' = IWA. GA + TB GB TA GA . sas 2.36,

Similar expressions can be obtained for GB+ and for.GA— and GB-.

Two further terms must be added to describe the system fully. A nuclear

decay term is added, viz.

9

Pij) B ces 2.37.

9t nuclear TN 13

(

where T is the mean lifetime of the isomeric Mossbauer level. The
Mossbauer absorption process is added in the form of a term proportional
to pi[<i]To'|j>}l2 E ipiKo' where Dy is the relative probébility of the
ground state. The squared matrix element is the relative intensity

of the particular Mossbauer transition and i = V-1, Finally the equations -
are converted to a rotating frame of reference of frequency w and equation

2.36 -becomes

TN
A . +, .t 1 + 1 + 1 + '
- _ - = - e R ! ve 2.38.
at 10wy 06y +3=CGy — = Gy m -Gy Ap KT
B A N :
Similar expressions can be obtained for GB+, Gy and GB—.
+ +
The absorption spectrum for the two transitions WA and V% is given by
+ + ‘
I(w) = Imaginary part (G, + Gy ) ce. 2.39.
+ .
. . dG dG + +
The pair of equations . A and B can be solved for GA' and GB
at get W aet
for the steady state case ( i 0). The two transitions
in state A.or in B are equally probable so Ko' = 1. The frequencies
R
Wp » Wy can be converted to doppler velocities and the lifetimes

T Tn and Th given in equivalent energy units or doppler velocities.



50

(88)

In this form the solution is

K[(11TF)P + QR] !

T “(v) = 5 .e.  2.40.
(P + R ) ’
) T, T ,
with v = 2L r= i
A g Th
and P = T(F2 - (A—v)2 + 62) + T.
Q = T(A-V-(PA—PB)G)
R = (A-v)(X + 2¢T) + (PA- PB)a
+ .
where A~ = 1(ISA + ISB * 1(QSA + QSB))
. ,
8" = Z(ISA - ISB % 2(QSA - QSB))

where ISA, ISB and QSA, QSB are the isomer shift and quadrupole splitting

for state A and B respectively. The total spectrum is then given by
I(v) = TT(v) + I (v) cee 2041,

For short lifetimes (t - 0) P+ T, Q > 0 and R »> (A;V) + (PA- PB)6

and

I(v) = —~T + Kr e 2,42,

2 + +,2 2 - -2
T +(A —v+(PA PB)G ) | I +(A —v+(PA-PB)6 )

This is the equation of a doublet with width 2T, seperation
’QSA +.QSB +'(PA;PB)(QSA - QSB) and centred at ISA + ISB + (PA-PB)(ISA - ISB).
Thus the quadrupole splitting and isomer shift of the doublet is a linear
function of the relative amounts of components A and B present.

“With very long halftimes (T + «) then P - T(FQ—(AMW)2+ 62)+ r;
Q ~ t(A—v—(PA—PB)é) and R » (A-v)2tI. I(v) is then given by -

A P, T P, T
I(v) = ) —2 + B ) ... 2.43.

k=1,-1 T2+(ISA + kQA - v)? r%+ (ISB + kQB - v)?

This is the equation of two Lorentzian shaped doublets with the
parameters of sites A and B respectively and with amplitudes in the ratio

PA:PB.

The effects of intermediate values of t, especially for t Q Ty are

more complex and the spectra are no longer simple. Some’ spectra have been
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calculated and are shown in Figure 2.3. In these spectra the proportion
of the site with the smaller gquadrupole splitting (site A) was chosen
: v . D -

to be 35%. The spectra are labelled with the value of 7,, in terms of

A®
Ty used; In fact a value of T = 0.20 mm/sec was used to approximate
the broadened lines found in experimental spectra. The spectra show
that deviations from the changes between the two special cases of

f > b and f + ® gccur in the range 10T

- 0.1t Only in this range

N N*
of lifetimes could experimental spectra be used to measure lifetimes.
This, and the difficulties in applying the theory to real spectra, will

be considered further in section 5.7.

2.1.4. The Effects of Motion of the Nuclei

Tﬁe Mossbauer effect cannot only determine the eleEtronié states of
atomsibut also their vibrational properties. In some cases diffusion of
the atoms can also be_detected. This ability is particularly useful
for studying atoms on surfaces where unusual coordination geometries can .

be expected to give anisotropic vibrations.

2.1.4.1. Atomic Vibration

.

The mean square velocity, <v2>, of atoms ¢én a surface should be

reduced(gg) and hence a lower temperature dependence of the isomer shift

found for surface atoms. However, it is in the mean square displacement,

<x2>, that surface effects are generally seen.

The value of <x2> is related to the recoilless fraction, f, by(ss)

f = exp(- k2<x2>) eee 2,41,

where k2 = 2 and A is the y-ray wavelength.
A

Though this is strictly true only in the case of harmonic binding between
the lattice and the atom, it does in general accurately represent most

. . . . (90)
experimentally realisable situations .

The recoilless fraction is determined from measurements of the

total area under the peak of the resonance absorption. The magnitude of
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Figure 2.3

Calculated spectra for a ferrous ion jumping between two different
envirorments, as a function of the lifetime of the site giving the
inner doublet. (The lifetime is given as a fraction of the mean

lifetime of the Mossbauer event.)
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(55)-

maximum absorption, €, is given by

- 2 'N(®) - N(v)res
e =

= - -1 13
() = fs[l exp Zta)Io(zlta)] ce. 2,45,

[y

where N(v)res is the count rate at the rescnant velocity,
N(«) is the count rate at a large velocity where there is no
resonance absorption.

ta = nfaoo where n is the density of Mossbager nuclei‘
Uo is the resogant nuclear cross section area.

.and fs, fa are the recoilless fractions of the source and absorber
respectively.

IO(%ita) is a zero-order Bessél function of the imaginary afguﬁent.
This equation is derived for a "thiﬁ" source and.emissign and absorption
lines which are singlets of fhe same linewidth T.

The experimentally observed linewidth, Pexp’ of a Mossbauer resonance
line is given by(ss)

| t, exp —%ta)[Io(%ita)+ Il(%ita)]

PeXP = Pnatural cee  2.4B.
1 - exp[—%ta] IO(%ita)

where Il(%ita) is a first order Bessel function of the imaginary argument,

‘In the case of a thin absorber'ﬁa + 0 and rexp + 2T as expected from

the convolution of two Lorentzian lines of width T. The area under the
curve, S, is nPexp £

The vibrations of a surface atom perpendicular to and parallel to
the surface will in general differ considerably. A simple model of

(91)

bond counting shows that for an atom in the sufface layer the
amplitude of the vibrations perpendicular to the surface, <Z2>, are
greater than those aloné thé surface, <x2>. However, when the atom is
on the surfaceAthe situation is reversed and <x2> > <Z2>.

This anisotropy can be seen in the f value measurements on single

crystals. However, with zeolite materials only powdered material is

widely available and those crystals that have been prepared are nowhere
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near the size required for single crystal Mossbauer studies. As a
result f measurements yield a valuev<f>av which cannot be related to
92 '
exp(—k2<x2> ).( ) .
av
The anisotropy of vibrations, however, affects the relative intensities

of the lines in a quadrupole split spectrum. The relative intensity of

the #} + %3/2 transition (13/2) to the #% + #} transition (I,) is obtained
2

from Clebscﬁ-Gordon—Wigner coefficients as(ss)
IB/Z _ 3(00529 + 1)
T ¢ 5 e 2,47,
3 (5 - 3 cos“®)

where © is the angle between the z axis and the y-ray beam.

For a polycrystalline solid integration over all values of € yields a

ratio of one. However, if the recoil free fraction f is not independent
on © then

Ta/2 _ 3lcos®e + 1) £(6) » ug

I% . (5 - 3 cos?0) £(8)

With random orientation of the particles and using the harmonic approximat-

ion that f(8) = exp[*k2(<Z2>00829 b <x?

(93)

>sin28)] for axial symmetry,

the ratio is given as

I ! (l+u2) ex (~au2)du
3/2  _ o P
I .

2.49.

T .
2 JO (5/3~u2) exp(—auQ)du

where u = cosQG and a = k2(<Z2> - <x2>).

<z2> is still the amplitude perpendicular to the surface. Values of

(93) 2

the integrals may be evaluated numerically. For a > 0, (<Z2> > <x

>),
the ratio is < 1.0 and is & 0.7 for a = 10.0. For a < 0, the ratié is
> 1.0 and for a = -10.0 is & 2.4.

From a single spectrum only the value of [a[ can be found unless the
sign of the quadrupole splitting is known. Conversely if the sign of
a can be de£ermined the sign of the quadrupole splitting may be found;

The average recoilless fraction may be found by a'similar average

(55)

over all angles and is given by
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<B> = expl-(1/3)k>(<z%> t 2<x2>)J , | see - 2.50.
Hence 1if <f>aV and a are fqund both <x2>_anq <Zz> can be found
separaﬁely. \

A feature of this asymmetry (known as the Gold@nskii-Kuryagin Effect)
is that it increases with temperature whereas asymmetry in the lines
arising from relaxation phenomena will decrease with temperature.

Often the maﬁor problem in determining a is to ensure that the sample
crystallites are truly randomly arranged. If the crystallites are
partially oriented then the ratio is no longer given by spherical
inﬁegration. However, this is unlikely to be a problem with the fine

Zeolite powder.

2.1.4.2, Diffusion of the Atoms

The diffusion of Mossbauer atoms can lead to an appreciable
broadening of the lines in the spectra. Two distinct types of mechanism
are possible, particularly in the case of surface diffusion. The most
probable mechanism involves jumpsbetween distinct positions. The line
broadening resultant from this is given_by(gu)

2 S
ar_ =22 (1 - £(x)) cev . 2.51.
exp T

where f(r) relates to the probability of a jump occurring and
T is the localisation time between jumps.
Normally the maximum value of v is derived using £(r) = 0 and for

2
LS

6D

isotropic diffusion T =

where £ is the jump distance and D the diffusion coefficient.

The second mechanism of diffusion involves continuous motion. The line
broadening seen in this -case is(94)
ZEgD
AT = .
exp hc2 eee 2.52.

where E_ is the Mossbauer y-ray energy.

The continuous diffusion mechanism operates in polymer materials where

. . 95
large rotational motions can occur.( )
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The occurrence of diffusion of the Mgssbauer aFgms dges ngt qf
itself lower the recoilless fractign. Howiever, fgr_diffusion'to occur
the binding of the atom to tﬁe.latﬁice must be weak and low recoilless
fractions are associated witﬁ'the diffusion process. The line broadening
occurs without distorting the Lorentzian line shape of the lines in the

spectra.

2.2. Previous Studies on Zeolites using Mossbauer Spectroscopy

The sensitivity of the Mossbauer effect to the strength and direction
of bonding as well as the electronic configuration of the Mossbauer atom

. . . . . (96,97,98)
make it a particularly versatile technique for surface studies. :
However, progress in studying surfaces has been slow through the experimental
difficulty of ensuring sufficient Mossbauer nuclei on the surface to
observe an effect. To overcome this problem materials having extremely
high surface areas such as y-alumina, silica and zeolites have been used

as the subétrates for the Mossbauer atoms.(gs)

Once the iron cations

are shown to be located in surface sites then other studies on their

interactions with adsorbed gases or their catalytic properties can be made.
The initial studies on zeolites were déne with ferric ions ion-

exchanged into the zeolites using acidic solutions. Though this prevents

ferric hydroxide precipitating, only the most silaceous zeolites will not

suffer structural damage. Zeolites Y and mordenite appear to be stgble

under mild acidic conditions and their ferric forms have been studied(gg’loo’

101’102). In the first reported work on zeolites Goldanskii et aZ(gg)

investigated the sorption of tetra-methyl tin, methanol and hexane into
ferric-Y and methanol and hexane into ferric-mordenite. Lines characteristic
of ferrous iron appeared in the spectra after these sorptions. The

ferrous ions were presumed to have been present in random positions and

to have localised on sorption of the gases. No indication of the extent

(100,103)

of dehydration was given. More recent work has shown that ferric
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ions in Y are reduced on dehydration though the ferrous ions produced
are firmly bound to the lattice.  The adsorption of ammonia, ethanol

and piperidine into a ferric-~Y produced by heating ferrous-Y in dry

oxygen, did not lead to the formation of ferrous peaks in the spectra.

THe oxldation-reduction cycle found feor iron cations in Y zeolite(loo’
103) is reproduced below.
Fe?t - Y(dehydrated)
dry
oxygen
wet Heo ¢ hydrogen
_ evacuate A o
oxygen Fe3+ -y o 400°C B0 °C
25% Y
(air) H,0 Fe2+/Fe3+—?>————~
evacgate ﬁ&
re3t_y 400°C
"(hydrated)

The reduction of the ferric ions on pumping indicate a weak bonding

between the iron and the oxygen required for the oxidation. Delgass

Z(103)

et a have suggested two ferric ions sited in adjacent hexagonal

prism windows are linked by an oxygen atom. This accounts for the
oxygen atoms taken up on oxidation, though the Fe -0 bond lengths required
are about 0.26 nm which are much greater than the normal bond lengths of

n 0.198 . This could account for the ease with which the oxygen may be

removed.

Similar redwesbility of the ferric ions in mordenite has been found

upon extensive dehydration.(lOQ) The extensive heating also produced

small particles of a—FeZO through migration of ferric ions to the surface

of the zeolite. Similar migration of ferric ions or re° during reduction

(101) (100)

of ferric-Y and ferric-calcium-X with hydrogen at 360°C leads to
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the formation of bulk iron as shown by the presence of hyperfine lines
in the Mossbauer spectra. However, in neither of the three studies was

the structural integrity of the. zeolite checked after the reduction

treatment.

Some results on ferric-A have been publishgd(loq5los) but no
detailed interpretation has been given. Curiously the ferrous f&rm of A
was first prepared and then allowed to 6xidise»in air. The spectra show

a normal ferric doublet for the hydrated sample but degassing gives a
multi-component, asymmetric spectrum. An increase in quadrupole splitting
shows the ferric ion to be experiencing a less symmetrical environment after
dehydration but little else can be derived from the spectra.

"The study of ferroué ions in zeolites is much more promising as a
wider range of zeolites can be used since the exchange solution need be
only weakly acidic. Also a ferrous ion spectrum contains information
on the electronic configuration of the ion not obtainable with ferric

spectra. Morice and Rees(loo)

found two different ferrous sites in
partialiy reduced Fe3+-Y.~ These were an outer doublet with an isomer
shift (I.S.) = 1.48 mm/sec and a quadrupole splitting (Q.S.) = 2.44 mm/sec,
and a much weaker inner doublet with I.S. = 1.19 mm/sec and Q.S. = 0.53
mm/sec. Whilst the line shape and intensity of the outer doublet was
altered by the sorption of water or ethanol, the inner doublet was completely
removed by this treatment. However, the spectra were too complicated to
allow full analysis of the various product spectra obviously being formed
on sorption of the gases.

The next step in'thg Mossbauer study of zeolites was to prepare a

(106)

zeolite with ferrous ions. This was done by Delgéss et al The

hydrated zeolite gave a weak spectrum but after pumping the zeolite at
room temperature a typical ferrous doublet was obtained. The doublet
had an I.S. = 1.5 mm/sec:and Q.S. =. 2.2 mmfsec. Apparently the ferrous

ions in the hydrated zeolite are solvated. On cooling the hydrated sample
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to 80K a spectrum appéars with parameters similar tg.?hgse Qf ferrous
ions in icebat 80K.

The dehydration of the ferrous-Y zeélite resulted in the appearance
of another doublet in the spectrum with an I.3. = 1.15 mm/sec and

(107)

Q.S. = 0.64 mm/sec. This is in agreement with the two ferrous

sites found after the dehydration of ferric-Y.(lOO)

The outer doublet

can be assigned to ferrous ions located in the hexagonal prisms in near
octahedral geometry. This is supported by‘the sorption of gases into

the dehydrated ferrous-Y which have little effect on the outer doublet
unless the gas molecules are small enough to enter the sodalite cége.

In contrasf the inner doublet is very sensitive to the presence of sorbates,
indicating it is 1écated on the surface of the supercage. The isomer

shift suggests the iron cations are in tetrahedral geometry, possibly
through the presence of a hydroxyl group. Two sites were suggested:

1) the breaking of an Al1-0-Si bridge through the formation of the hydroxyl
group enabled the Fe2+(OH—) group to coordinate to three of the oxygen

ions of the alumina- tetrahedra,

2) the Fe2+(OH-) is located on the three fold.axis though the sodalite
window coordinated to the three of the oxygen ions making the window.
Continued dehydration could lead to the formation of Fe2+-0—Fe2+

linkages through migration and loss of water from two FeQ%(OH_) groups.
However, there appeared no evidence in the spectra to suggest this change
occurred on prolonged heating though such heating did increase the intensity
of the inner doublet relative to the outerAdoublet.

Though changes in the Mossbauer spectra occurred as a result of
sorption of gases into %he dehydrated ferrous-Y little information_on the
formation of cation sorbate complexes was obFained. Well-resolved
'produét peaks'! were unable to be obﬁained from the spectra though somé

general observations were made. The gases ethylene, carbon monoxide,

nitrous oxide and pyridine caused small changes to the inner doublet whilst
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ammonia, t-butyl alcochol, eﬁﬁanol, carbon disulphide and piperidine
completely removed the inner doublet. This latter group also affected
tﬁe outer doublet aqd, as only ammonia can enter the sodalite cage, the
sorption of these molecules clearly has large effects on the electric
gradients in tﬁe zeolite.

In this thesis some further investigations have been made of
dehydrated ferrous-Y and X zeolites but emphasis has been placed on
being able to resolve 'product peaks' so that the cation-sorbate inter-
actions may be studied. For this reason the majority of the studies
were done with ferrous-A zeolite where there is a much more limited

range of sites for the ferrous ions.
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CHAPTER 3

" EXPERIMENTAL "PROCEDURES AND APPARATUS

3.1. Preparation and Analysis of Iron-Exchanged Zeolites

3.1.1. Source of A, X and Y zeolites

The zeolites used in this study were obtained from Linde Division
of Union Carbide except for one Y zeolite whicﬁ was given to us by Dr.
A. Dyer. This Y zeolite had a high Si/Al ratio of 2.65. The zeolites
were initially in the sodium exchanged form,free of any binders. Before
being used the zeolites were shaken in a dilute éodium chloride solution
fof 12-24% hours to ensure no other cations were present. The zeolite
powder was then filtered and washed with distilled wate;"till tﬁere were

no further traces of chloride in the washing. Finally they were air

dried in an oven at 110-120°¢.

3.1.2. The Ion-Exchange Procedure

The ferrous exchanged zeolites are all found to be very sensitive to
oxidation if both air and water are present. Therefore, tﬁe exchange and
any subsequent handling.must be done in an inert atmosphere.  Experience
showed that this sensitivity to oxidation was much higher after the zeolite
had been partially dehydrated, presumably because the oxygen can diffuse
into the zeolite much faster. Thus it was necessary to ensure no air
could come in contact with the zeolite after it had been prepared.

The following method was found to be satisfactory.

Between 0.3-0.5 g 9f Zeolite were placed in a 6" x 1" boiling tube.
This and all the other materials needed were placed inside an 18" x 24" x 9"
gas bag(loa) and the bag sealed. The air was pumped out of the bag with
a water pump and the bag refilled with oxygen-free nitrogen. At the

same time any air was removed from the distilled water, needed later to

wash the zeolite,by bubbling nitrogen through it. This process was
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repeated three times to ensure liFﬁle oxygen remained in the bag. About
45 ml of water was added to the,zeolite powder and sFifred by using a

slow nitrogen flow through a bubbler. Ab;ut 4 ml of 1.0 M HZSOH was
added to decrease the.pH initially to @.PHS: About 1 mg of ascorbic

acid was added to reduce any traces of ferric ion eitﬁer in tﬁe ferrous
sulphate used or that may form during the exchange(log). 'Analar' ferrous
sulphate was then added. Approximately 2 g were added to give a solution
strength of é 0. 15M. The mixture was kept.stirred witﬁ the bubbler for
13-2 hours for the exchange to proceed. Analysis showed generally 50%

of the sodium ions were exchanged in zeolites A,Xvand Y.

The shért exchange time was used to decrease tﬁe amount of any
breakdown that the slightly acidic solution may cau;e.to the "zeolite
structure.

After the exnchange the zeolite was filtered onto a sintered disc
funnel using a suction pump and washed witﬁ around 100 ml of tﬁe air-
free distilled water. Care was taken to ensure tﬁat at no stage did
the zeolite become dry. After the final washing tﬁe suction was stopped
just aé the zeolite was nearly pumped dry and the very wet zeolite washed
into a glass Mossbauer cell (see 3.2.6.1)for transferringto a vacuuﬁ line.

No attempt was made to analyse the washings as working in the cramped

space of the bag meant there were often spillages or small losses.

3.1.3. Dehydration Procedure

To produce a sample of the dehydrated zeolite a standard procedure was
used. The excess water in the cell (& 4 cc) was pumped off under vacuum
with aid of a liquid nitrogen cold trap. The cell was held such that the
powder settled onto the lower face of the cell to form an even pellet.

This pellet was initially firmly stuck to the glass but repeated handling
usually resulted in its fracture into.small pieces. The ;ample was
pumped at room tempefature usually overnight (a period of 12-16 hours)

to give a vacuum around 10-2 Nm—2. The sample was ‘then Heated to 100°¢C
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for another 12-16 hours and finally at 360°C for 24 hours. The vacuum

during the heating was kept belbw'lo—l Nm"2 and at the end was generally
. . . . oo

better than lO—2 Nm_2.

These dehydrations were done on a standard vacuum line pumped by

a mercury diffusion pump backed with a rotary oil pump.

3.1.4, Chemical Analysis

Chemical analysis of botﬁ the exéhanged and starting forms of the
zeolite was undertaken by the Analytical Services Laboratory, of tﬁe
Metallurgy Department at Imperial College. Tﬁe tﬁree constituents
measured, Iron, silica and alumina, were determiﬂed by classical 'wet!

techniques. as described by Vogel(llO).

3.1.5. X-ray Measurements on the De¢hydrated Zeolites

Powder diffraction patterns were obtained from typical samples of
the zeolite to determine if any structural breakdown Had occurred in
the exchange process. The zeolites were first deﬁydrated as detailed
above. A small sample was removed from tﬁe Cell,.ligﬁtly ground to
remove large conglomerates and transferred to a tube which Had two 0.3 mm
Lindemann tubes sealed onto side arms (see Figure 3.1a), with araldite.
This operation was done under dry oxygen free nitrogen in a dry gas bag.
The tube was replaced on the. vacuum line and evacuated at 36000
for 24 hours. Some of the powder was then tapped into each side arm and
the arms sealed and drawn off with a flame. Small particles of the powder °
were tapped down to the end of the Lindemann tubes until g 1" was filled.
The tube was then sealed off with a small flame, about 3" from the tip.
This small tube waé mounted in a 57.26 mm radius Debye-Scherrer
camera and a powder pattern taken(lll). Difficulty was experienced with
iron fluorescence causing fogging of the film when CuKd radiation was

used, and some patterns were obtained using CrKe radiation. Exposure times

of around 24 hours were used. The wavelength of chromium Ka radiation
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Figure 3.1

A) Dehydrated samples for X-ray measurements were heated
in the tube at A, then tapped down into the side arms (B)'
which were then sealed at C., The finest powder could then
be tapped dovm into the 0.01mm diameter Lindemann tubes that

vere sealed with Araldite to the side arms at D.
(tﬁzﬁaa - [:::;:::}{]
A —B‘ /__\’\

. ‘ B

LAY

B) The glass Mossbauer cell.
The ends of the cell (a) were thinned

to approximately 0.05cm thickness,
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is 0.22909 nm which is longer than copper Ka (= 0715418 nm): ihis
~gives a compressed pattern which is a disadvantage as the patterns are
quite complex.

The typical pattern of A, XorY has tﬁree very strong lines at low
6 values. In the patterns obtained these were broadened, especially
at the edge of the film. This, however, could be caused by irregularities
in the samﬁle rotation during the exposure of the film. More significant
are the presence of sharp lines in the back reflection area (26 >'909).
This is a good indication that the material is crystalline.

Some photographs were taken of air oxidised, hydrated,iron containing
zeolites using a Guinier camera. In this camefa the powder is spread on
a flat surface. The patterns obtained were generally very weak in
comparison to equivalent sodium zeolite patterns, but the lines were
sharp. These patterns were taken with CuKa radiation and fluorescence
radiation was again a problem.

All the ﬁatterns obtained indicate that the exchange of ferrous
into sodium A, X and Y occurs without significant structural breakdown.
The X-ray method is not sensitive enough, however,. to detect small

amounts of breakdown.

3.1.6. Oxygen Sorption into Ferrous-A

A more sensitive téchnique for determining the crystallinity of
zeolites is to measure their sorption capacity. This method was used
in particular with ferrous-A. A difficulty arises over the choice of
gas as the effective éritical diameter of the large windows will be
altered by the replacement of sodium ions ﬁith the smaller ferrous iomns.
The capacity of sodium-A is required as a comparison with that of ferrous-A.

(112) had shown its

Oxygen was chosen as the gas. Previous work
sorption capacity to vary by up to 20% between sodium-A and calcium-A

through the increase in sorption volume as the sodium ions are replaced.
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The oxygén used was supplied in one li?re bulbs by British Oxygen th
Ltd. Its purity-specification:was > 99,98%.
- ,
A standard volumetric system was used for these measurements.
It consisted of a gas burette capable of altering the volume by up to
100 cc to * 0.1 cc, a manometer constructed from 1 cm diameter 'Veridia'
tubing and connections to a ﬁigﬁ vacuum line, a gas line and the sample

2 = 0.750 cm Hg)

bulb. Pressures in the range 0.1 to 65~}<Nm—2 (1 kNm~
could be measured to * 0.002 using a catﬁetameter. Witﬁ tﬁe ferrous
zeolites the Mossbauer cell (section 3.2.6.1.) was used as the sorption
cell.

The system was calibrated with helium gas at room temperature.

The ideality of helium and oxygen were assumed and the ideal gas law
used. The sorption measurement was made at the temperature of liquid
nitrogen by surrounding the sample cell with a liquid nitrogen containing
dewar. The level in the dewar was kept constant to ensure tﬁe same

cold volume in the sample cell.

The sample was pre?ared and dehydrated in the standard way. After
calibration of the system the sample was pumped at room temperature to
remove the helium and the oxygen sorption isotherm determined. Tﬁe
cell arm was then cut at the point where it dipped iﬁto tﬁe liquid nitrogen
and the cell and contents quickly weighed. This was done as rapidly
as possible to minimize errors due to water sorbing into the zeolite.

The volume of the empty cell was determined by filling with mercury and
rewyeighing.

Obvioﬁsly this technique suffers from the loss of the sample and
damage to the cell thouéh it does establish if the preparative method

leads to any structural breakdown.

3.2. The Mossbauer Spectrometers

The modulation of the energy of the y-rays is mostly easily achieved
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through the doppler shift by.applying a velocity to eiFher the y-ray

source or the adsorber. In the'Work described here the source was moved
: : )

and the adsorber securely held.

Two spectrometers were used in this study. One moved the source
vertically and was used for experiments involving gas sorption studies
or for temperatures above room temperature. The otﬁer spectrometer had
the transducer mounted horizontally and sources could be mounted on both
ends of the transducer. This spectrometer'was used in conjunction with
a cryostat for below room temperature studies., These two systems use
the methoa of velocity modulation known as constant acceleration.

The general principles of a spectrometer run in'this mode will first
be described before describing the spectrometers in more detail.

In the constant acceleration mode the selected velocity range is
repeatedly scanned and the counts corresponding to the differént velocities
are stored in the appropriate channels of a multichannel analyser. Each
scan over the velocity range adds to the data previously accumulated.

The velocity at any poiht is a linear function of the cﬁannel number,

The transducer and the multichannel analyser are kept in step by
driving both from the same clock or pulse generator, In this way the
analyser is switched from channel to channel in syncﬁronism with the
changing velocity. The two spectrometers used are slightly different
in this aspect and will be considered separately.

The doppler motion is obtained by an electromechanical system.

In both systems the transducer consists of two coils, one of wﬁicﬁ drives
a moving rod and tﬂe other provides an output voltage proportional to the
actual>velocity of the rod. This signal is compared to tﬁe reference
waveform and corrections are applied tb the dfive signal to compensate
for any differences.‘ This requires a very stable refepénce waveform.
One disadvantage of the constant acceleration mode is tﬁat at the

end of each sweep the transducer rod must rapidly reverse its direction of
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travel. This 1is done as rapidly as p?ssible to minimise loss of counting
ﬁime, but distortion can occur to the first 5-10% of the scan. The
first few channels sﬁquld consequently be discarded.

The source is moved through a parabolic motion over a distance of
N 2 mm in both cases. This causes a small modulation in the count rate
observed at the counter through the inverse square law and tﬁe baseline
of a spectrum is consequently slightly parabolic. This is taken into
account when fitting the data (Section 3.3.2.)

Both systems had gas filled proportional counters for detecting the
y-radiation. Proportional counters give good resolution of low energy
(3-20 kev) y-radiation but at the expense of lower efficiency than
scintillation counters. During this work counters with Xenon/Methane
and Krypton/Carbon dioxide mixtures were used. A Krypton/Carbon
dioxide counter is slightly less efficient than one with Xenon/Methane
but has a much longer counting life and better resolution.

The counting system consists of a stable high véltage supply of up
to 2500 volts, a preampiifier, matched amplifier and a method of
selecting the 14.4 kev y-rays. The preamplifier integrates tﬁe charge
pulses produced in the detector to give a pulse whose height is proportional
to the energy of the y-ray detected. The output consists of pulses with
long (100 usec) decay times.

The main amplifier both amplifies and shapes these pulses to.give
a pulse shape and size compatible with the analyser. The long decay‘
of the preamplifier pulse enables the method of 'pole-Zefo cancellation'
to be used to give a stable baseline and decreases the occurrence of
pulse overlap giving bréadened peaks.

The sorting of the pulses to obtain only the Mossbauer y-ray was

done differently in the two systems and will be considered separately.
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3.2.1. The Vertical Drive Spectrometer

This spectrometer is outlined iﬂ the block diagram, Figure 3.2.

The heart of the system is an Intertecﬁniqué SA4OB Multichannel Analyser
operating in thelmultiécale mode. The drive system and transducer are
Elron types MD-1 and MT-1 resPectively; The outpﬁt from a square wave
generator is divided down to give a sweep rate of & times per second
through either 100 or 400 channels. Tﬁe digital channel number is
converted in a digital to analog converter (Elron MDA-13S) to provide thé
drive signal‘for the transducer. This transducer also has a microswitch
to 1limit the extent of movement of the rod. By travelling to and from
thié switch at constant velocity the effect of the distortion due to the
velocity change at the end of each sweep is minimized.

The counter used initially ﬁas a 20th Century Xe/Méﬂcounter
(PX130/XE), operating at 2100 Volts. The counting chain consisted of a
Dynatron 1430A preamplifier, 1430A amplifier and a Higﬁ Voltage supply.
This amplifier did not have means of keeping tﬁe count baseline stable and
resolution of the peaks was generally poor. Later a Reuter Stakes
RSG-61 Xe—-CO2 counter operated at 1750 volts was used in conjunction
with a Harwell 85/0058 preamplifier and 95/2151 amplifier. Tﬁe
resolution obtained was similar to that shown in Figure 3.3.

The SA-40B analyser was used to sort the pulses. Tﬁe pulses were
first converted to digital form and then the ones corresponding to the
1n.4 kev57Fe y-peaks were selected. | The actual method of operating the
spectrometer has been detailed élsewhere(lla). The output from this
spectrometer was either by.péint plotter on an X-Y recorder or in digital
form on an Addo-X printer.

One disaanntage of using the analyser address output to drive the
transducer is that the transducer must be stopped after each-spectrum

when the data is printed out from the analyser. For runs where the

adsorber is not disturbed between spectra, Ze. during runs in which gas
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Figure 3.2 A Block Diagram of the Vertical Drive Mossbauer Spectrometer,
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Figure 3.3
Pulse height spectrun of ®7Co in Pd source with
A) o absorber and B) vwith a glass Mosshauer
cell in the y-ray path.' The low energy peak is the

6 kev X-ray and the upper peak iz the 14.4 kev y-ray.
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is titrated onto tﬁe sample be?ween specFra, the accuracy of resetting
the velocity must be considered.along with ﬁhe stabili?y and linearity
of the spectrometer. lExperience with this spectrometer showed the drift
in the zero velocity (with respect to the sodium nitroprusside standard
adsorber) té be less than * 0.01 mm/sec over a period of two weeks in
the worst case observed.  The drift in velocity calibration as measured
by the change in the sebaration of the two sodium nitroprusside peaks
was ~ 1% over the same period. The linearity of tﬁe drive over tﬁe
velocity range used (i.u.O mm/sec) is difficult to determine. Usually
an iron adsorber is used for this but two of the peaks only just come
within the velocity range and distortions at tﬁe beginning of the sweep
will affect their positions. _
Another measure of the spectrometer performance is the linewidth
of the peaks in the spectra. The linewidth of the peaks in a Mossbauer
spectra are broadened beyond the natural linewidth of 0.192 mm/;ec by
a number of experimental factors. Noise and electrical pickup on the
reference and drive signals cause a certain minimum broadening which
cannot be removed. Generélly the most prevalent source of broadening
that occurred was movement of the spectrometer assembly caused by
‘mechanical vibrations from vacuum pumps and heavy machinery in nearby
TOOMS . The transducer system was mounted on a layer of paper, styro-
foam, concrete and wood to minimize the transmission of vibrations. For
a thin standard adsorber linewidths of 0.26-0.27 mm/sec were generally
observed, showing some broadening. The transducer was held in a three-
sided box by several bolts pressing down on its bése plate. The top of
the box was another smailer three-sided box so one could slide inside
another. To the top of this were bol?ed the plates to hold the glass
cells which'contained the zeolite powder. The plates clamped the arm
of the glass cells for about 4" ensuring no vibrations disturbed the

zeolite sample.
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3.2.2., The Horizontal Drive Spectrometer

The outline of this.spec?rometer is given in Figure 3.4. As
mentioned earlier tﬁe transducer in this case has the driving rod
extending from both ends. The heart of this system is an Elscint MFG-3
Function Generator. This provides both tﬁe driving signal for tﬁe Elscint
MD-3 drive amplifier and the Elscint MUT-3 transducer. It also controls
.the multichannel analyser (Nuclear Data 2200-512 channels). Two
spectra can be siﬁultaneously accumulated by using a four-input multi-
scaling unit. This is done without any loss in the counting time by
counting into scalers for 100 psec periods simultaneously from each counter.
The contents of the scalers are then rapidly written onto the main
memory contents. The velocity range used was similar to tﬁat used on
the other spectrometer except the spectrum was accumulated in 128 memory
channels rather than 100 channels. ‘ The velocity range.was scanned’
six times per minute.

The function genergtor controls'the start and end of the sweep and
a constant distortion in the output waveform after the velocity cﬁange
was observed.  The transducef is also fitted with an optical system to
minimize drift of the rod position. The drift of the zero channel was
generally less than‘the error in measuring the peak centreé, Ze. around
* ,002 mm/sec. For runs where the sample is not moved between spectra
the velocity can be calibrated on the reverse end of the spectrometer.
Spectra can also be printed out (on a Teletype ASR 33) without stopping
the transducer.

The drift in the vglocity calibration was around 1% over a period of
a week. This was much larger than expected for this system though its
cause has not been diagnosed. The linearity was similar to that observed
for the other spectrometer.

Linewidths of.0,25 - 0.26 mm/sec were generally observed wifﬁ a

thin adsorber. Once again vibration from mechanical pumps is the prime
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cause of the broadening. A descripﬁion of the moun?ingiof the zeolite
samples will be given in cqnjunction witﬁ'the descriptign of'tﬁe
cryostat used;

The counting equipment was initially Nuclear Data ND-533 preamplifiers,
ND-532 amplifiers, ND522 single channel analysers, and ND-537 High voltage
supplies. Difficulties were experienced in matching the proportional
counters to tﬁe preamplifiers and later Canberra Instrument 1406 pre-
amplifiers and 816 amplifiers were used. Both tﬁe Xe/Me filled and
Kr/002 filled counters were used on this system.

A single channel analyser (S.C.A.) was used to select the pulses due
to the Mossbauer y-ray. The method of setting the window is laid out
in Figure 3.5. The oscilloscope will display a pulsé from the amplifier
when a simultaneous pulse arrives from the S.C.A. The windows of the

'S.C.A. are adjusted so only the bright band of the Mossbauer y-ray is seen. ..

3.2.3., The 57Co Sources

The 57Co sources used were obtained from the Radiochemical Centre,
Amersham. The 57Co is plated onto,then diffused into,thin 6 um discs
of pure palladium. Palladium was chosen as the matrix as this gives
a slightly narrower linewidth than the other common sourcé,57Co in copper.
Data supplied with the sources show the line width of a sodium ferro-
cyanide absorber versus the sources as 0.27 - 0.28 mm/sec. The recoilless

fraction of the sources Werearound 0.60.

3.2.4. Standards and Calibration

The convention for reporting Mossbauer data is to refer the isomer
shift of thé observed séectra to that of a standard adsorber. For 57Fe
two standards are in common use; iron metal and disodium pentacyano-
nitrosylfeprate(III) dihydrate, known as sodium nitroprusside. Iron

metal is now the preférred reference material for calibration as a measure

of the linearity of the drive is obtained at the same tiﬁé.
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Figure 3.5

A method of setting the windows of a Single Channel
Analyser, S.C.As, using an oscilloscope 1o display

the pulses from the amplifier, AMP., vwhen triggered
by correspending pulses from the S.C.A. The windows
of the S.C.A. are adjusted until only the pulses due

to the 14.4 kev y-~rays are displayed on the oscilloscope.
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However, in the velocity range used in this study gnly fwo of the iron
peaks are fully wi%hin ?he spectrum and so errors can occur in the
fitting procedure.  For sodium nitroprusside both peaks of the
quadrupole split doublet are well within the spectrum and this was chosen
as the standard for calibration;

The midpoint of tﬁe two peak positions is given as chemical shift
0.000. The quadrupole splitting has been measured as 1.7000 = 0.0002
mm/sec(l%u). The temperature dependénce of this is very low, so that
room temperature variations do not affect the calibration.

The standard used was made up from powdered "Analar' sodium ﬁitro—
prusside held in a perspex holder between two strips of Selotape. The

adsorber thickness was equivalent to 10 mg Fe/cm.

3.2.5. Background Measurements

Though the resolution of the counters used enables tﬁe Mossbauer
y-rays to be clearly selected by the analysers, a significant proportion ..
of the counts in a spectrum are from background radiation. This arises
primarily from higher energy radiation being Compton scattered in passing
through the adsorber, its mounting materials and in the detector. In
this way counts derived from high energy y-rays appear in the Llow energy
window. Background counts from low energy y-rays arise through incomplete
separation of the peaks by the counter and through pulse pileup or
baseline instabilities in the counting electronics.

To correct the count rate for these background counts the following
procedure was used. The spectrometer was run for 15 minutes with and
without a 0.1 mm brass filter between the source and adsorber. The
count rate in the first 30 channels (from channel 2 to 32) was averaged.
This was repeated before and after each spectrum. Iﬁ the velocity range

covered by these channels there is no resonant adsorption to affect the

count rate.
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The brass filter adsérbs all the low energy (< 20 kev) y-rays and only
4% of the high energy (100 - 140 kev) y—rays(lls). This allows the counting
rate due to tﬁe ﬁigﬁ energy radiation to be calculated and allows any
drift in the settings of the counting equipment to be checked.

The low energy background is more difficult to determine. However,
the amount of low energy radiation penetrating the sample and glass cell
is veﬁy small and the amount of tﬁis radiation counted will remain
constant,if the amplifiers do not drift. Therefore, it was decided not
to try to correct for the low energy background radiaﬁion as relative
measurements of the adsorption area, as used in this study, will not
be affected.

In the measurements made on samples witﬁ varying amounts of gas
sorbed, the count rate was found to depend on tﬁe amount of gas present.
The background to count ratio also varied by up to 5%, decreasing'witﬁ
increasing gas content. These changes show tﬁe need for tﬁe background

corrections before comparing adsorption areas.

3.2.6. Ancillary Equipment

3.2.6.1. The Mossbauer Cell

The requirement of an inert container for the ferrous exchanged
zeolite that can withstand temperatures over the range -196°C to SOOOC,
will hold a vacuum of 10“2 Nm“2 or any gas that is desired to sorb onto the
zeolite, and allow a reasonable transmission of low energy y-rays is
an exacting one. Whilst pyrex glass is the obvious material for the
first requirements it presents problems‘for the last. Cells were
qonstructed to the design shown in Figure 3.1b by Mr. A.E. Madell of
the Glass Workshop of the Chemistry Department at Imperial College.

The windows, 1.5 em diameter, were drawn to a thickness of 0.04% - 0.07 cm.

Windows could be drawn thinner but these were extremely fragile and broke

when the cell was placed under vacuum.
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An analysis of the radiafi?n transmitted by a fypical cell is shown

in Figure 3.3. This shows.that about 95% of the 6-~9 kev y-rays and
: . S . ,
about 90% of the 14.4 kev y-ray Has been adsorbed by the'glass windows.
Wﬁen tﬁe zeolite powder is in the cell the transmission is even lower
and the consequent low count rates give very poor signal to noise ratios
in the spectra.
* To get the best possible spectra from the time spent collecting

each spectrum, the optimum operating conditions were selected; Tﬁe
Mossbauer adsorption depends on the thickness of tﬁe sample and an optimum
thickness can be determined(ll7). Tﬁe tabulated data given by Shimony(ll7)
was used to determine the optimum sample thickness for deﬁydrated
ferrous-Y with 50% of the sodium ions exchanged. A tﬁigkness of 0.08 g/cm2
was determined but this required an estimate of 0.3 for tﬁe recolilless
fraction of the ferrous ions. In practice a tﬁicker sample of between
0.12 and 0.1k g/cm2 was found to give the best results.

The minimum possible number of channels were used in accumulating the
spectra and to get the best resolution small velocity ranges were used.
A speétrum was usually accumulated over a period of 24-36 hours. A
typical spectrum would have 3 x 105 counts per channel of whicﬁ 55 4‘65%
would be background counts. Some of the ferrous-Y spectra were taken in

perspex holders and,with a new 10 millicurie source,lO6 counts per channel

could be obtained after 12 hours counting.

3.2.6.2. The Cryostat

Aé previously mentioned the horizontal spectrometer was used
primarily in conjunction with a cryostat. This enabled'temperatures
between room and liquid nitrogen to be obtained. This is the most
useful temperature range for Mossbauer studies on ferrous compounds.
In particular the recoilless fraction of most materials show tﬁe greatest

change over this pegion(lls).
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The cryostat used was a Ricor Ltd:, Variable Tempera?ure Mossbauer
Cryostat type MCH-5.  This cryostaﬁ is designed to cover the range 5K
to 400K and has ﬁeat sﬁields within a vacuum 5acket around a central brass
cylinder. In use the'cryostat is mounted on tﬁe top of a 20 litre
liquid nitrogen dewar and also bolted to tﬁe Mossbauer Bench which contains
the transducer and counters. The dewar is pressurized to about 14 kNmn2
which is maintained by a small relief valve. Tﬁis drives the coolant
around the coils surrounding thé brass block. Also wrapped around the
block is a heating coil. Control of the temperature is acﬁieved by
a gold, 0.03% iron/chromel thermocouple securely attached to the brass
block. This»thermocouple exhibits a good temperature Sensitivity of
v 18 uV/degfeE‘ove? the range 4K to S00K. A Ricor TCLB temperature
controller was used to drive a solenoid valve to control the amount of
gas passing through the cooling coils. A schematic drawing of the
system is shown in Figure 3.6a.

Control of the temperature was to + 1 ﬁV or to + 0.05K°. The
temperature in the cryostat was measured with the same thermocouple as
there.was no provision made for fitting more thermocouples. Since the .
control thermocouple was securely held in place it was calibrated by
using the cryostat as the reference junction and varying tﬁe temperature

of the normal reference junction. Calibration was done at the temperatures

of boiling water, melting ice, solid carbon dioxide/acetone and liquid

(o]

nitrogen. The error in any temperature measured is estimated to be # 1
This is some 20 times greater than the temperature can be controlled to
and is a bad feature of the cryostat design.

To enable spectra of zeolites with sorbed gases to be taken at low
temperatures the cryostat was modified to take the glass cells. Access
to the central sample well is made by removing one of tﬁe face plates
and Several.heat shields. A new face plate was constructed from 3" brass

to extend the depth of the cryostat by one inch. A one—incﬁ window was
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made in the.plate and covered with 0:005" Mylar held in.place with
Araldite.expoxy resin. A %ﬂ;feedthrqugh was made at the top'of the plate.
to eﬁable tﬁe arm of the glass cells to extend out of the cryosﬁat.

A sketch of the plate fitted to the cryostat-is given in Figure 3.6b.

The zeolite was prepareé agd handled in tﬁe glass cell in the same manner
as other samples. However, care had to be taken not to dislodge the
zeolite disc from firm contact witﬁ the base of the glass cell as tﬁe
sample is held vertically in tﬁe cryostat.

The cell arm was held rigidly in tﬁe feedthrqugﬁ by screwing down
on two O-rings. To ensure good thermal contact betweén'tﬁe sample and
the brass block, a copper strip was wrapped aroﬁnd tﬁe glass cell until

. the cell was firmly held in the sample well. The base .of the cell was
pressed down on the base of the sample well also.

A vacuum of about lO_-l Nm-2 could be maintained in tﬁe cryostaf aﬁd
femperatures down to 78K were easily obtained. Tﬁe performance of tﬁe
cryostat did not seem to be affected by the removal of tﬁe heat sﬁields
on one side.

Some épegtra werevtaken with the dehydrated zeolite pressed into
perspex sample holders. These were 14 mm diameter rings with thin 1.5 wm
discs glued to one side. The zeolite was first dehydrated as previously
describédl'.'&he transfer of the dehydrated zeolite to the
perspex holdérslhas carried out in a gas bag under a dry nitrogen atmosphere.
Some of the samples were then placed in the cryostat wﬁich.was also
placed'in the ga; bag, and the éryostat evacuated.  With othef samples
the sample holders were sealed by glueing another perspex disc‘with
araldite across the top. This technique was used primarily with the
X and Y zeolites and,as will be described later, was not very successful.
With the sample open in the cryostat the vacuum of about 10_1 Nm_2 was not
good enough to stop water slowly being sorbed if the température was above

250K.  The sealed samples could be contaminated whilst being stored

3
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under nitrogen during the setting of the araldite.

3.2.6.3. 'Mossbauer Furnace

A small cylindrical furnace to hold a glass cell was constructed
s0 tﬁat tﬁe temperature dependence of spectra above room temperature
could be observed. Nichrome wire was wound over a layer of asbestos
paper around a brass pipe. A slit was cut in one side for'tﬁe arm of
the cell to allow tﬁe cell to sit in tﬁe hot area of tﬁe furnéce;'
This was then cast in a 5 x 5 x 6 cm block of furnace cement for insulation.
The bottom of the furnace was covered by thin aluminium foil to prevent
dfaughts entering the hot zone. Tﬁe cell was pléced in tﬁe furnace,
held in place by aluminium foil for good thermal contact and asbestos wool
packed around the top. Two Chromel/Alumel.thermocouples'were placed in
contact with the bottom of the glass cell; one.for measurement and one
for control. An Ether "Mini Controller" was used for control. The
temperature was stable to % 1° and was probably constant to = 5° across the
sample. The results obtained using this furnace sﬁowed tﬁat further.
accuracy and control was not required.

The furnace was mounted above the vertical transducer box. Mylaf
heat shields were put above and below tﬂe furnace to protect tﬁe'SOurce
and counter from heating. A fan was also used to keep the whole assembly
cool. Thé arm of the glass cell was clamped between two plates as

previously described.

3.2.6.4. Gas Handling System

The vertical spectrometer had an adjacent vacuum line so that gaé
sorption could be done onto samples mounted on the spectrometer. The
manometer arms are made of 1 cm 'Veridia' tubing and pressures were
measured with a cathetometer. ,VThg gas burette consisted of 4 bulbs
separated b& capillary tubing. The volume of each of the

bulbs was determined by weighing the mercury needed to fill tﬁem.
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JITABLE 3.1
Gas or Liquid ‘Source "Pﬁrity
Ethylené National Physical Labs. > 99.9%
.- But-1-ene _ National Physical Labs. > 99.9%
Carbon Monoxide British Oxygen Co. Ltd. > 99,98%
Hydrogen British Oxygen Co. Ltd. > 99,98%
Oxygen o British Oxygen Co. Ltd. > 99.98%
Ethanol BDH 'Analar' > 99.9%
Methanol James Burrough Ltd. 'Analar' > 99;9%
Acetonitrile BDH ' : > 98%-
Ammqnia _ BDH > 99.98%
Ethyl Chloride Hedley & Co. ’BP1958 grade
(medicinal grade)
Sample No. 17649
Pentane ) Koch Light Laboratories Ltd. purest

Batch No. 52892
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The burette was mainly used in calibrating the system. . The connecﬁiqn
between the Mossbauer cell and tﬁe'line'was made by a ShQPF length of thin
pyrex tubing blown into place. = No extra line broadening from vibrations
was observed in the spectra with this connection in place.

The liqgids and gases used in the various sorption studies were
stored in bulbs on two gas lines. The sources of the various sorbatés
are detailed in Table 3.1. Before use the liquids were degassed by several
freeze, pump, thaw cycles. Tﬁe middle fraction of tﬁe sample ﬁas then
obtained and this used in the studies. The gases were used as cbtained

without any further treatment.

3.3. Analysis of the Mossbauer Data

3.3.1. Computerized Methods of"Improving"the'Dafav

The use of Fourier transform methods to sharpen the lines’ in Mossbauer-

spectra, remove blackness effects and remove statistical noise from the

data has been recently described(lls’llg). The computer ppogfam described

(119) was tested with some of the spectra obtained from

by Flinn and Ure
the ferrous zeélites. The transform technique has tﬁe disadvantage of
broadening the lines if a large noise filter is applied, or if peak
sharpening is required, of causing side peaks(l20). The routine is used
to its best advantage with data having a good signal to noise'ratio.

A further requiremént is that the velocity increment per chamnel should be
low so that the diffeyé;cé_fg;coﬁnts between adjacent channels should be

small. The spectra obtained in this study meet neither requirement and

the fourier transform program was not used any further.

3.3.2. Computer Fitting of the Mossbauer Data

The raw data of a spectrum was analysed by a non-linear least squares

f1tt1ng programf. Initial estlmates were made of peak positions and W1dths

Trhe program was kindly given to us by Dr. J.c. Travis, N.B.S. Washington D.C.

U.S.A,
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and these were refined by an itera?ive me?ﬁod.
The Mossbhauer spectrum is approximated by the functiqn
Y, =B+ I+ G2l - : s (1)
1 : . =1 3]
where Yi is the count in channel 1i.
B,L,G are tﬁe parameters defining tﬁe parabolic sﬁape of the baseline,
S.(i)

and are the MLorenztian shaped lines of the spectrum

2
(i) AP = 1 ~
given by Sj = Aj/(l + —;_Tf——— ).

Aj is the amplitude of the peak.

H is the half width at halfheight.

Pa is the centre of the peak. When a doublet is f}tted then

Pj = Cj * (QS)j/2. where Cj’ QSj are tﬁe centroid and splitting
of the doublet.

An approximation is made that Aj(B + Li + Giz) A Aj to make the fitting

procedure easier.

M
If a function Y, = I ijj(xi) is to be fitted to a set of n data
- 3=1 i n .
points, Y3 then the function to be minimized is I (yi - Yi)2 and values
Jd=1
for the constants cj found.
. 3 2
That is, we want 325 (yi Yi) =0
Picking out terms
n n M. :
pX yif.(xi) = I [f.(xi) T Cc.f.(x.,)]
i=p 4 iz 30t g=; 3307
. T T
or in matrix terms [F'1[yl = [F71[Frllc]
and hence [c1 = [F1™1 (rT17t [rTiLy]

Matrix [C] is the linear least squares fit of Y; to data y.. The
function given above is linear in only 4 parameters B, L, G and A, -
The function can be put -in a linear form using a Taylor series expansion

‘about an initial set eo, of N estimates eh°, h = l,'..., N.
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N Y,

, . Y
de. Y,y ¥, (6 + 1 (o, -0 10 6%+ I (6 -0 ..
* h=1 h h=1 ‘

Disregarding 2nd and higher order terms the equation is now in a linear
form.

The method of computation is to use an initial set of estimates to

: A
calculate Yi(e°). The partial derivatives 355’ are calculated numerically
h
by changing each eh in turn by a small amount. The terms (eh - eh°) are
obtained from the linear fit and used to correct the eho. The procedure

is repeated until the corrections are less than a specified amount:.
Generally the criterion used was a change of less than 1% in all tﬁe
parameters.

Since the function is linear in parameters B, L, G %Pd Aj,estimates
of these are mnot required as they are determined by an initial linear
fit using the estimates of the other parameters.

As a measure of the 'goodness of fit!' tﬁe value of the function F
is calculated where F is given by

[Yiﬁexp) - Yi(calc)]2 3

F=( Y(exp) )

where Yi(exp), Yi(calc) are the experimental and calculated values of
channel i respectively.

At 4ts minimum Fz*(N—M)’is a chi;square function. N’ is the number
of data points and M the number of independent variables. Hence
statistical tests can be made on the fit using standard tables but such
a test is usually of limited value.

The greatest problem in fitting spectra occurs when the lines are
" broadened, through closely overlapping lines, away from the Lorentzian
lineshape. A number of attempts have been made to describe the true
peak shape as sums of Lorenztian and Gaussian shapes(lzl). This

introduces extra parameters and whilé getting a better fit does not help

in interpreting the spectra.
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This problem is seen in two ways in the spectra analysed in this
study. Many of the.SpecFra,coniain small peaks in the presence of
larger ones. The incorrect shape fitted to the larger peaks is seen
mainly in the 'wings' of the peak. The position of tﬁe small peak can
be artificially moved to take up tﬁe error on one of tﬁe wings. The
other fofm this takes is in artificially broadening small peaks. Tﬁe
parabola is not fixed and its centre and shape can 'float' to take up
any asymmetry in the spectrum. When small peaks are being fitted tﬁe
parabola often inverts to give these peaks large linewidtﬁs agd increased
~ amplitudes. Generally the sstimates of the parameters of small ﬁeaks
from the fitting procedure are not very-good.

The large peaks in the spectra could offen be fitted to a mucﬁ '
better degree with several doublets ratﬁer than one.’ Tﬁe value of F
found after adding the extra peaks was lower but the parameters obtained
were of little value. Consequently, the final decision on the 'goodness
of fit' was made Ey visually comparing the fitted envelope witﬁ the original
data, by inspection of a plot of the difference between the two and by
comparison of the fitted parameters with values from other spectra.

For this reason the results obtained will be given as a spectrum witﬁ the
fitted envelope shown, and the fitted parameters will be tabulated.

One other feature of the program is the provision of the precision
in the final values of the variables. These.are useful in deciding the :
validity of a fit as any parameter which is not fitted well will appear
to have a larger error. For a good fit, the computed errors will be an
underestimation as instrumental effects such as velocity drift or non-
linearity are not taken into account.

To enable the program to be run on tﬁe Telex time-sharing system on
a CDC 6400 ?he suyfroutine that contains the function to be fitted was

written in C.D.C. COMPASS. In this form the program requires 17,000
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words of core, and with 126 data.points and 15 parameters it runs for

28 seconds. The limits on the program are 500 points and 40 parameters.
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CHAPTER 4

t

‘'The Dehydration of the Ferrous-—Zeolites

Tﬁe initial step in the study of any cation excﬁanged zeolite is to
examine its deﬁydration behaviour and its dehydfated form. The
preliminary résults in this study were obtained with X and Y zeolites
and these are presented first. Tﬁe ferrous form of Linde-A was then
investigated. The results on its ﬁydrated and dehydrated forms are
presented later in this chapter. These results showed clearly that a
Mossbauer study of ferrous-A with sorbed gas mo;eéules would enable
cation-sorbate interactions, other than water,to be observed. The results
of the studies on these interactions are presented in Chapter 5 and,as

some of these results are needed to interpret the results in this

chapter, the bulk of the discussion will be dealt with in Chapter 6.

4,1. Ferrous X and Y Zeolites

The ferrous forms of the two Y zeolites and the X zeolite were
prepared by the method described in section 3.1.2. The exchanged forms
of the three zeolites were obtained as white powders. The spectra

obtained from each zeolite will be considered in turn.

4.1.1. Ferrous-Y (S30,/A1,0, = 5.3)

The room temperature spectra of a sample of ferrous Y(5.3) zeolite
were obtained after various degrees of dehydration (the notation Y(5.3)
will be used to denote the S$i0,/A1,0, ratio of the zeolite). The
sample was progressively evacuated at room temperature, llOOC,.272°C and
480°C for 20 hour periods, and spectra taken between each treatment
The sample was then rehydrated and tﬁe spectrum taken to determine if the

changes occurring on dehydration are reversible.
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The spectra are shown in Figure 4.1. The samples which had been
heated were fitted with two doublets.” Much better fits can be made by
éssuming the two outer. peaks in tﬁe spectra to be comprised of two doublets
and tﬁe inner peaks as one doublet. However, the parameters obtained
show little consistency between tﬁe different spectra. The best inter-
pretation of the spectra is that the outer peaks result from a wide
distribution of sites. The one doublet fit to tﬁese two peaks then gives
an average around which the distribution is made, The parameters
fitted to the data are listed in Table 4.1.

The spectrum of the hydrated zeolite (included in Figure 4.1)
consists of two peaks with large differences between tﬁeir widtﬁs and
intensities. This spectrum was fitted as two single peaks and tﬁeir
centres used to obtain the I.S. apd Q.S. values given in Table 4.1.

The data of Table 4.1. shows the Q.S. of the outer doublet to increase
on dehydration whilst the I.S. initially décreases and then increases.

The decrease in the I.S. occurs at the lowest dehydration teﬁperatﬁres, that
© is, as most water isremoved from the zeolite. To ensure tﬁese I.s.
variations were not instrumental effects, a second sample of ferrous

Y(5.3) was prepared. Spectra taken after dehydration at 100°C and 430°C
showed similar I.S. variationms. The parameters obtained from these

two spectra are given in Table 4.1. under Sample B.

Extensive dehydration not only causes an increase in the I.S. of
the outer peak but also- leads to the appearance of a second iron site as
evidenced by the formation of the inner doublet. The area of this doublet
is sensitive to the extent of dehydration. The slight variations in
the parameters given in Table 4.1. for this doublet are probably a result
of the difficulty in fitting small peaks-in the presence of much more
intense peaks rather than from changes in the nature of the coordination

around the ferrous ions giving this doublet.
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Figure 4.1

Spectra of ferrous—Y(S.}) after pyogressive stages of

dehydration. Bach treatment was for 20 hours in vacuo.
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TABLE 4.1.

‘Dehydration of Ferrous-Y(5.3)

Sample Isomer Shift  Quadrupole FWHM® Area”
Treatment (£0.02mm/sec) Splitting (£0.03mm/sec) (%)

(+0.02mm/sec)

SAMPLE A
Initial hydrated 1.52 2.12 0.44:0.50  51:49
Pump, room temp. | .
1.50 2.10 0.78 100
20 hrs.
ﬁeat in vacuo 1.44 . 2.22 0.63 89
110°¢/20 hrs. 1.15%0.04 0.7120.06 0.45+0.1 11
272°¢/20 hours 1.54 | 2.38 , 0.57 82
1.15 0.64 0.40 18
480°C/20 hours 1.54 2.35 0.57 69
1.15 0.62 0.35 31
rehydrate 1.53 1.92 0.54:0.74 55:45
SAMPLE B
heat in vacuo 1.41 2.30 0.63:0.75 - 88
100°c/24 hrs. .12 0.540.5 0.39£0.07 12
430°C/48 hours 1.52 2.34 0.60 77
| 1.17 0.60 _ 0.40 23

? Where two values are given for a single doublet these refer to the

left and right peaks respectively.
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An est?mate was made of the effect of dehydra?iqn on the total
area under the ébsorption peaks. Tﬁere is a 23% increase in érea on
heating the evacuated sample to llOOC and each furtﬁer stage of heating
~gives a 9% increase. The hydrated spectrum has only 67% of the area
of the 4800C dehydrated spectrum. Tﬁe formation of tﬁe inner doublet
on heating does not increase-tﬁe total area to the same extent as its
area is increasing. Hence tHe ﬁydrated spectrum of tﬁe iron giviné the
inner doublet must be hidden under tﬁe outer doublet.

.To further investigate tﬁe two ferrous iron sites the temperature
dependence of the spectrum éf deﬁydrated ferrous-Y was studied.
At the time this was done the'metﬁod of putting a sample into tﬁe
cryostat involved sealing the dehydrated sample in a perspex Holder witﬁ
Araldite. This technique has obvious drawbacks. The dehydrated
zeolites will sorb any traces of water vapour in the dry bag or aﬁy gas
given off from the Araldite epoxy resin. Further leaks in tﬁe perspex
holder-could allow.air to seap into the sample whilst the sample is
placed in the cryostat. Another disadvantage of this-method is tﬁat a
sample can only be used for one temberature study and.nb studies of tﬁe
effect of sorbed gases can be made. Nor can the crystallinity of the
sample be checked prior to its use.

The temperature dependence of the spectra from two separate samples
of ferrous-Y(5.3), referred to as A and B, were measured. After the

temperature study sample B was analysed. The oxide formula O.296Fe203.

Al203.5.043i02 was obtained. No analysis was made of either the sodium

or water content. The Si02/Al2O ratio is slightly lower than quoted

3

by the manufacturer and may indicate alumina impurities in the sample.

The analysis is equivalent to a unit cell composition of

16Fe>toanatr 55A10,.137510,] 55-

An X-ray powder pattern was taken of sample A after it Had been

exposed to air. The sample had turned brown indicating oxidation had
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occurred.  The pattern obtained was weak buﬁ sharp lines at high 6 values
indicated the sample had retained some crystallinity.

Two spectra represeﬁtative éf those obtained are shown in Figure 4.4.
The Q.S. and I.S. values obtained from the spectra at various temperatures
are plotted in Figures 4.2 and 4.3. The Q.S. and I.S. values given in
Figure 4.2. were obtained assuming the two outer peaks make up one
doublet. This is a poor assumption as can be seen in the variations
between the two outer peaks in the two spectra given in Figure 4.4. Once
again better fits can be obtained by using more parameters but variation
between different spectra iﬁdicate that the outer peaks are from many
overlapping doublets. The Q;S. and I.S. values for the inner doublet
are plotted in Figure 4.3, —

Both the I.S. and Q.S. values for the room temperature spectra of
samples A and B are lower than those given in Table 4.1. for the fully
dehydrated sample but are similar to the value obtained after dehydration
at 110°C. TFor sample A the inner doublet comprised only 9% of the
total area in the spectrum and for sample B at 227K 9.5% of the area.

In the spectrum of the 110°%¢ dehydrated sample in Figure 4.1. the inner
doublet comprised 11% of the area. Thus the two samples A and B appear
to contain a similar amount of water to the sample treated at 110°%c.  This
water was probably sorbed during the handling of the dehydrated zeolite.

The sample B results are given only over the temperature range
227K  to 80K. The ruﬁ was started at 187K and the temperature decreased
to 80K. The sample was then warmed progressively to 227K, The next.
spectrum taken at 257K shows no trace of fhe inner doublet. A few
spectra were taken at around 300K and the sample recooled to 112K.

A spectrum taken at this temperature showed no trace of an inner doublet.
Apparently between the 227K . spectrum and the 257K spectrum the sample
had somehow come in contaEt.with Qater. The 257K spectrum shows no

 unexpected distortions as might be expected if the temperature had drifted.
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Figure 4.2

The temperature dependence of the outer
doublet in the spectra of two samples of
dehydrated ferrous-Y(5.3).

( @ sample A: © Sample B.)
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‘ Figure 4.3

The temperature dependence of the inner
doublet in the ferrous-Y(5.3) specira.
(© Sample A: B Sample B.)
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Figure 4.4

Two examples of spectra of ferrous—Y(5.3) showing the small

inner doublet and the broadened, non-Lorentzian outer peaks.
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The results.above 257K were however, discarded as unreliable,

The Q.S. values for the outer doublets of the two samples show a
small difference thqugh-tﬁis is probably not significant.” The Q.S.
for tﬁe outer doublet shows a strong temperature dependence in contrast
to that of tﬁe inner doublet. The splitting of the inner doublet from
both samples appéars to decrease slightly at the lower temperatures though
the decrease is of the same order as the estimated error in fitting the
peaks.  The scatter in the fitted Q.S. values for tﬁe inner doublet.
illustrates the difficulty in fitting small peaks in the presence of
larger, non-Lorentzian shaped peaks.

The I.S. values for the outer doublet show a difference between the
sampies. This could be dccounted for by differing degfées of hydration
as seen in the results in Table 4.1. The two sets of results show
the same temperature dependence of -5.0+#0.5 x 10-4 mm/ (sec.K). The I.S.
values for the inner doublets are the same for both samples within their
estimated variance and give a temperature dependence of -5.0+0.5 x 10_4
mm/(sec.K) also.

The linewidths of the two doublets in the spectra of sample A showed
a slight decrease with temperature. For the outer doublet the decrease
was from 0.67 mm/sec at 267K to 0.60 mm/sec at 80OK. The widths

of the inner doublet were scattered in value around an average width of
0.50 mm/sec. If fhe outer doublet is treated as two single peaks their
linewidths are considerably different. The width of the lower velocity
peak varies froﬁ 0.72 to 0.64 and the higher velocity peak from 0.67 to
0.53 mm/sec. This difference in the peak widths leads to rather poor
fits when the data is fitted by two doublets. Similar variation in the
linewidths was seen with the spectra of sample B though the linewidth
of the.inne}-doublet was consistently 0.54 mm/sec.

Accuréte data on the change in area with temperature could not be

obtained through excessive drift in the counting electronics.
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However, a comparison can be made of the relative areas gf the two
components of the spectra. For fhe sample B Spectra the area of the
inner doublet increases relative to the outer doublet on cooling.

The sample A data was less accurate and no clear trend is distinguishable.
The trend cbserved witﬁ sample B indicates tigﬁter binding to the lattice
for the iron giving tﬁe outer doublet than for the iron giving the inner

doublet. -

4.1.2. Ferrous-Y(8i0,/A1,05.% %.76)

A ferrous-Y zeolite with a 8102/Al20 ratio of 4.76 was investigated

3
in a similar manner to the previous section. . The crystallinity of tﬁe
ferrous-Y(H.76) was checked by obtaining a powder patferp of tﬁe déhydrated
zeolite using the Lindemann Tube method (section 3.1.5.). Sharp lines
were seen at high © values confirming the sample was crystalline. An
estimate of the unit cell edge size of 2.461%0.005 nm was also made.

The spectrum of the freshly prepaﬁed ferrous zeolite affer pumping
at room temperature for 20 hours contained two peaks with an I.S. = |
l.52i.Q2 mm/sec. and a Q.S. = 2,12%,02 mm/sec. Further dehydrétion at
108°C for 22 hours led to a decrease in the I.S. to 1.10+.02 mm/sec and
an increase in the Q.S. to 2.23%.02 mm/sec. In this spectrum there was
no discernible trace of the inner doublet. Further dehydration at
21000 for 26 hours gave a spectrum with the two doublets. The fitted
parameters were in mm/sec. outer doublet I.S. = 1.48%,02; Q.S. = 2.34%,02,
" FWHM = 0.53, inner doublet I.S. = 1.08%.02, Q.S. = 0.56%.04  FWHM = 0.39.
The inner doublet composed 15% of the total spectral area. These results
are very similar to thosé presented in the previous section. They also
show a similar initial decreaée in I.S. on dehydration followed by an
increase’ as the dehydration continues.

An attempt was made to investigate the temperatﬁre dependence of

the spectrum of dehydrated ferrous-Y, using the technique described in
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the previous section. Unfortunately, thqugh two samples were prepared,
the spectra of both sﬁowed only two peaks, indicating both samples had
come in,conﬁact with water. A tﬁird sample,that was partially hydrated,
was also investigated. The I.S. results of the three studies are
plotted in Figure 4.5 and the Q.S.'results in Figure 4.6.

Tﬁe A set of data in the two figures is from the partially hydrated
sample of ferrous-Y. It was evacuated to a pressure of 4.0 kNm—2 of
water over the sample. This sample also contained barium ions in part
replacement for some of the sodium ions. Tﬁe barium ions were exchanged
into the sodium-Y and the zeolite then heated in vacuo to 200°C.  The
exchange was then‘repeated and the sample reheated. Tﬁis was done -
three times to produce fully exchanged barium-Y. Then sodium ions
were re-exchanged into the zeolite leaving only barium ions that are
locked in the hexagonal prisms,where they are driven by tﬁe heat treatment(lQQ).
Some 50% of the hexagonal prisms ére blocked in tﬁis way. Tﬁis was done
in an attempt to prevent ferrous ions entering the hexagonal prisms
and so increase the number of ions in other sites. However, the dehydration
temperatures needed to préduce the second site mixed the cations, and
ferrous ions were able to enter the hexagonal prism.

One interesting feature of the barium-ferrous-Y zeolite was a
greatly enhanced stability against oxidation,when the hydrated zeolite
was exposed to air,as compared to sodium-ferrous-Y'zeolite. The reason
for this is not known but possibly the oxidation mechanism requires use
of the hexagonal prism sites for the ferrous ions.

The B and D sets of data are from the same sample of ferrous-Y.

The temperature run was beguﬁ at 270K and 5 spectra measured down
to 90K. These are the D set.of data. The sample was tﬁen warmed to .

Toom témperafure and a further 8 spectra (set B) taken at temperatures
down to 80K . Evidently when the sample was warmed to room temperature

water entered the holder and sorbed into the sample.
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Figure 4.5

The temperature dependence 6f the isomer shift
of four different samples of ferrous-Y(4.76).

( See text for details of each sample.)
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Figure 4.6

The temperature dependence of the guadrupole splitting
of four different samples of ferrous-Y(4.76).

( See text for details of each sample.)
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The.third-seﬁ of aata, C,.was obFained on anqﬁher dehydrated sample,
but once again an ipdeterminate amount of water had been sorbed. The
room temperature I1.S., and Q.S. for samples B, C and D are very similar.
The Q.S. value indicates the extent of hydration of samples is similar
to the sample evacuated at 1080C for 22 Hours. However, the I.S. values
of 1.46%,01 mm/sec. could be from eitﬁer a ﬁydrated sample or a more
extensively dehydrated sample. Tﬁe room temperature I.S. of the hydrated
sample, A, is in agreement with tﬁe previously obtained value for tﬁe
hydrated ferrous-Y(4.76) but the Q.S. of 2.31 mm/sec is considerably
higher. This is possibly an effect of tﬁe presence of barium ions
modifying the electric fields in the zeolite. |

The temperature dependence of tﬁe Q.S. 1is clearly dependent on'the
extent of hydration. The 80K Q.S. values decrease in tﬁe order of
decreasing hydration. A completely dehydrated sample would probably
give an even lower Q.S. value at 80K. The temperature dependence of
the I.S. of the four sets of data is -6+1 x lO—q mm/ (secK).

The linewidths of the spectra from the hydrated sample, A, showed
a marked temperature dependence. The peaks in all tﬁe spectra were of
equal.intensity and this dependence is most likely a result of tﬁe
diffusion of the hydrated ferrous ions. The most likely diffusion
process is by jumps between different sites. If the lineﬁidth at 88 K
is taken as the linewidth when diffusion is not occurring, the residence
times and the activation energy for diffusion can be calcuiated.

~ . . . _ _ 2h
For jump diffusion Arexp = (rexplr (rexp)BO - (55)

and at 295K APeXP 0.38+.08 mm/sec and t = 7.2+#1.2 x 10 Ssec.

215K Arexp = 0.20+.07 mm/sec and T = 1.4(-0.4,+0.7)x lO_8 sec
150K AT . = 0.08+.07 mn/sec and T = 3 x 1077 sec.
Assuming that diffusion is an activated process

. ) : E-a
then T = T, exp (ﬁf)
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From the slope qf the.lqg T against %-plq? the activatiqn-energy Ea is fourd
to be 3.7 kJ mol T (= 1 keal mol 1), .

A similar value to tﬁis-has been found for the diffusién of hydrated

ferrous lons in an ion-exchange resin.(lzs).

The linewidths of the B set of spectra show no trend with temperature
but are scattered between 0.76 and 0.90 mm/sec. Similarly the line-
widths of the C set of spectra are scattered between 0.76 and 0;84 mm/sec.
The linewidths of the D set of spectra are smaller. The ﬁigher velocity
peak has a temperature independent widtﬁ of 0.70 mm/sec. wﬁilst tﬁe
lower velocity peak-decreases with temperature from 0.70 mm/sec at 270K
to 0.58 mm/sec at‘l3LF'K . This is similar to thé behaviour of the
linewidths seen in one of the temperature runs on ferrous-Y(5.3). In
these cases the peak intensities are also cﬁanging,indicating the ﬁeaks

are comprised of many doublets from different iron enviromments which

have different temperature dependences.

4.1.3. Ferrous-X

The ferroug exchanged form of an X zeolite with a 8102/A1203 ratio
of 2.43 was prepared by the same method as described previously for the
ferrous-Y zeolites. The spectrum of the sample after pumping at room
temperature for 20 hours gave the usual doubiet with I.S. = 1.50+.02 and
Q.S. = 2.19+.04 mm/sec. Heating to 107°C for 20 hours led to a decrease
in both the I.S. and Q.§. to 1.43%0.2 mm/sec. and 2.03%.01 mm/sec.
respectively but,as the signal to noise ratio of the spectrum was very
poor, this is not a significant result.

A deh&dratéd sample was prepared and placed in the cryostat which
was immediately cooled to 243K. The spectra taken at this temperature

and at 215K are shown in Figure %#.7. The parameters derived from a

two doublet fit to these spectra are listed in Table 4.2.
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Figure 4.7

 Spectra at 243k and 215K of dehydrated ferrous-X.
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"TABLE 4.2,

" Deéhydrated Ferrous-X Spectra

Temperature " Isomer Quadrupole FWHM Area %
of Sample Shift Splitting
+0.02mm/sec +0.02mm/sec +0.03mm/sec
243K 1.51 2.16 0.62 88
1.12 | 0.60 0.34 12
_ 215K 1.51 | 2.26 0.66 83
1.14 ) 0.59 0.34 17

The'temperature of the sample was tﬁen raised to obtain a room temperature
spectrum. Once again water vapour must have been sofbe5>during this -
warming up period as the spéctrﬁm did not contain the inner doublet; This
partially hydrated ferrous-X was Studied down tp_BOK and tﬁe I.S. and
Q.S. values obtained are'given in Figure 4.8}}5 Surprisingly tﬁe-I.S.
and Q.S; values for the spectrum at 243K and 215K of the partially
hydratéd sample are the same as the dehydrated sample. This is in
contrast to the results of the previous section where the outer doublets
showed differing temperature dependencies according.to the exfent of
sorbed water.

The linewidths in the spectra of the partially hydrated sample had
a similar temperature dependence as previously observed with the two ferrous-Y
spectra. However, in %ﬁis case the lower velocity peak showed a smaller
variation and did in fact increase slightly from 0.80 mm/sec. at 312K
to 0.89 mm/sec at 80K. - The higher velocity peak decreases from 0.80 mm/sec
at 312K to 0.70 mm/sec at 80K. These changes are the result of different
environments for the ferrous ions giving different femperature dependent
doublets. For example, at leas% one component of these two peaks

originates from the hydration of the ferrous ions that had given the inner
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Figure 4.8
The temperature dependence of the I.S and the Q.35.
of partially dehydrated ferrous-X. ( The two points

B are from a fully dehydrated sample of ferrous-X)
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doublet in the spectrum of the dehydrated sample.

4,1.4., Discussion
Tﬁe results presented here are basically similar to those previously

6
published(loo,lo ,107)-

The Hydrated zeolite gives a quadrupole split
spectrum witﬁ broadened lines. The parameters obtained are typical of
high spin ferrous iron in an octahedral geometry with coordination to
oxygen ligands(lzq). As water is removed from tﬁe zeolite the quadrupole
splitting increases whiist the isomer sﬁift decreases. Tﬁis indicates
the coordination arcund the iron is changing tﬁqugﬁ not to amny great
extent. However, on further dehydration a further iron site is seen.

The I.S. and Q.S. parameters for this site are both small for higﬁ spin -
ferrous and the area of this doubief shows extreme sensi%ivity to small
traces of water. The ferrous ioms in this second site are clearly in a
'surface' site in that they are readily accessible to the water molecules.

Further comment on this site will be made after the ferrous-A results have

been presented. At this stage comment will be restricted to the sites

. that give the outer peaks in the spectra.

The sensitivity of the outer peaks to the presence of water is much
lower than that of the immer doublet. The I.S. values for the Hydrated
and déhydrated zeolites range between 1:40 and 1.54% mm/sec. and tﬁe Q.S.
values between 2.90 mm/sec .and 2.40 mm/sec. These values are typical of
high spin ferrous iron in near octahedrél geometry with oxygen ligands.
For instance, in a wi&é‘éurvey of ferrous ions in silicate minerals(lzu)
I.S. values of 1.26 and 1.55 mm/sec were found for the ions with six
coordination and 1.04-1.26 mm/sec for four coordination. The Q.S. values
for six coordination ranged between 1.5 mm/sec and 3.1 mm/sec with the lower
values indicating increasing distortion from octahedral symmetry.

The values found here show most of the ferrous ions are coordinated to

six ligands whether in the hydrated or dehydrated state of tﬁe zeolite.
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In the.dehydrated form of the zeglite the hexagonal prism (the I
site) alone affords octahedral symmetry. However, with partial hydration
the ferrous ions could be partially coordinated to three lattice oXygens
and three water molecules. With this typé of coordination the ferrous
ion could occupy the I', II or II' site. With furtﬁer hydration the ion
could become completely detached from the zeolite and have a complete
hexahydrate coordination shell.

The variation seen in the I.S. on deﬁydration show the reverse
stepwise process. In the hydrated zeolite tﬁe ions can move about and
are weakly attached to the framework. Pumping removes most of tﬁe water
forcing the ions to take up positions in contact with tﬁe'lattice. With
further removal of water most of the ions move into the -I' site where
a lower I,S. 1is seen. Extensive heating forces tﬁe last water'ouf of
the zeolite causing the I' ions to move into the I site. Ions in the
II and II' sites probably give the inner doublet. Tﬁe ions in the I site
gives a higher I.S. than partially hydrated ions in the I' site. If
traces of water are present mixtﬁres of the various sites will be seen
and the spectra will be broadened and complex.

Small amounts of water could affect the spectrum of ferrous irons
in the I site indirectly by their effect on the aluminosilicate frame-
work. Dehydration of the zeolite can lead to framéwork distortion and
therefore to changes in the coordination distances between the oxygen
ions of the hexagmal prism and the éation(l25). The extent of this
distortion is governed by the size of the cation and is greatest when a
small cation is present }n order that favourable cation-oxygen bond lengths
are obtained. The presence of water could reverse these changes through
alterations of the electric fields witﬁin tﬁe zZeolite.

Compafison between the X and Y results do not show any variations in
‘the I.S. values that could be assigned to effects due to tﬁe SiOz/Alzo

3
ratio. The Q.S. values for ferrous-X do appear to be lower than the Q.s.
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values for either of the ferrous-Y zeolites for equivalent degrees qf
dehydration. This is particularly true of the deﬁydraﬁed ferrous X
spectra. However, since the extent of dehydration is not known this can
not be definitely assigned to an effect from the SiOQ/A1203 ratio.

This point will be returned to when comparing the ferrous A results with

the inner doublet of ferrous X and Y.

p,2. Ferrous-A

Ferrous-A when prepared in the manner previously described (3.1.2.)
was obtained as a white powder. The iron, silicon and aluminium contents
of four different samples were determined. The results are given in

Table 4,3, An Emission spectrochemical analysis was also made®on

the sodium A starting material to determine the extent of iron impurities.
The principle impurities found were copper (¥ 10 ppm), mercury (4 15 ppm),
iron (N'S ppm) and magnesium (& 2 ppm). The amount‘of iron preseﬁt

_is not significant compared with the amount introduced.

The analyses showed the aluminium to silicon ratio to be greater

. . . s - . 0
than one, which is in contradiction to the Loewenstein rule(l ). Excess
aluminium can be present in A-zeolite as sodium aluminate trapped inside

(126,127)

the sodalite cage Accordingly the Si/Al ratio is assumed to

be one and the excess aluminium assigned to sodium aluminate contaminant.
The unit cell compositions obtained are given in Table 4.3.
The crystallinity of the ferrous exchanged-A zeolite was examined by

both oxygen sorption measurements and by X-ray crystallography.

o

“This was done by the Ahalytical Services Laboratory, Imperial College.
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""Analyses of Ferrous-A

[s)
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Concentration weight % Calculated Unit Cell
Sample  Si Al Fe Si/Al Ratio Composition
+,1% £.15%  £.05%
1 17.93 18,56 g.74 12/12.9 Fe3;28 5. 448112A112048
.0.9NaAlO2
2 17.01 17.29 7.77 12/12.7 Pe2.76Na6.485112A112048
.0.7NaAlO2
3 15.29 15.84 6.61 12/13.0 F ;. Bl 6 78 12A112048
.l.ONaAlOE
4 18.87 19.78 8.33 12/12.9 Na Al_,Si

2 66 6.68 712 12 ug
.0.9NaAlO2
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Oxygen Sorption Measurements

Tﬁe oxygen adsorption isotﬁerm of ferrous-A dehydrated at 360°C
for 18 hours was measured. The isotherm at liquid nitrogen temperature
obtained using a 0.434 g samﬁle is shown in Figure 4.9. The isotherm
obtained_with a 0.492 g sample of dehydrated sodium-A is also shown.

The surface areas of the two samples are best compared by determining
the oxygen uptake at a particular oxygen pressure. At a pressure of
14,49 kNm_2 the oxygen sorbed by sodium-A is 195i2'stpcq/g zeolite or
15212 stp cc 02/g hydrated zeolite (assuming 27 water molecules per unit
cell for the hydrated zeolite). Analysis of the ferrous-A sample used
showed a 54.7% exchange of the sodium ions for ferrous ions. The oxygen
sorption at 14.49 kNm_2 was 206%2 stp cc 02/g dry or, assuming tﬁe'27 water
molecules per unit cell, 162 stp cc-Oz/g hydrated zéolite.

These values differ slightly as replacement of the univalent sodiums
by divalent ferrous ions releases space in the zeolite that can be
dccupied by more oxygen molecules. Hence, the saturation capacity of
ferrous-A is greater than that of sodium-A when the same number of unit
cells are considered. A similar correspondence has been found between
the oxygen uptake and the extent of replacement of sodium by calcium ions.(lll)
The oxygen uptake by sodium-A was 148%2 stp cc 02/g hydrated zeolite.
Replacement of sodipm by calcium gave oxygen uptake values (in stp cc 02/g
ﬂydrated zeolite) of 15212 at 20% exchahge, 158+2 at 34% exchange,
1642 at 61% exchange and 166+2 at 96% exchange. The oxygen uptake
found for ferrous-A with 54.7% exchange is in good agreement with these

calcium-A results.

X-ray Examination of Ferrous-A

The X-ray powder pattern of a different sample of dehydrated -
ferrous-A was obtained as a further test of the crystallinity of the

ferrous exchanged material. The technique described in section 3.1.5.
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was used. Initial patterns taken with CuKa radiaFion gave sharp lines
but iron fluorescence radiation leads to excessive fogging of the film.
A powder pattern was obtained with Cr radiation using a 1 radian Debye-
Scherrer camera. Sharp lines in the back reflection area of the pattern

(6 > 45°) are a good guide to crystallinity of the sample.

Miller indices were assigned to peaks using the published patterns(ls)
as a guide. Then,using © values of between 32.3° and 43.3° and the
Nelson-Riley function(llo% a unit cell edge of 1.219%.002 nm was obtained.

The range of © values used is smaller than preferred in using the
extrapolation function but difficulty was experienced in indexing the
lines at higher © values.

The unit cell size obtained may be compared with values found for

dehydrated A zeolite with varicus cations, eg. sodium, 1.228 nm(ls);

(35) (35)

cobalt, 1.208 nm'>>’; zinc, 1.208 nm (35)

, and cadmium, 1.222 nm
These indicate the flexibility of the lattice to relax according to the
size of the cation present. With 50% ferrous—A a value between sodium-
A and fully exchanged cobalt-A is expected as cobalt and ferrous ions
have similar radii. The value obtained is in agreement with this.

These results also show that the crystallinity of the ferrous-A
is not adversely affected by either the exchange treatment or the
dehydration to any discernible degree. The samples'used in the Mossbauer
work to be described wéfe not individually tested for crystallinity but
many of the results such as sorption of gases and reversibility of changes

A

are equally valid tests of the structural integrity of the zeolite.

4,.2,1. Hydrate& Ferrous-A "~

The state of the ferrous ions in the hydrated A zeolite was first
investigated. Excess water in the zeolite was pumped off under vacuum
through a liquid nitrogen trap. Water was then readsorbed under an

equilibrium pressure of 2.6 kNm_Q. The spectrum of tﬁe hydrated ferrous-A
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contained a doublet with broadened lines. The I.S. Qf lf50 mm/sec

and Q.S. of 2.10 mm/sec are similar to tﬁe values found for hydrated
ferrous-Y zeolites, indicating that cations.in the A, X and Y zeolites do
have a similar coordination in tHe ﬁydrated state.

- Since the cations may move freely in tﬁe hydrated zeolite the
temperature dependence of the spectrum was investigated. The sample
used for this was initially pumped at room temperature for 1.5 hours
to remove excess water. The room temperature I.S. of tﬁe sample was
1.43 mm/sec, considerably lower than for tﬁe fully Hydrated sample but
similar to equivalently treated ferrous-Y zeolites. The results from
a number of samples show considerable variance for the Q.S., I.S. and
linewidth of the doublet when the zeolite is partially deﬁydrated by
pumping at room temperature. Generally, pumping for 24 Hours to better

than 10 2Nm~ 2

over the sample,gave I.S. values of 1.40-1.43 mm/sec and
Q.S. values of 1.90 to 2.02 mm/sec. Linewidths varied between 0.60 and
0.85 mm/sec., Two samples gave even lower values of tﬁe I.S. and Q.S.
after only short periods of evacuation. Tﬁe values were an I.S. of
'1.38 mm/séc and Q.S; of 1.81 mm/sec. One of these samples had been
freshly prepared whilst the other had been previously dehydrated up to-
520°C before rehydration and re-evacuation. The ferrous ioms are
evidently sensitive to small amounts of excess water in the zeolite,
possibly through variations in the number of water molecules coordinated
to each ferrous ion.

The spectra taken at 300K, . 150K . and 80K with the sample pumped.
at room temperature for 1.5 hours are shown in Figure 4.10. Cooling
the sample results in the doublet splitting into two doublets with the
same isomer sﬁift. The outer doublet is the most intense and has the
greatest area though the fitting routine suggests its 1linewidth narrows

with temperature. This may be an artifact of the fitting procedure

as the broadened lines are unlikely to retain their Lorentzian shape.
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Figure 4.10

The temperature dependence of the .spectrum
of hydrated ferrous-A.
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A sample which gave.a low I.S. and Q.S. at room temperature was
also iﬁ?estigated at 225K, 150K and 80K. At the lowest temperatures
the doublet also appeared to split into two.  Attempts were made to
fit the room temperature spectra of the two samples with two doublets but
in both cases the fitting routine decreased the amplitude of one doubiet
to a small value. The 225K spectrum could be fitted to two doublets
but the linewidth of one doublet was decreased to less tﬁan the natural
width. This indicates the two doublet fit is not a good representation.
The final parameters fitted to the spectra of the two samples are given
in Table 4.4,

The two sets of data show that the two samples ﬁave similar
temperature behaviour. The single doublet 'in ‘the room-temperature
spectrum splitg into two doublets as tﬁe temperature of tﬁe sample is
decreaéed. The Q.S. values suggest tﬁat the inner doublet appears in the
spectrum at around 180K from a site whose recoilless fraction was too
low for the site to be detected at higher temperatures. Also tﬁe area
of this inner doublet increases relative to the area of tﬁe outer doublet
which is in agreement with the inner doublet being associated witﬁ a
ferrous site having a lower recoilless fraction. However, the area
change between 300K and 225K shows the‘outer site aiso té have a low

recoilless fraction. The total area increase on cooling is between 3U4

T~

'and.47%. This is nof large enough to account for the site seen at
room remperature having a low recoilless fraction and the otﬁer site
appearing at low temperatures. Thus the two sites.seen at 80K must
derive from the one site seen at room temperature. The possible mechéﬁisms
that could give this behaviour are discussed in,tﬁe next section.

At this stage it appears thaﬁ all the ferrous ions are bound to tﬁe
lattice and that species of the nature of [Fe(H20)6]2+ are not solvated
in the zgolite channels to appear in the spectra on cooling; Nor does

there appear to be diffusion of the ferrous ions occurring.
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"TABLE 4.4,

Parameters fitted to hydrated Ferrous-A

Temp. Isomer Shift Quadrupole FWHM _ Area Normalised
(K) (+0.02mm/sec) Splitting +0.03mm/sec % Area

(+0.02mm/sec)

First Sample

300 1.43 1.91 0.60 - 1.00
150 , 1.49 1.92 0.51 ‘ 38 1.80
1.49 2.57 0.51 62
80 1.50 2.21 0.61 42 1.47
1.50 2.83 0.36 58

Second Sample

300 1.39 1.82 0.66 - 1.00

225 1.43 ' 2.10 0.62 - 1.24

150 1.47 ~1.91 0.45 33 ° 1.27
1.46 2.4 0.45 67

80 1.50 2.09 0.50 45 1.34

1.48 2.60 0.45 55
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This suggests the room temperature pumping of the hydrated zeolite
removes all but the most tightly bound water. This will be discussed

further in later sections.

4,2.2, The Dehydration of Ferrous-A

The effect of increasing the extent of deﬁydration on tﬁe ferrous-A
was next investigated. The effect of outgassing tﬁe sample at room
temperature has been described in the previous section. From tﬁe
previous studies on the dehydration of ferrous X and Y, evacuation at
temperatures above 100°C for 24 hours were expected té be needed before
any change would be séen in the spectra. However, when ferréus-A was
dehydrated at 120°C the spectrum of the sample showed only one narrow
'doublet with an I.S. and Q.S. slightly lower than those ;§r the inner
doublet of the ferrous-Y spectra. This spectrum was uncﬁanged after
heating the sample to 360°C for 24 hours and clearly represents tﬁe '
dehydrated state of the ferrous ions. This spectrum is discussed further
in the next section.

The adsorption area decreased by 20% on going from the fully hydrated
zeolite to theé dehydrated form. This is in contrast to the ferrous X and
Y results where there is a large increase in area. An increase is expected
as dehydration should strengthen the cation-lattice bond and reduce the
degree of solvation of some of the Fe2+ cations.

Dehydration was next carried out ;t a lower temperature to establish
the conditions needed to produce the dehydrated zeolite. A sample,
to be referred to as sample I, that had been outgassed at room temperature
for 24 hours was warmed to 90°C over one hour and then kept at 90°C for
another hour. The spectrum obtaiﬂed from the sample is shown
in Figure 4.11(B). For comparison the'hydrated ferrous-A spectrum is
- also given (figure 4.11(A)). The partially dehydrated sample clearly

contains two different types of iron sites and is similar to the spectrum

obtained on cooling the partially hydrated sample, shown in tﬁe previous
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Spectra of ferrous-A at different stages of
dehydration as detailed in the text.
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section.  After further heaﬁing aF 90°C for two hours the sample gave
the spectrum shown in Eigure ﬁ.ll(C). This spectrum shows tﬁe presence
of the inner doublet cﬁéracteristic of theldeﬁydrated feréous-A. The
spectra, Figure u.ll(Dj and 4.11(E) are from this same sample after
heating at 103°C for 14 hours and 360°C for 24 hours respectively.

These spectra show that heating at 90-100°C for several Hours is
sufficient to remove most of the water coordinated to the ferrous ions
and leave them in their final dehydrated state. This result is in
contrast to the dehydration behaviour of the ferrous-Y zeolites where
heating at 480°C continued to increase the area of tﬁe inner doublet over
that seen after heating at 270°C. Clearly the iron-water bond in A
zeolite is much weaker than in Y zeolite.

The spectra of the partially dehydrated zeolites presents a problem
in the manner in which they should be fitted. Tﬁe spectra witﬁ tﬁe outer
doublet split into two can be equally well fitted by two doublets of
similar I.S. and different Q.S. or by two doublets of similar Q.S. but
different I.S. To interpret these spectra the temperature dépendence
of the spectra were in?estigated.

Another sample of ferrous-A, sample II which had beén used in one of the
temperature studies described in the previous section, was evacuated
at 90°C for one hour. The spectra obtained at 300 K, 247 K, 177 K and
80 K are given in Figure 4.12. A clear intensification of the outer
portions of the spectrum accompanied by a shrinking of the inner portion
indicate that these spectra consist of two nested-doublets whose relative
proportions change with temperature. The spectra given in Figure 4.11
and 4.12 have been fitted on this basis and the paraﬁeters obtained are
listed in Tables 4.5 and 4.6.

The room temperature spec?ra from the two samples heated at 30°C for

1 hour show considerable variations in the fitted parameters. A third

sample, sample III,was prepared and heated in a similar manner at 90°C
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Figure 4.12

The temperature dependence of the spectrum of

ferrous—A dehydrated at 90°C for one hour.
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TABLE 4.5,

Parameters fitted to spectra of dehydrated ferrous-A in Fig. H4.11.

+

Isomer Quadrupole
Spectrum Sample Shift Splifting FWHM Area %
Treatment (£0.02mm/ (+0.02mm/ (£0.02mm/
sec.) sec.) sec.)
A fully hydrategl2 1.50 2.10 0.55 100
P = 2.1kNm ’
HQO
B Heat in vacuo 1.40 1.41 0.77 73
30min 60°C/ o
1 hour 90°%C 1.40 2.27 0.48 27
Cc Further 2 hrs./ 1.06 0.48 0.28 19
90%¢ 1.38 2.22 ~  0.52 29
1.37 1.44%0.6 074 52
D heag in vacuo 1.07 0.48 0.35 75
103°C/14 hrs. 1.30 2.39+0.05 0.67x0.05 25
E heat in vacuo 1.08 0.46 0.37 100

360°C/24 hrs.
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Parameters fitted to partially dehydrated Ferrous-A spectra shown in

Figure 4.12..

Isomer Quadrupole
Spectrum Shift Splitting FHHM Area %

+0,.02mm/sec +0.02mm/sec +0.03mm/sec
300K 1.36 . 1.54%.06 0.83 79
1.36 2.33 0.36 21
247K 1.37 1.62%.07 0.79 67
1.37 2.39 0.43 33
177K 1.41 1.98%0.15 10.69 57
1.39 2.51 0.41 43
80K 1.42 2.24%0.16 0.60%0.06 3y
1.42 2.76 0.35 58
1.06 0.63%0.1 8
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for 1 hour. A spectrum containing two nested doublets was again
obtained and the parameters obtained from the best fit were:

Inner doublet I.S. = 1.38%.02; Q.S. = 1.33 .03; FWHM

I

0.58 mm/sec.

Outer doublet I.S. = 1.38%.02; Q.S. = 2.25 .03; FWHM = 0.50 mm/sec.
The inner doublet contained 55% of tﬁe total area. The two spectra
obtained from samples I and III after eacﬁ had been deﬁydrated'at 90°%
for one hour, the spectrum obtained from sample II at room temperature,
and the spectrum of sample I obtained after dehydration at 90°C for 3 hours
do show some similaritiest Certainly in eaqﬁ of these spectra both
doublets have the same isomer shift and the inner doublet Has botﬁ the
.broadest lines and greatest area. The two spectra from sample I (Figure
4.11) show that increased dehydration gives a small decrease in tﬁe I.S5.
of both doublets but an increase in tﬁe Q.S.-of the inner doublet and a
decrease in the Q.S. of the outer doublet. Tﬁe sizes of tﬁese cﬁanges
afe in the range 0.03 - 0.05 mm/sec, wﬁiéh is a little greater than the
estimated errors in fitting the spectra, Ze. around +0.02 mm/sec in
each parameter. However, the Q.S. values fitted to the inner doublets
of the room temperature spectra of samples II and III are significantly
different from the values fitted in the two spectra of sample I. The
four Q.S. values for the inner doublet cover the range 1.33 mm/sec to
1.54 mm/sec. The Q.S. values for the outer doublets in the four spectra
vary to a smaller extent OVef the range 2.22 mm/sec to 2.33 mm/sec.

These variations are difficult to explain; Possibly some of the
variations are due to small traces of water but the two spectra of
samples II and III do not follow the trends suggested by the two spectra
of sample I. The differences could come from the fitting procedure
distorting the parameters to get the best fit of data whose signal to noise
is not high. This could give the large differences in the relative
areas of the two doublets between the four spectra. Hdﬁe&er, as was
found with some of the partially dehydrated samples, certéin samples appear
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to give consistently different I.S. and Q.S. values frqm similarly

treated samples. The sample III here gave ,low values for both parameters
(I.S. = 1.39 mm/sec; Q.S. = 1.81 mm/sec) when it was hydrated and then
pumped at room temperature whereas sample II gave higher, more normal

values (I.S. = 1.43 mm/sec; Q.S. = 1.91 mm/sec). However, when Heated at
90°C for one hour, the I.S. value of tﬁe doublets in the spectrum of

sample IT is lower than thoseof sample III. The possibility of differences
between the samples of ferrous-A tﬁrqugh the concentration or tﬁe distribution
of the ferrous ions must be considered. This point will be mentioned

again in the next section. Howéver, it does appear that these differences
are not related to the sample but to the amount épd distribution of water
within the zeolite. ) -

The changes occurring in the spectra of sample II as the sample is
cooled not only indicate that tﬁe spectra are composed of two pested
doublets but show the two iron sites giving these two doublets to be
interrelated by some temperature dependent process. This ie seen clearly
in the change in the areas of the two doublets with temperature, plotted
in Figure 4.13. The area of the inner doublet shows a large decrease
whilst the outer doublet increases in area. The total area, which is
related to the recoilless fraction of the ferrous ions, increases by 20%
on cooling from 300K to 80K. The changes in the areas of thé individual
doublets appear +to be almost linear with temperature.

| A number of models have been considered to explain thése results.
The criteria of a satisfactory.model‘can be established. The ferrous ions
in both sites must be firmly bound to the lattice oxygens to give only an
overall 20% change in the total area. This rules out the possibility of
the ferrous ions moving betweep two different geometries. The procesé
by which the two sites are interrelated must involve a low activation
energy to enable the equilibrium between the two sites to be established
at 80K, Tﬁe free energy differenperbetween the two-site% also must be
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Figure 4.13

The variation with temperature of the area
under the Inner (©) and Outer (A ) Doublets
in the spectra of ferrcus-A dehydrated at

90°C for one hour.
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small so that the proportions of ?he twq sites are noF alﬁered by more
than a factor of fwo over a temperature range 80K to 300K. Further the
raté of exchange between the two sites must be less than 107 per second
since a‘faster'éxchange will lead to changes during the time of the Mossbauer
process. As discussed in Section 2.1.2.4,a fast fluctuating enviromnment
around the iron nucleus will lead to either unusually shaped spectra or,
for very fast changes, to an averaged épectrum. The two sites also have
similar I.S. values at every temperatufe except in +the 177K spectrum.
This spectrum also gave'a much higher value for the least squares test
than the other gpectra of this sample. A possible reason for this can be
seen in the 80K spectrum. This contains what appears to be a small but
broad peak at 1.06 mm)sec. Unsuccessful attempts were Tade to fit this
peak as a narrow doublet produced by the presence of a small amount of the
dehydrated ferrous ions. A similar small peak in the 177K spectrum could
account for the distortion in the fitted parameters.  However, as there
is no evidence for such a peak discernible in the data, the fitting
procedure was unable to converge to a satisfactory result when such a
peak was included in the initial estimates.

The only ligands available in the zeolite for the ferrous ions are
the lattice oxygen ions and water molecules. Thus the similarity of the‘
I.S. values for the two sites indicates that the two sites have similar
geometries and that there is little change in the nature of the bonding -
between the oxygen ligands and the ferrous ions betweén the two sites.
Thus to éccoﬁnt for the Q.S. differences between the two sites the equilibrium
lprocess must involve only the coérdinated ligands.

Three modelsAcan be considered:

1) The coordinated water molecules have two distinct orientations when
coordinated to the ferrous ions. Rotation between these two orientations

leads to two distinct e.f.g.'s at the ferrous nucleus;
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2) Vibration of a ligand causes the two lower d levels of the ferrous
ion to change in energy, making each level in turn the ground state.
The two levels are assumed to make different contributions to the e.f.g.
tensor of the ferrous ion.
3) One of the coordinated water molecules dissociates to leave a ﬁydroxyl
group attached to the ferrous ion. The process can be represented as

(Z—O)SFe2+(H20)n z (Z—O)sFe2+(OH-)(H20)n__l+ Z-0-H'
where (Z-0) represents an oxygen ion of the zeolite framework, and n is the
number of coordinated water molecules. The second model can be'discardéd
as vibration frequencies are normally in the range of 1012—1013 per second
which gives an averaging of the effects of ligand vibration during the-
Mossbauer event time. It is unlikely the vibration frequency of the bonds
between the water molecules and the ferrous ions would be slowed to any
extent through being situated in the zeolite. More iikely the water
molecules will vibrate faster, as there are no restraining forces in the
large cavity equivalent to the effect of surrounding molecules in a solid
to hinder vibration. A similar argument could apply to the freedom of
rotation of the water molecules, though the hydrogen atoms of tﬁe water
molecules will hydrogen bond to the lattice oxygen ions and hinder rotation.
Thus rotation times slower than 10—7 sec could be obtained. However, it
is doubtful that the changes in the orientations of the water molecules
attached to the cation could lead to the difference in the Q.S. values of
the two sites seen in the spectra.

Also,a model where the ligands attached to the ferrous ions are
not firmly bound to the lattice framework is not consistent with the
decrease in recoilless fraction that occurs when the water is removed.
This decrease suggests that the strong hydrogen bonding between the
lattice and coordinated water molecules holds the ferrous ions firmly

in a coordinated site, and on removal of water the ferrous ions become

able to vibrate much more freely. The presence of strong hydrogen bonding
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could lead to the dissociatiqn of tﬁe cqqrdinated water molecules as
suggested in model 3. Further the two sites predicted in model 3 would
have different Q.S. values because of their different symmetries. Tﬁe
site witﬁ the larger qﬁadrupole splitting can be identified as arising
from the more symmetrical species, Ze. (Z—O)3Fe2+(H2O)n. The smaller
quadrupole splitting comes frém the (Z—O)BPe2+(H20)n_l(OH—) species.

At 296K the difference in tﬁe quadrupole splittings of the two species is
A 0.8 mm/sec. It is difficult to determine if the removal of a proton
from a water molecule eould give such a decrease in %he Q.S. value. Of
coursé,'the coordination around the ferrous ion will alter considerably
laS the Fe2+—OH_ bond length will be less than the Fe2+—OH2 separation
distance. The effects of crowding around the ferrous ion will also be
important in determining the extent of the changes. Estimations of tﬁe
Q.S. values to be expected from the two iron sites were made using tﬁe
general crystal field theory program mentioned in Section 2.1.2.2. Various
geometries were assumed for the two sites and effect of removing one proton
from a coordinated water molecule ﬁas investigated. No case was found
where such a change would give a large effect on the Q.S. value tﬁqugﬁ
the d-level splittings were markedly changed. However, as the program
generally gave results not in accord with experimental results this
failure to predict the observed Q.S. differences can nét be held against
the model.

The spectra of the sample of ferrous-A pumped at room temperature
show é temperature dependence that suggest the rate of the equilibrium
process is dependent on the amount of excess water present. The room
temperature spectrum of.Figure u.ld shows one doublet but the 80K spectrum
has two doublets. This is the behaviour expected when a ferrous ion is
in a rapidly fluctuating environment. If the time the ferrous ion is in
each site is less than lO_.7 sec. then,from section 2.1.2.4.; an average

of the two sites will be seen in the spectrum as one site. On cooling, the
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time spent in.each state increases and if ﬁhis becomes greaﬁer phan 10—'7
sec the two sites will be seen individually. The presence of more water
in the ferrous-A thus increases the rate of the equilibrium process at
room temperature,as tﬁe sample pumped at room temperature will contain
more water than the sample'ﬁeated at 90°C for one ﬁour. Tﬁis increase
in rate could occur thrqugﬁ the excess water molecules donating tﬁeip
protons to the (Z—O)aFe2+(OH-)(H2O)n_l species. The involvement of the
extra water molecules will also affect the equiiibrium and the amounts of
the two species present; The spectra of Figure 4.10 do sﬁow a small
change iﬁ the relative area under each doublet between 150K and 80K.
though with the inner doublet increasing relative to the outer doublet on
cooling. This is opposite to the change seen in the spectra of the more
dehydrated sample (Figure 4.11), and indicates that the hydroxyl species
is less stable in a hydrated sample than the hydrated species. When
there is less water to aid the charge balance in the'zeolite,the hydroxyl
species is more favoured,through the charge balance produced by the proton
moving to the lattice, and the hydroxyl species becomes the more favoured
species.

However, though the concentration of hydroxyl containing species increases
with removal of excess water and with increasing temperature tﬁis does
not imply that a hydroxyl group will remain attached to the ferrous ion
after full dehydration. To have a species (Z—O)SFe2+(OH—) left after
dehydration requires the proton to be firmly attached to the zeolite lattice.
In the process described here the proton is in close proximity to the
ferrous ion if the hydrogen bond mechanism invoked to explain the two
doublets is assumed to be correct. Another mechanism by which the proton
once released, can move between oxygen ions of the lattice could also occur,
but this would also ensure that during the dehydration there would be

2

times when the (Z—O)SFe +(H20) species would be present and full dehydration

could occur. Thus the presence of a hydroxyl left attached to the ferrous
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ion after dehydration has to be considered separately.

The equilibrium constant for the dissociation process may be estimated
from the changes in the area of two doublets shown in Figure 4.13.
The equilibrium constant, K,-is given by K = a2/(l—a) where a is the
fraction of the ferrous lons with attached hydroxyl groups. The number
of protons in the zeolite is assumed equal to the number of ferrous ions
ﬁith attached hydroxyl groups. Tﬁe value of a is obtained from the
relative areas in Figure 4.13. Tﬁe two species are assumed to have the
same recoilless fraction with the same temperature dependence. Tﬁen'

a = (Aréa of the inner doublet)/(Total area).

The values of K obtained are listed in Table 4.7.

TABLE 4.7. _
Temperature (K) 300 247 . 177 80
Equilibrium Constant 2.7 1.35  0.7%  0.22

The standard free energy change of the dissociation procesé is given
by Aée‘ = -RT 1n K. A plot of log K againsf %-using the values above,
does not yield a straight line. Tangents to this curve yield values of
AG of between 10kJ mol ' at 300K and 1 kJ mol ™ at 80K. This indicates
that either the nature of the equilibrium process changes with temperature
or the equilibrium process is much more complicated than suggested by the
single equilibrium equation. This is probably particularly true of the
concentration of protons in the sample. Mention has already been made
of the effect of excess water on the equilibrium. The water attached
to the sodium ions could also produce protons, thereby affecting the
equilibrium.

The assumptions made to relate the areas of the two doublets to the
numbers of each site present will affect the result, particularly if the
assumption of equai recoilless fractions is wrong. However, there is

insufficient further data to improve on the calculations.
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4.2.3. Dehydrated Ferrous-A

The Mossbauer spectrum of dehydrated ferrous-A seen previously in
. .-

Figure 4.11(E) is a single doublet with an I.S. of 1.08 mm/sec and a
Q.S. of 0.46 mm/sec. A total of 12 different samples were prepared
separately and investigated during tﬁe'study. Many were used for sorption
experiments and spectra retaken after desorption give a total of 22
spectra taken of ferrous-A dehydrated at temperatures up to 400°C, The
variance of the I.S. and Q.S. values was no greater than *0.02 mm/sec
from the values given above. As the estimated error in de‘termining tﬁese
parameters is at least +0.01 mm/sec these variances are not of any
significance. From this it can be concluded that tﬁe I.S. and Q.S.
obtained are independent of either the sample preparatioE'or of tﬁe
treatment of the sampie.

Further to this three samples were heated at 525°C for different
periods. This is the highest feasible temperature before the windows
of the glass cell begin to soften and implode under vacuum. In two
cases this heating led to a Q.S. of O.u4 z .01 mm/sec, a decrease of 0.02
mm/sec from the mean value of 0.46 mm/sec. The Q.S. of tﬁe other sample |
did not change. The I.S. of one sample had a value of 1.04 mm/sec
whereas the other two were within #.01 of the usual value of 1.08 mm/sec.
The small changes in these parameters following extreme conditions of
dehydration indicate that the dehydration,which has been previously shown
to occur at 90°C,appears to produce full dehydration of the ferrous ion.
| The linewidths: and relative intensities of the two peaks making up the
doublet were found to vary between samples. In those samples that gave
a difference the broadeéf peak was at the lower velocity whilst the higher
velocity peak ~-had a slightly larger amplitude. Linewidths were generally

between 0.32 to 0.40 mm/sec. though for the samples showing large differences

between the peaks, widths as large as 0.5 mm/sec were found.
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Two experimental factors could lead to this behaviour. Firstly,
the presence of a low intensity broad outer doublet was noted in many
of the'spectra of dehydrated ferrous-A. This could be due to a small
amount of occluded ferQOus sulphate, to undehydrated ferrous ions, or to
ferrous ions being present in areas where the zeolite lattice collapsed.
It is very difficult to fit sucﬁ weak peaks without fully constraining
the baseline parameters. Otherwise when fitting small broad peaks, the
baseline can invert and distort the parameters extensivély. The other
source of trouble is the possible presence of ferric ions formed during
the preparation. Once again if ferric ions are present in a trace amount
they would be difficult to detect. The spectrum of dehydrated ferric-A
waé obtained to compare with the ferrous-A spectra.

The ferric-A was prepared by heating dehydrated ferrous-A in dry
oxygen at éSOOC for 16 hours. The brown powder obtained gave tﬁe
spectrum shown in Figure 4.14, For comparison a dehydrated ferrous-A
spectrum with unsymmetrical lines and one with an extra outer doublet
are also shown in Figurébu.lﬁ.

The ferric-A spectrum shows a very unsymmetrical doublet. The curve

shown fitted to the data consisted of two doublets with the parameters

I.S. = 0.56%.02 Q.S. = 1.36%.02 FWHM = 0.49 mm/sec. Area = 90%

I.S.

1.12+0.03 Q.S. 0.56+.06 FWHM = 0.58 mm/sec. Area = 10%
The paraméters of the second doublet indicate some ferrous ions remained
unoxidised, ppssiblyzbecause of insufficient oxygen; The spectra show
that a trace.of.ferric ions could broaden the base of the lower velécity
peak in the ferrous-A spectra but not give the peak amplitude distortién
that is seen. For this to happen the right-hand peaks of the ferric
and ferrous-A spectra would have to coincide. |

One of.the ferrous-A spectra in Figure 4.14 contains a small broad

outer doublet. The asymmetry in the peak amplitudes of the central

doublet still favours the right-hand peak. If the outer ‘doublet comes
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Figure 4.14

The spectrum of ferric-A compared with two typiecal
spectra of ferrous-A. Both ferrous~A spectra show
unsymmetrical peaks which are not due to either the
presence of traces of ferric~A or of incompletely

dehydrated ferrous-A.
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from hydrated ferrous ions this would be expected, from the previous
results, to increase the amplitude of the lpwerAvelocity peak.
Distortion of the fitted Lorentzians to the two ferrous-A spectra shown in
Figure u;1u would occur through tﬁe lower velocity peak being fitted to
take in the extra peak on -its lower wing. This in turn would
decrease the widtﬁ of the higher &elocity peak accentuating the difference.
It is consequently very difficult to distinguish any real asymmetric

line broadening from the effect of the two factors discussed.  However,

a small asymmetry in the peak amplitudes does appear to be present that
cannot be accounted for by either of the two factors discussed above.

The temperature dependence of the dehydratéd ferrous-A spectrum was
studied over the range 80K to 625K. Three samples were used; one to
cover the 80K to 375K range and two for the high temperature 300K to
625K range. The Q.S. was found to be almost temperature independent
over the entire temperature range. The first sample gave tﬁe Q.S. as
0.u443%.008 at 375K and 0.461%.008 mm/sec at 8OK. The second gave 0.470
mm/sec at 296K and 0.430 at 575K and the third gave 0.466 mm/sec at 296K
and 0.441 mm/sec at 626K. Though the samples give slightly different
Q.S. values at room temperature the Q.S. variation with temperature of
each sample is very small. Adjusting the three sets of results to 0.460
mm/sec at room temperature, the total Q.S. variation between 80K and 626K
would be around 0.03 mm/sec.

‘The I.S. values show a non-linear temperature dependeﬁce. The
results are shown in Figure 4.15. There is very good agreement between
the two high temperature samples. The low temperature results could
not be fully calibrated (Feb. 1972 power cuts intervened) and the I.S.
values have been adjusted so that the 300K value is 1.08 mm/sec. The
temperature shift in the range 100K to 300K is -35x10 " mm/(sec.X).

The resonance area deqreased by 45% on heating from room temperature

to 626K. The two different samples gave quite good.agreement for this
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Figure 4.15

The temperature dependence of the quadrupole splitting

and the isomer shift of dehydrated ferrous-A.
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figure. The decrease also appeared to be linearf The increase in
area on cooling between 157K and 80K was 9% which is in accord with the
decrease seen at high temperatures. Unfortunately a value for tﬁe '

) bagkground count of the room temperature run with the first sample could
not be obtained and a direct comparison of the areas cannot be made.

The results do suggest tﬁat the area is temperatufe dependent to'tﬁe extent
that the area decreases by a factor of 118 per100K increase in temperéfure.
An estimate of the recoilless fraction of the ferrous ions in the

dehydrated zeolite was made with one sample. The sample was analysed as

Al ., S 0 . INaAlQ, and 0.265 gms were used.

F qg.68 112 S1yo Oyy 2

©2.66"
Because of the nature of the glass cells it was difficult to ensure tﬁe
sample was evenly distributed. However, this sample was used for a .
number of sorption and desorption studies, and a number of spectra of
the dehydrated sample obtained. Consequently the resonance adsorption
was obtained from several different packings of the sample, Tﬁé background
was only corrected for presence of high emergy radiation by the brass
foil technique (section 3.2.5.) The resonance absorptions obtained were
0.224, 0.195, 0.204, 0.203, 0.208, 0.200. The estimated errors in eacﬁ
figure is *3% from fitting the peak amplitude and *2% from the background
correction. The corresponding linewidths were 0.35, 0.36, 0.39, 0.38,
0.35 and 0.34 mm/sec. with an estimated error of *.02 mm/sec in each.
The recoilless fraction can be obtained using éxpressions 2.45 and

2.46 from section 2.1.4.1. |
enl .

exp
Tf t, exp(—%ta)[lo(%ita) + Il(%ita)]F

Area

natural.
The recoilless fraction of the source, fs’ had been previously measured
(128) (115)

in another study as 0.57 using the black adsorber method

The thickness of the sample was estimated using the unit cell size of
ferrous-A of 12.19 nm to give a density of 1.675 gm/cc. The diameter of

the lead collimator beneath the glass cell had a 0.675 cm diameter.
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The resonant thickness of the sample, ta = féncod (section 2.1.4.1.)

then has the value 7.78-fa. Values of the area function above were

. . (129) .
calculated for different values of t, using Tables . Then with
an average value of the area of 0.23%.03 and using a value of rnat = 0.19

mm/sec a value of fé = 0.26 was obtained.

The largest source of error in this Figure is in determining the
amount of the sample exposed to tﬁely—ray beam. It was assumed that the
sample was spread eveniy over the base of the glass cell which Had a
diameter equal to that of the window in the lead collimator tﬁat was
placed beneath the cell. However, variations between the diameter and
shape of the cell base and of the window of the collimator would ﬁavé an
effect on the value of fa. Similarly the uneven thickness of the sample
will lead to a large error in f3. Also no attempt was made to correct
the background count rate for other than that due to high energy radiation
but,as few low energy y-rays are transmitted by the glass cell and the
sample, the 'effect of loﬁ energy background radiation will be small.

It is difficult to estimate the effect of these factors on tﬁe value
of f_ but the overall error is probably around 30% giving a value of
f, of 0.26%0.08. This value is in the range expected for sﬁrface

8 : Cems
(s ), but the large error illustrates the difficulty

cations, ze. 0.2-0.4
in measuring a value of fa for ioms in dilqte concentration in a material
that is difficult to handle.

The spectra of dehydrated ferrous-A taken at less than room température
show little variation in either the linewidths or in the relative
amplitudes of the two peaks of the doublet. The lower velocity peak had
a width of 0.37 mm/sec at room temperature which increased to 0.42 mm/sec
at 160K but then fell to 0.37 mm/sec at 80K. The high velocity peak
remained constant at 0.32+,02 mm/sec. The amplitudé ratio (A lower/

A higher) increased from 0.90 at 375K to 0.94 at 80K though the estimated

error is .04 in each figure. The area and amplitude ratios between the
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the two peaks in the high temperature spectra are given in Table 4.8.

" "TABLE 4.8. '
Temperature (K) : Ratio (left peak/right peak)
Area Amplitude
First Sample °
294 1.02 0.97
L34 1.0 0.67
575 0.67 0.77
Second Sample
294 0.86 0.94
0.80 0.91-
433 0.98 1.00
523 0.88 0.95 i
626 0.88 0.90

There was little change in the linewidths of either peak on heating so

that the two ratios are very similar. For the first sample the linewidth

was 0.35%,02 mm/sec and for the second it was 0.32+.02 mm/sec.

The amplitude ratio of the first sample shows a large change with

temperature, whereas that of the second sample appears to first increase

and then decrease. An increase in the asymmetry with temperature is

expected if the asymmetry is due to anisotropic vibration. The behaviour

seen with the second sample suggests other factors could be affecting

the ratio also. However, the small temperature dependence of the

ferrous-A Q.S. shows that the peaks
doublets with different temperature
components of the peaks would cause

which were temperature independent.

are not comprised of several overlapping
dependences. Any changes in the
significant changes in the peak widths

Thus the asymmetry of the peak areas

could be tentatively assigned to anisotropic vibration at this stage, but

the extent of this asymmetry is not

assignment.

large enough for much confidence in the
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The most favoured site for_catiqns in A zeolite is the six-membered
window between the large cavity and the sodalite cage. Another site
is found for monovalent cations in tﬁe plane of the eigﬁt—membered window
joining large cavities, but this is unlikely to be used by small multivalent
cations. Tﬁere is a furtﬁer site in A zeolite which is equivalent to the
proposed III site in the faujasite zeolites. This site is associated
with the four oxygen ions forming a side of the cube joining tﬁe}Sodalite
cages. No cation has yet been detected in this site by X-ray methods but
this ;ould be through léw occupancy of the twelve such sites per unit cell.
Assuming the four oxygen ions are close packed and have an individual
diameter of 0.27 nm then there is a‘hole of 0.11 nm diameter at tﬁe centre
of the square formed by the iomns. The diameter of the fgrrous ion is
0.152 nm, and so could not fit into this site. However, if the ion was
partially coordinated to water molecules then this site could be used’
to give a good coordination geometry. In fact, in the fﬁlly hydrated
zeolite, this could be a reasonable site for the ferroué ions. It‘is, of
course, seven coordinate and a higher I.S. than a six coordinate site
would be expected. The I.S. of the fully hydrated ferrous zeolifesfare
all quite high for ferrous iron and could be due to coordination of_tﬁe
ions to seven or more ligands. In the dehydrated state, however, tﬁis
site would be less stable than the six~-membered window site where tﬁe
ferrous ions can be sited in the plane of the windows.

The flexibility of the lattice can be expected to allow the three
inner oxygen ions of the six-membered window to move inwards and give a
normal iron-oxygen coordination distance. The consequent adjustments
to other lattice spacingé and angles would account for the small difference
found between the unit cell size of ferrous-A and sodium-A. Sucﬁ a
planar three;fold coordination geometry is most unusual for ferrous
ions and poséibly.the ions achieve a more normal coordination geometry by

retaining a water molecule after dehydration. Certainly the low
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dehydration temperature required for ferrous-A suggests ﬁhat not all the
water has to be removed to produce the dehydrated spectrum. However, as
further dehydraﬁion does not effect the spectrum it is unlikely a complete
water molecule is retained and dissociation of a coordinated water
molecule could take place to leave a Hydroxyl group attached to a ferrous
ion. The ferrous ion would then have a four coordinate, tetrahedral
geometry, which is a more normal geometry for ferrous ions. The proton
produced by the dissociation of the water molecule would attach to an
oxygen ion of the lattice and Help achieve a more equal distribution of
the positive charge.

There is evidence both for and against the presence of sucﬁ Hydroxyl
groups in ferrous-A. For instanée, a strong correlatiogihas been found

between the isomer shift and the coordination number for high spin ferrous

ions in silicate minerals(lQH).‘ This correlation is shown in Table 4.09.
TABLE 4,9,
Coordination Number Isomer Shift (mm/sec)
at room temperature.
4(square planar) 1.01
4(tetrahedral) 1.08 - 1.30
6(octahedral) 1.28 - 1.65
8(distortéd cube) 1.55

The room temperature isomer shift of 1.08 mm/sec observed from tﬁe
ferrous ions in dehydrated ferrous-A zeolite is at the lower end of the -
range for tetrahedral coordination. Whilst this may appear to support the
hYpothesis of a hydroxyl .group being attached to the iron, the correlation
table cannot be taken as an exact calibration of isomer shifts with
coordination number. One particular factor is the S.0.D. effect on the
isomer shift: With unusual geometries this can lead to variations in tﬁe

(130)

observed I.S. away. from the expected value, This would be expected to give

a smaller 1.S. value if there is an increased vibrational freedom.



145

The I.S. coordination number correlation will be affected by the nature of
the bond of tﬁe central ion to +the next nearest neighbour oxygen ions.
Probably the most important factor is the bond lengtﬁ between the ferrous
ion and tﬁe oxygen ions of the Qindow. These can be expected to be
slightly longer than usual though this will depend on the ability of tﬁe
lattice to relax afound tﬁe ion. A longer bond distance will give a
decreased interaction between tﬁe ferrous ion and the oxygen and the bond
willAbecome less covalent. This would give an increased IL.S. Tﬁus
whilst the correlation table agrees with the ferrous ion having a low
coordination number, it cannot distinguish unambiguously between tﬁe two
poséible coordination models for the ferrous ions. Since tﬁe proposed
geometry has a low coordination number, the observed isomer shift is a
useful confirmation that the ferrous ions in. the deﬁydrated zeolite are in
the high spin state. Thus the theory described in Chapter 2 for crystal
field calculations on a d' state are applicable to interpreting the
quadrupole splitting of the ferrous ions in dehydrated A zeo%ite;

Trial calculations were made for a ferrous ion in both a 3-fold
coordinate planar geometry and a 4-fold distorted tetrahedral geometry.
By suitable adjustment of bond lengths and angles and thrqugﬁ variation
of the ligand charges either model could be made to give results in
agfeement with the observed quadrupole splitting and its temperature
dependence. Consequently to determine if a hydroxyl group is present
reference is needed to the manner in which different molecules can
approach and coordinate with the ferrous ions. The results from the study
of various sorbates on ferrous-A are presented in the next chapter and the

coordination of the ferrous ion will be discussed further in Chapter 6.
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" 'CHAPTER " 5

" 'Sorption Studies on Dehydratédd Ferrous-A

Preliminary studies sﬁowed that gases small enough to be sorbed by
dehydrated ferrous Linde-A zeolite would interact with the ferrous ions.
To study tﬁe manner and nature of this interaction,spectra of the sorption
complexes formed were obtained for a wide range of gases. Witﬁ four of
the sorbates the gases were titrated into the zeolite and spectra taken
after each stage. These four sorbates were chosen as potential reactants
or products of catalytic reactions over Linde-A. A number of otﬁep gases
were studied with the aim of comparing the Mossbauer results witﬁ published
infrared studies of these gaseé sorbed in Y-zeolites. Finally a few
other sorbates were investigated on an explorative basis to broaden the
range of gases studied, and to compare their behaviour with tﬁe other

gases.

5.1. Water

The spectra of hydrated and partially hydrated ferrous-A have been
discussed in-the previous chapter, but without knowing exactly ﬁow mucﬁ
water was present in the zeolite at each stage. To determine the number
of water molecules coordinatihg to the ferrous ions spectra were taken
after successive additions of known amounts of water.

The ferrous-A sample used for this study was the sample described in
the recoilless fraction measurement in 4.2.3. This sample had 44.3%
of the Na' ions replaced and thus contained 1.46 millimoles of iron per g
dehydrated zeolite.  The dehydrated sample weighed 0.265 g.

Some of the spectra obtained are shown in Figure 5.1. Spectra were
taken with water contents up to 5.80 millimoles per g of zeolite: sorbed
into the zeolite sample. A feﬁ spectra were then taken with different

water pressures over the zeolite and one of these is shown in Figure 5.1.



Figure 5.1 147

Spectra from succesgive stages of the readsorption of water

into ferrous-A. The details of each spectrum are given in
Table 5.1,
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Water pressures of 0.28, 1.9 and 2.7 kNm_2 over the sample all gave
spectra which could be fitted with similar Rarameters.

Most of the spectra sﬁow outer peaks split into two, similar to the
spectra of the partially dehydrated samples. . These spectra were fitted
as before with two mnested doublets and the parameters are detailed in
Table 5.1.°

Attempts were made to fit the lower two spectra in Figure 5.1. with
3 doublets, but there is insufficient detail in the spectra to allow this,
and they are shown Ffitted with just one outer doublet. The spectra taken
with excess water over the sample gave a single doublet,as expected from
the previous results. This serves to confirm the reversibility of the
dehydration process and is also an excellent test for the crystallinity
of the zeqlite structure. |

The spectrum of the sample with 5.80 millimoles of water sorbed per g
zeolite may be fitted equally well as one or two doublets, | The parameters
from the single doublet fit are
I.S. = 1.43+.01 mm/sec, Q.S. = 1.99%+.01 mm/sec, ad FWHM = o.sst.qé mm/sec.
These are both smaller than the values for the fully hydrated sample, but
similar values were found for the parameters fitted to the hydrated
zeolites that had been pumped at room temperatﬁre. A water content of‘
5.80 miliimoles of water per g of zeolite correspdnds to 10.5 water molecules
per unit cell. In comparison sodium*A can take about 28 water molecules

. . . . 1 :
at full loading of which § are in the sodalite cage(l ). Thus the spectrum

Figure 5.1(E) corresponds to an approximate filling of one-third of the '
zeolite. The zeolites pumped at room temperature gave similar spectra
(section %.2.1.) which igdicates that those samples had a similar water
content. Evidently only about one-third of the sorbed water is firmly.
attached in the zeolite, and not removed by the room temperature pumping.

The number of water molecules attached to each iron cation can be

determined by plotting the area under the inner doublet against the water added.
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Parameters fitted to spectra of Figure 5.1.

149

Spectrum Water Number of Isomer Quadrupole FWHM
sorbed water Shift splitting
(millimoles) molecules *.02mm/sec *.02mm/sec *.03mm/sec
per g. per unit
dehydrated cell
zeolite

A 0.436 0.80 1.11 o.47 0.38
' 1.51+.05 1.74+.05 1.40+.15

B 1.56 2.84 1.10 0.49 0.38
1.42+,03 1.66%.04 1.10£.05
C 2.61 .75 1.03 0.52 0.24%,06
1.41 1.35+.08 - 0.82%.06
1.43 2,20+.06 0.48+.10

D 3.58. 6.50 1.41 1.4y 0.74

1.42 2.32 0.50

E 5.80 10.5 1.44 1.83 0.,60.
1.41 2.36%.07 0.52+.05

F 0.28kNm 2 A8 1.50 2.11 0.63

(Saturated)
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The result is shown in Figure 5.2. A linear pld? is qbtained from which
a value of 2.94£0.16 millimoles of water per g of zeolite is obtained

for complete coverage of the iron cations. This corresponds to two water
molecules sorbed to each iron cation.

The area under the outer doublets and the total area are also given
in Figure 5.2. The total area after all tﬁe iron is complexed is 20%
greater than in the dehydrated spectrum and does not cﬁange as excess
water is added. This increase confirms the 20% decrease in area found
upon dehydration. This area increase upon hydrating the zeolite indicates
that the ferrous ions are not removed from coordination with tﬁe zeolite
lattice to form completely solvated complexes.

The total area shows an apparent large increase with the initial
doses of water. This is mainly a result of the difficulty of fitting
small peaks in a spectrum without distorting the baseline parabola. The
linewidth of small peaks also tend to artificially broaden which greatiy
increases the area under the peak. The error involved in estimating the
area of a complex spectrum can be large. For example in the spectrum
shown in Figure 5.1(B) where the sample has only a small amoudt of sorbed
water (0.436 millimoles per g of zeolite) the outer doublet caﬁ be seen
to have a very broad linewidth which leads to an unrealistic area.

Thus the initial increase in total area is considered to be an artifact
of the fitting procedure, and not due to any process occurring upon the
'initial sorption of water.

The sorption of water back into dehydrated ferrous-A is evidently a
stepwiée process. Initially water is sorbed to the ferrous ion. When
these sites are filled the water molecules sorb onto the sodium ions and
the lattice walls. These water molecules have an effect on the Q.S.
parameters of the ferrous ions and on the rate of the disassociation process
as described in Section 4.2.2., but have little effect on the I.S. of

the ferrous ions. When excess water is added the I.S. increases
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Figure 5.2

The resonant absorption erea due to the uncompiexed
ferrous ions, (A), the ferrous-water complex, (©),
and the total area, (H), as a function of the

amount of water sorbed.
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2. 4 b
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suggesting that further water ‘molecules are coqrdinaﬁing to the ferrous
ion or that the Hydrated ions are moving to different sites.

Tﬁe most interesting feature of tﬁese results is the apparent
coordination of two water molecules to each ferrous ion. A question
arises as to whether sorption of water molecﬁles onto other sites could
occur simultaneously, and affect tﬁis figure, If only one water molecule
is sorbed per ferrous ion tﬁere must be present in the zeolite tﬁe same
number of sites with the same atfraction for the water molecules as there
are ferrous ions. Otherwise, a non-integral number of water molecules
would appear to be sorbed to each ferrous ion. The other possible ﬁigﬁ
energy sorption sites in the zeolite are the sodiﬁm ions and tﬁe hydroxyl
groups, if they are present. There are on the average 6.7 sodium ions per
unit cell and only 2.7 ferrous ions and it is unlikely éhat the sorption
of water on the sodium ions would occur and give the reéult seen. The
hydroxyl group sites, if derived from the dissociation of water molecules
attached to the ferrous ions, would occur in equal numbers to the ferrous
ions. Such a site is unlikely to have the attraction for a water molecule
that a divalent cation can exert, but this will be considered furtﬁer.

Two water molecules per cation is a surprising number if the cation does
not have an attached hydroxyl gfoup. With the cation in planar threefold

coordination the formation of a tetrahedral complex (Z—O)aFe2+H 0 might

2
have been expected. Of course, if complexes (Z—O)SFe2+(H20)3 are formed
in equal numbers there is a net sorption of two water molecules per
ferrous ion. However, from the previous dehydration study the two
doublets in the spectra are from two species with similar I.S. values and
hence of similar geometries. It is also unlikely that equal numbers of
the two species would form simultangously. Also the spectra should show
only the (Z-O)sFe2+(H2O)3 species at a point where there are three

molecules f water to each ferrous ion. The parameters of the spectrum at

approximately four water molecules per ferrous ion could be interpreted in
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this way, but its parameters bear no rela?iqn to the parameters needed to

fit otﬁer spectra when tﬁe two doublets are assumed FQ have differen? I.S.
values as would be tﬁe case if tﬁis model was correct. Tﬁus if there is

no hydroxyl group already present the hydrated complex takes the form
(Z—O)3Fe?+(H20)2. The two doublets arise through the dissociation of one

of the coordinated water molecules at room temperature to give the complex
(Z—O)3Fe2+(H20)(OH—). When excess water is added the complex (Z—O)sFeQ(HQO)3
can form accounting for the increase in I.S. that is seen.

If each ferrous ion does have an attached hydroxyl group after dehydrafion
of the zeolite then the complex formed upon hydration is (Z—d)SPe2+(OH_)(H20)2.
The presence of two doublets in the spectra are accounted for by the dissociat-
ion process revefsing as water is sorbed, to give the fully hydrated species.
This reassociation occurs even when only a few ferrous io;s have attached
water molecules and the question arises that if the recombination can cccur
readily upon hydration why it would not occur during dehydration. Also, if
the complex (Z—O)sFe2+(H20)3 is formed by the recombination, the higher I.S.
of the complex in the fully hydrated zeolite is difficult to account for.

If one of the water molecules sorbs to a proton attached to thé lattice
the complex formed would be (Z-O)3Fe2+(OH—)(H20). The HBO+ species on
the lattice could aid the recombination of the proton and hydroxyl group.
However, this leaves a water molecule attached to the lattice. The
ferrous ions show preference for the water molecules and this water molecule
is expected to move to a ferrous ion. However, to sorb two water molecules
per cation this water molecule must become attached to the same ferrous
ion as the proton moved-to and hen;e the (Z—O)SFe2+(H2O)3 complex is formed.
Once again difficulty arises ovef>the nature of the complex in the fully
hydrated zeolite if this species forms on partial hydration.

Thus whilst the results do tend to favour the planar coordination site for

the ferrous ions no unambiguous decision can be made on these results alone.
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5.2. Ethanol

The sorption of ethanol into dehydrateﬁ ferrous-A was studied on the
sample mentioned in the previous section. Some representative spectra
obtained after adding different amounts of ethanol are shown in Figure
5.3. The parameters derived from fitting two doublets to tﬁese spectra
are listed in Table 5.2. The area fraction of each doublet was calculated
from this data and cérrected for background and counting rate. The
results are plotted in Figure 5.4. as a function of the ethanol sorbed.

The spectrum of the‘initial ferrous-A showed a small doublet with
an I.S. = 1.32 mm/sec and Q.S. = 2.29 mm/sec. Iﬁe plot in Figure 5.3.
over estimates the amount of this peak as tﬁe pérabolic baseiine Bas been
distorted. This doublet gives the_zero error in the product doublet area-
seen in Figure 5.4. These peaks could indicate that the treatment this
sample had received had led to some structural breakdown or that some of
the ferrous ions are tightly bound to remnants of previous gases sorbed
ihfo the sample.

The adsofption isotherm of ethanol on ferrous-A,in Figure 5.5.,

shows the last two spectra to have been taken with the zeolite fully

saturated with ethanol. The sorption capacity is 6.5 molecules per
unit cell at an external pressure of 5.3 kNm—2. This compares well with
(6)

Breck: et al. ~who obtained 5 molecules/unit cell in sodium-A.

The spectra show some of the ferrous ions remain uncomplexed even
after the zeolite is filled with ethaﬂ;l. To ensure this was not due to
fhe particular saméle used a freshly dehydrated sample was saturated with
ethanol vapour, The final equilibrium pressure of etharol over the
sample was 6.75 kNm_2. The spectrum obtained with this sample confirmed
the previous result that all the ferrous iorscould not be complexed upon
sorption of ethanol. |

The two peaks due to the ferrous-ethanol complex are shown in Figure

5.3 as fitted by one doublet. These peaks could be.fitted to a better
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Figure 5.3

Specira of ferrous-A after successive additions

of ethanols ( Amounts in millimoles.g *.)

100.0-
88.0-
\
Ny
F100.0
96 .0-
_'98 00
~J
-~
100 00'
Jos.0
98-0"
™
n
05.0- £100.0
84 .0 +ss.0
-~
100.0
+g6.0
FERROUS-A
98#0"‘
--94-0
96.0+
"'92-0
84.0+
82.0+
-3.00 ~2.00 -1.00 . 0.00 1. 2.00 3.00 4.00 5.00

GGa
VELOCITY (MM/SEC)



NORMALISED AREA

N

156

Figure 5.4

The resonant absorption area of a) the
uncomplexed ferrous ions (A.), b) the ferrous-
ethanol complex (®), and c¢) the total area (B)

as a function of the amouni of ethanol sorbed.
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Fipure 5.5

Adsorption Isotherm of Ethanol into Ferrous-A.
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TABLE 5.2.

Parameters fitted to spectra with sorbed ethanol

Ethanol Isomer Quadrupole FWHM
sorbed Shift splitting '
(millimoles . (+0.01 mm/sec) (+0.02 mm/sec) (+0.02 mm/sec)

0.00 1.09 0.46 0.35
1.32:+.04 2.29%,07 0.61%.1

0.124 1.69 0.15. 0.35
1.34+,03 2.27+.07 0.73+.08

0.271 1.10 0.u46 . 0.34
1.42 2.241+,03 0.5+.03

0.430 1.10 0.46 0.34

1.40 2.25 0.55

0.191 . 1.10 o.uy 0.34

1.42 2.21 0.56

1.04 1.09 ‘ 0.44 0.37

1.42 2.21 0.55

1.59 1.08 0.43 0.37

: 1.41 : 2.25 0.57

2,12 1.05 0.43 0.36

1.39 o 2,25 0.58

2.98 1.04 0.48 0.34

1.39 2.29 0.51

3.43 1.04 0. 44 0.31

1.39 2.28 0.53

3.54 1.05 0.50 0.41

1.40 2.30 0.52

1st desorption 1.09 0.37 0.43

3.26 1.42 2.33 0.56

19 hrs pumping 1.09 0.u43 0.46

1.39 2.24 0.58

18 hrs/120°C -~ 1.07 0.45 0.37

' 1.35 2.15 0.70

o] .
330 ¢C ' 1.07 0.47 0.37
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degree by two doublets though it is doubtful if Fhe two dqublet fit is

any more meaningful than the one doublet fit. The broadened, non Lorentzian
i

peaks of tﬁe'ferrous ethanol complex are most likely a result of variations

in the way the etﬁanol can approach the ferrous ion in the window.

The over-crowding of the ethénol molecules in the large cavity which

prevents some iron atoms from being complexed must also affect the manner

in which different ethanol molecules can approach different iron atoms.

For this reason“fhe parameters from the one doublet fit are given, but

it must be realised that these parameters are only an average of a.range

of values.

The quadrupole splitting observed for the ferrous-ethanol complex is
2.28%+,02 mm/sec at full ethanol loading. A slightly lqyer value of |
2.24+.03 mm/sec was observed for the spectra at less than g loading
though hearing in mind the comments above, this may not be a significant
difference. The isomer shift also shows a similar variation witﬁ loading.
At low loadings (s 50% full) the isomer shift is 1.41+.01 mm/sec, but at
the higher loadings this decreases to 1.339+.01 mm/sec. These small
changes could be a result of changing pressures in the large cavities, a
fall in isomer shift being consistent with an incfeasing pressure increaéing
the s dectron density at the nucleus. However, these changes may be
due more to changing orientation and positioning of ligands rather than
a straight pressure effect. A comparison of the isomer shift and quadrupole
splittings with those obtained for other sorbed gases will be given later.

‘The desorption of ethanol from the Fezf—A was also studied. Some
of the ethanol could be recovered from the zéolite by placing a liquid
nitrogen trap around a cold finger on the line. This was left in place
for two hours after which 3.26 millimoles of ethanol per g zeolite
remained sor?ed in the sample. This and also further pumping at room
» temperature to better *l:han’]_O—2 Nm—2 for 19 hoursbhad no effect on the

spectrum. The sample was then heated in vacuum to 120°C for 18 hours.
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The spectrﬁm shoved approxima?ely twq-thirds of the ferrqus iron had
returned to the dehydrated form. As a similar treatment removes all
the water from hydrated‘ferrous—A, tﬁe ethanol molecules must be bound
more strongly tﬁan water to the ferrous ions. Heating to 330°C for
18 hours desorbed all the ethanol and the original spectrum was obtained.

A spectrum was taken at 80K witﬁ a sample of ferrous-A saturated
with ethanol. The parameters fitted to the outer doublet were:
I.S. = 1.41+.02 mm/sec; Q.S. = 2.58+.02 mm/sec, and FWHM = 0.46 mm/sec.
The room temperature spéctrum of this samplé was fitted witﬁ the parameters
I.S. = 1.36%.02 mm/sec; Q.S. = 2.23%.02 mm/sec, and FWHM = 0.60 mm/sec.
Both room temperature and the 80K spectra can be fitted to a better
degree with two doublets but as mentioned before the values obtained are
not meaningful. The incfease in linewidth on heating may be a result of
diffusion'of thé iron complex. More significant is the lack of evidence
for the formation of a second doublet as was found on cooling the Hydrated
ferrous-A. .The electric field around the ferrous ion is evidently
not high enough to produce the ethoxide, C2H50— species. A rapid
process whereby the proton jumps between an oxygen ion of the lattice and_
the oxygen of the ethanol group is ruled out on the similarity of the Q;S.
of the (Z-O)sfé2+(H20)n.3pecies and the Q.S. of the ferrous-ethanol complex.
If a jumping process were occurring a lower Q.S. value would have been
expected. Of course this is .assuming the water and ethanol oxygens are
similar ligands. This is supported by the similar I.S. values in the
férrous-water spectra and ferrous-ethanol spec{ra.

The sorption of ethanol leads to a steady increase in the total area.
The overall increase is i8% for the final spectrum over the initial one.
This is similar to the 20% increase found upon water sorption. The
initial chgnges also show the first doses of ethanol are sorbed specifically

to the ferrous ions and not to the overall zeolite surface.
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The decrease in the area of the uncqmplexed ferrqus dqublet during
the initial sorption of ethanol is consistent with two ethanol molecules
being sorbed tq each ferrous ion. As ethanol molecules cannot enter the
sodalite cages these two molecules must be coordinatéd to each ferrous ion on
the large cavity side of the window. The reasons for considering that two
molecules do sorb to each ferrous ion are the same as detailed in the
previous section for the water sorption. The two possible species
formed are (Z—O)3Fe2+(CH3CH20H)2 or (Z—O)3Fe2+(CH3CH20H)£OH_). With
two molecules sorbed to each ferrous ion 5.3 ethanol molecules are needed
per unit cell for complete coverage of the ferrous ions.  Thus with
6.5 molecules per unit cell at complete coverage the presence of uncoordin-
ated ferrous ions indicates that either some.ferrous ions are in the
sodalite cages, or the 'ethyl' tails of some coordinated molecules block
other ferrous ions from being coordinated. Clearly tﬁe effects of over-
crowding are an ihportant factor in determining the coordinatién geometry
and a species such as (Z—O)3Fe2+(ROH)é where R = H , CH3CH2 might be
favoured over the expected six coordinate (Z—O)3Fe2+(R0H)3 species through

being able to fit into the restricted space around the cation.

5.3. Methanol

Aifew spectra were taken to compare the manner in which ethanol and
methanol interact with the ferrous ions in A zeolite. The spectra
obtained with methanol sorbed into a sampie of dehydrated ferrous-A are
shown in Figure 5.6.

'The first spectrum, A, was taken after a small dose (¢ 2.8 millimbles
per g zeolite) of methanol had been added to the sample. This sﬁows the
formation of a ferrous-methanol complex whilst some of the cations remain
uncomplexed. Though the amount of ferrous-A in the sample holder was not
measured, the dose is large enough to ensure at least one methanol molecule

per ferrous ion.
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Figure 5.6

Spectra of ferrous—A with sorbed methanol.

Details of each spectrum are given in Table 5.3.
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The outer peaks.of the spectrum arebest fitted by two doublets to
account for the asymmetric shape of the right hand peak as is shown in
Figure 5.6(A)¥ The parameters obtained from fitting the data with three
doublets are given in Table 5.3. The large uncertainty in the parameters
of the inner product doublet arises through it being partially hidden by
the ferrous-A doublet. Tﬁough the spectrum is well fitted by tﬁree
doublets the peak shape could arise thrqugﬁ the existence of a range of

sites. This is a difficult point to resolve without further data.

" "TABLE '5.3.

Spectrum Treatment Isomer Quadrupole  FWHM Area
Shift Splitting +0.03mm/sec (%)
+0.02mm/sec *0.02mm/sec

A Small dose 1.07 0.46 ~ 0.31 35%
(v2.7 millimoles) 1.38 2.29 0.38 32%
per g zeolite 1.36 1.81 0.65 33%

B Saturatgg 1.38 2.00 0.90+0.1 -
(16 kNm 7) '

c ~ Room temperature 1.38 2.20 0.65+0.08 -
pumped :

The ferrous-A‘was next saturated with methanol. The equilibrium
pressure over a sample at saturation was 16 kNm-z. The spectrum obtained
from the sample is shown in Figure 5.6(B) and contains a single doublet
with very broad peaks. This shows the ability of the small methanol
molecules to coordinate to all the ferrous ions. The metbénol molecules,
like the ethanol molecules, cannot enter the sodalite cages and tﬁis
spectrum serves to confirm the accessibility of all the ferrous ions to
molecules in the large cavity.

The third spectrum, Figure 5.6(C), shows the effect of pumping the
saturated sample at room tempergture for 16 hours. The fitted parameters
listed in Table 5.3. show the peaks are sharpened and a small increase
occurs in the Q.S. The difference in the peak widths between the spectra

of the fully saturated and the pumped sample may arise through some freedom
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of motion of ferrous ions in the saturated sample. This is an unexpected
behaviour since the linewidths in the spectra of the water saturated
ferrous-A did not increase in this manner. In fact the increase in
recoilless fraction upon sorption of water indicates tighter bonding and
not the loose bonding that would allow diffusion of the ferrous ions.
Thus if the line'broadening seen in the methanol Specfrum is a result of
diffusion, this would indicate that tﬁe methanol molecules are bound more
firmly to the ferrous ion than tﬁe water molecules do, and that this
weakens the ferrous ion bonding to the lattice. No measurement was made
on the ease with which methanol can be desorbed from ferrous-A but with
ethanol sorbed, a treatment of heating at lQOOC.for 18 hours léft
approximately 1/3 of the ethanol still coordinated to the ferrous ions.
This indicates stronger bonding between the ethanol and ferrous ions tﬁan
water and the ferrous ion. Thus methanol could be bound to the ferrous
ions sufficiently strongly to weaken the ferrous ion-lattice bond and so
allow diffusion.

Comparison of the I.S. and‘Q.S. values for various sorbates on
ferrous-A will be made later. However, the spectra for ethanol and
.methanbi sorbed into ferrous-A are, as expected, very similar, except for

the features determined by the smaller size of the methanol molecule.

5.4, Acetonitrile

A number of spectra were obtained with acetonitrile, CH_,CN, sorbed into

3
dehydrated ferrous-A. These are shown in Figure 5.7. The first spectrum,

A, was taken after the sample had approximately 0.09 millimoles of acetonitrile
per g of zeolite sorbed.- There is only a small product peak in the

spectrum and the central peaks are in the positions typical of dehydrated
ferrous-A. The parameters fitted to this and the other spectra are

listed in Table 5.4, However, fdr this first spectrum, the difficulty

in fitting a small peak gave a very distorted parabolic baseline. The

raw data show weaker product peaks and from an estimate of their

&



Spectra of ferrous-A with sorbed acetonitrile.

Details bf gach spectrum are given in Table &§.4,

‘1".1.60:0
+-83.0
N
100.0- --88.0
98 .0~
“+57 0
88 .0+
X
"100 «0
87.0-r
"’99 -0
“"88 -0
"F'97 00
\\
W\
100 -0"'
88.04
9‘8 01
97.0-
96 00-1"
96.0-
1 ]

-2.40 ~1.80 -0.80 0.00 0.80 1.80 2.40 3.20 4.00
VELBCITY (MM/SEC} :



166

positions the parameters are I.S. ~ 1.20 mm/sec and Q.S. ~ 1.05 mm/sec.

" 'TABLE 5.4,
Parameters fitted to spectra of ferrous-A with sorbed Acetonitrile

(Figure 5.7).

Spectrum Sample - Isomer Quadrupole FWHM @
Treatment _ Shift Splitting +.03mm/sec
30.02mm/sec  *0.02mm/sec
A 40.09 millimoles 1.05 0. 11 0.31
‘per g zeolite 1.25%.05 1.50%0.06 0.84#0.1
B Saturated 1.29 1.18 0.48 0.5u4
(1.3 kNm~2)
C evacuated 67 mins 1.29 1.12 0.62 0.56
D heated 101°C for 1.29 1.25 0.48 0.58
17.2 hours _

“Where two values are given these refer tb the left and right hand

side peaks of the spectrum respectively.

Acetonitrile was sorbed into the ferrous-A to a final éressure of
1.3 kNr.n‘2 over the sample. The spectrum, B, shows a t&pical ferrous
doublet with broadened lines. The sample was then pumped at room
temperature for 67 minutes and spectrum C obtained. There is little
change between spectrum B and C though the fitted parameters indicate
a slight decrease in the Q.S. This could be aﬁ artifact of the poor
counting statisties for these SPéctra.

Further evacuation at lOloé for 17.2 hours gave the spectrum, D.
This has a marked degree of asymmetry between the two peaks. The outer
peakbis considerably broadened whilst the inner peak has a higher
intensity. This is indicative of a range of Q.S. Hr the ironAcations
brought about by variations in the coordination geometry.  The degree
of asymmetry is greater tﬁan for any other sorbed gas so far studied,

and possibly indicates some specific behaviour of acetonitrile.
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The sample was evacuated at 2300C for 12 hours and fhe spectrum
showed only the small ferrous-A doublet. This shows that the sample
had not suffered structurally from the sorption of acetonitrile. No
tests were made on the gases desorbed upon heat treatment of the zeolites
to see if the molecules were decomposing upon heating. However, in an
infrared study of the sorption of acetonitrile into a number of Y
zeolites with different cations no evidence was found for the decomposition

(131) The effect of coordinating the acetonitrile

of acetonitrile.
molecules to the cations was seen as a cation dependent shift in the
C = N stretching frequencies. Except for the transition metal cations,
the shift could be correlated with the electrostatic field strength of the
cation. The transition metal cations gave larger sﬁifts tﬁan could be
related to their field strength alone and also gave a stronger bonding
to the molecules than other cations. This is possibly through direct
interaction with the d-orbitals of the cations énd'the C = N group.

The I.S. and Q.S. values for the acetonitrile complex witﬁ the
ferrods ions, given in Table 5.4. are lower than tﬁe values found for

other sorption complexes described previously. This will be considered

further in Chapter 6.

5.5. Ethylene

All sorbates described so far have been polar. As an example of a
non-polar gas the sorption of ethylene on ferrous-A was next attempted.
Ethylene is interesting both for‘pure chemical and practical feasons.
The manner in which the m-bonded syétem can interact with the ferrous
ions is of interest by itself. Ethylene is also a product in some of
the catalytic reactions that can be promoted over A zeolite.

The sorption of ethyléne was studied in a similar manner to that
described for the sorption of water and ethanol using the same sample

of ferrous-A. In fact, this was the first study on tﬁe sample and the
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spectrum of the dehydrated sample contained only the single doublet.
Some of the spectra obtained are shown in Figure 5.8. The spectra,
surprisingly, show-no sign of a product doublet and the only affect of
the sorbed etﬁylene is to increase the Q.S. slightly. Single doublets
were fitted to the spectra and the I.S. and Q.S. values obtained are
plotted in Figure 5.9. The absorption areas correctedvfor baﬁkground
and count rate, of eacﬁ spectrum, are also sﬁown and it is these tﬁat are
the most remarkable fea?ure of tﬁis set of results. The absorption
area shows a rapid decrease upon sorption of ethylene into the zeolite
with a minimum being reached when tﬁere are approximately two ferrous
ions to each ethylene molecule. Addition of more ethylene causes the
absorption area to slowly increase. —

Attempts were made to fit two doublets to tﬁe spectra. The initial
values for the fitting procedure were taken as the I.S. and Q;S. values
for the dehydrated ferrous iron and for the ferrous-A full of etﬁylene.
Only with some spectra did the fitting procedure co;verge and tﬁén the
values had little relation to the starting values. Hence, the spectra
cannot be considered to consist of separate product and parent doublets.
This is supported by the linewidths of the single doublets fitted to the
data. The linewidth of the peaks in the spectrum of the dehydrated
ferrous-A sample used were 0.34+0,.02 mm/sec. The maximum linewidtﬁ
fitted to the spectra after ethylene had been sorbed was 0.38#+.02 mm/sec.
Thus there is no significant broadening that could be rélated to the
.presénce of overlapping doublets.

At the same time as the spectra were obtained an édsorption isotﬁerm
for the sorption of ethyiene into ferrous-A was obtained. This is given
in Figure 5.10. The amount of ethylene sorbed at the highest pressure
used is equivalent to 0.078 g ethylene per g of dehydrated zeolite, or to
n 5 molecules of ethylene per unit cell. This compares Well.with the

value of 0.084 g ethylene per g of dehydrated sodium~A obtained by

R
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Figure 5.8

Representative spectra of ferrous-A with different
amounts of ethylene sorbed.

( Amounts are given in millilmoles.g™t.)
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' Figure 5.9
The effect of the sorption of ethylens on the
Mossbauer parameters of ferrous-A. The arrows
indicate one ethylenc molecule per ferrous ion.
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Figure 5.10

Adsorption Isotherm of Ethylene

into Ferrous-A.
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Breck et aZ.(S) This latter figure was obtained with an ethylene
pressure of 67 kNm—-2 whereas tﬁe value giveg here was obtained at

38 kNm—Q. The isotherm sﬁows the sorption to increase SLigﬁtly witﬁ
increasing pressure.

The nature of the ferrous—etﬁylene interaction was investigated
further by measuring the temperature dependence of the Mossbauer spectra.
This was done with two different amounts of etﬁylene sorbéd into two
samples of dehydrated ferrous-A. One sample had a small dose of
approximately 8 x 10—4 moles of ethylene sorbed per g of zeolite, and
the other was equilibrated to a final pressure of 0.9 kNm—.2 of ethylene
over the sample. The spectra obtained are Showh in Figures 5.11 and

5.12. Both show that essentialiy the same changes occur to the samples

on cooling. The spectra at the lowest temperatures show the two doublets
that had been expected for the room temperature spectra. ~ The inner
doublet has the characteristics of uncomplexed ferrous-A. The outer

doublet has broadened lines and a much larger Q.S. Tﬁe parameters fitted
to the two sets of spectra are listed in Tables 5.5 and 5.6.

Before discussing these results the ease with which etﬁylene can be
desorbed from ferrous-A will be mentioned. In fact, all the etﬁylene
could be desorbed by simply cryo pumping the sample at room temperature
with a liquid nitrogen cooled cold finger. A number of spectra were
taken at différent stages of the desorption and their parameters are
plotted in Figure 5.9. These show good agreement witﬁ thé values obtained
on sorption of ethylene. The absorption area for two of the spectra
are not shown as there was a large change in the background count rate .
over the period these weée taken. These are the sample with 0.77 millimoles
and 1.35 millimoles of ethylene sorbed per g of zeolite. The cause of tﬁe

count rate change was not determined.
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Figure 5.11

The temperature dependence of the spectrum of

ferrous-A with a small amount of sorbed ethylene.
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Figure 5.12

The temperature dependence of the spectrum
of ferrous~A with ethylene sorbed to an

equilibrium pressure of 0.9k¥m "% .
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"TABLE 5.5,
Parameters fitted to spectra of ferrous-A with.a small amount of sorbed

ethylene. (Figure 5.11).

Temperature Isomer Quadrupole = FWHM Area % Total Area
(x) Shift Splitting +0.03mm/sec (Normalised)
+0.02mm/sec *0.02mm/sec
296 1.08 0.59% 0.37 100 1.00
247 1.08 0.59 0.38 100 1.06
210 1.12 0.57 0.47 65 -
1.22 . 1.74+0.1 1.06+0.1 .35
195 1.10 0.40 0.50 ‘ 31 2.62.
1.25%0.05 1.25+0.2 1.5440.3. 69
153 1.12 0.43 0.37 ) u7 2.50
1.19 1.27+x0.1 0.73x0.1 53
80 1.15 o.u4 0.33 b5 2.32
1.23 1.41 0.71 55
TABLE = 5.6.

Parameters fitted to spectra of ferrous-A with ethylene sorbed to an

equilibrium pressure of 0.9 kNm-Z. (Figure 5.12).

Temperature Isomer Quadrupole  FWHM Area % Total Area
(x) Shift Splitting  #0.04mm/sec (Normalised)
+0.02mm/sec +0.02mm/sec
341 1.09 0.72 0.48 100 1.040.1
260 1.15 0.90 0.55 100 - 1.430.1
192 1.060.04 0.62+0.06 0.32+0.2 7 2.3%0.2
1.20 1.12+0.04 0.84 93
140 1.03 0.u47 0.42+0.06 16 2.810,2
1.22 : 1.34 0.81 8
83 1.15 0.49 0.500.06 29 3.210.2

1.25 1.60 0.74 78
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These dssorption results show the bond between the ethylene molecules
and the zeolite cations to be weak. However, the boiling point of
ethylene is 169K and at room temperature its vapour pressure is in the
region of 60 atmospheres. Physical adsorption of ethylene at room
temperature would not normally be expected to take place to any great
extent, which indicates that the etﬁylene molecules must be weakly
chemisorbed. Calorimetric measurements have been made of the heat of
adsorption of ethylene on NaX, éaX, BaX, CdX and AgX and correlated with

the ease of desorption of the ethylene as observed by infrared techniques.(l33)

For NaX the average heat of adsorption was found to be 36 kJ mol—l
aﬁd all the ethylene could be removed by evacuation at room temperature
for 5 minutes. The ethylene was not fully desorbéd from CaX by this
treatment but its heat of adsorption was only slightly greater at 38.2 kJ
mol-l. In contrast CdX required evacuation at 200°C to desorb tﬁe
ethylene and AgX even higher temperatures. Their heats of adsorption
were 62.4 kJ mol—l and 75.8 kJ rnol-l respectively. These figures
indicate that the heat of adsorption of ethylene on ferrous-A is in the
range 35 - 42 kJ mol_l. This compares with the heat of liquéfaction

of ethylene of 13.8 kJ mol-l.(l33)

The spectra shown here are similar to those predicted for a ferrous
ion in a fluctuating environment, in Section 2.1.3. The room temperature
spectra contain only one doublet and the ferrous ion must be seeing
only an averaged environment. At low temperatures the ferrous idn can
see several environments.

This behaviour arises from the freedom of the ethylene molecules to
move around, probably by jumping between different cati;n sites. Such

'mobile sorption' is well Known. (1345135)

The activation energy of the
jump process will be lower than the adsorption energy. In fact, the

ethylene molecules probably remain confined to a particular large cavity.
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6)

Their critical diameter is 0.425 nm ( ‘which is larger than a sodalite
cage window and similar to the large window diameter. In general,

values of the activation energy for mcbile sorption range from a half to

a third of the adsorption energy.(lss)

The methods of reaction rate theory can be used to estimate the

frequency of tﬁe jumps of ethylene in ferrous-A. The frequency of jumps,
v, is given by (136,137)
—(EA—RT)

RT

v e—E/RT _

where € and EA are the true and experimental activatién energies respectively.

v can be regarded as the oscillation frequency of the adsorbed molecule
perpendicular to the surface but is more correctly obtained by the application
of statistical mechanics. _

If the adsorption of an ethylene molecule occurs with only the.loss
of one degree of freedom, Ze. the rotations of the adsorﬁed molecule are
unrestricted and it can freely move over the zZeolite surface then

v, F y X f

where fz is the partition function of the vibration of the molecule
perpendicular to the surface.

Assuming that the binding of the molecule is strong enough so that this

vibration is unexcited fz = 1 and.

Lkt

Vo h

Notice this same equation will apply to the frequency of exchange betweén the
gas and sorbed molecules. The lifetime of an ethylene molecule on the
surface, assumiﬁgEA is 42 kJ mol_l and fz'= 1,is 1 x 10_6 sec. With“
jump diffusion occurring, assumingEA =17 kJ rnol_l and fZ = 1, the 1life-
time of the iron—ethyleﬂe complex is 2 X ZLO“ll secs. In comparison the
Mossbauer event time is 9.8 X .10_8 sec.

Thus dgring the Mossbauer time an ethylene molecule could have
moved @ 2000 times. Of course, many estimations and assumptions were

made to obtain this Ffigure, but the process of mobile sorﬁtion certainly

R
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can account for the temperature dependent fluctuating environment that
the spectra show to be present. | ;

The room temperature spectra sﬁow.theAeffgct,of aﬁ,avégagédfi3§-
environment. This is equivalent to the sPéciai case considéfé&;iﬁ
section 2.13 with t + O. Tﬁe I.S. and Q.S. values should sh;w a linear
depeﬁdence on the relative amounts of the two components: The plots
in Figure 5.9 show a non-linear dependence of the I.S. and Q.S.'on the
amount of ethylene sorbed. There are two possible reasons for this.

In the zeolite sample used there are an average of 2.7 ferrous ions and
6.7 sodium ions per unit cell. The ethylene molecules, most likely_use
all the cations as sites, and the number of ferrous-ethylene complexes
will be lower than the number of etﬁylene molecules. The non-linear
behaviour will arise as the sites begin to fill and the ethylene
molecules cén show preference for either the ferrous ions or sodium ions.

The other cause arises from tﬁe different recoilless fractions of fﬁe
ferrous ions when comélexed and uncomplexed. The changes in the absorption
area show the mobile sorption précess to have a large effect on the
recoilless fractions. The size of the effect was dependent on the amount
present. Thus, as the intensity of the Mossbauer absorption of each site
is dependent on the recoilless fraction,the apparent amount of each site
will be Qgried by the changes in the recoilless fréction. Hence, the
assumption made in the theory,of equal recoilless fractions for the two
sites,is no longer valid and,asASeen)the I.S. and Q.S. values are not a
linear function of the amount of ethylene sorbed.

It is worth considering at this point how the area variation arises.
When an ethylene molecule approaches a ferrous ion in a window its
attractive force pulls the ion towards itseif. The ethylene molecule
then jumps away and the ferrous ion is released back into the window.

Thus the ferrous ions are forced to oscillaté over a much larger distance

than their normal vibration distance. This gives an increased value of
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2 . .
< X >, the mean square displacement and using

f = exp(-k< x2 >) (section 2.1.4.)
a decreased value of £, the recoilless fraction. Hence the observed
area will decrease.

The addition of more etﬁylene'will decrease the number of unoccupied
sites to which a molecule can jump. This will increase the period a
molecule is sorbed to any particular site and decrease the frequency
of‘oscillation of tﬁe ferrous ions. Hence, the recoilless fraction
should increase as the éites become filled. A minimum area is to be
expected at 50% coverage of the sites.

The experimental minimum occurred with a coverage of one etﬁylene
molecule to.two ferrous ions. This shows only one ethy%ene molecule is
interacting with a ferrous ion at any particular time, and also that tﬁe
ferrous ions are the preferred sites. If all the cations were equivalen;
sites this minimum would have occurred at (2.66 + 6.68)/2 = 4.67 ethylene
molecules per unit cell.

The addition of more ethylene beyond the } ethylene per ferrous ion
point had little effect on thg area until there were approximately 0;9
ethylene molecules per ferrous ion. This indicates there is little
restriction on the freedom of the ethylene molecules to move betweeﬂ sites.
As further ethylene is added the recoilless fraction‘increases. These
additional ethylene molecules must go to other sites. There is little
change on the I.S. and Q.8. values in this region but the freedom of
m;vement by the ethylene molecules are now reduced and the absofption area

increases.

Thus, qualitatively the variation in area is readily accounted for

by the movement of the ferrous ions. However, to translate this into
quantitative terms is considerably more difficult. The major task is to
develop a wave function to describe the motion of the ferrous ion. This

was not considered any further.
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The. spectra taken at 80K are equivalent tq the special case treated
in Section 2.1.3. pf long residence times.' The two individual sites
are seen with the intensity ratio being approximately proportional to the
amount of each site present. However, the most interesting spectra
occur when tﬁe residence time is similar to the Mossbauer event time.
This occurs around 200K in both sets of spectra.- This canlbe used to
estimate the activation energy of the mobile sorption process by putting
v = 107 at T = 200%20K. Then, using the assumptions previously detailed,
a value of EA = 23%2 kJ mol_l is found which is close to the expected
value of one-half of the sorption energy of = 40 kJ moii.

As was shown in Section 2.1.3. the peak shépes in this region are
not Lorentzian. This accounts for the poor fits obtained with the
spectra taken around 200K.  Attempts were made to fit these spectra with
the equations of Section 2.1.3. These attempts were unsuccegsful, partly
because of the low sigﬁaiito noise ratio of the data, but primarily
because of the extra complexity of the experimental spectra.

Some of this can be seen in the lower temperature speétra where the
two componenfs have unequal linewidths. In the expressions developed
in Section 2.1.3. the line width was assumed to be derived entirely by
the half life of the Mossbauer event. Generally lines of natural width
are not observed though a number of experimental factors such as the
source line width, and parasitic vibrations. However, experimental
factors would give equal broadening of all the lines in-a.spectrum and
by suitable adjustment of the nuclear lifetime this can be encompassed.
in the theoretical expressions.

The broadened oute£ peaks in the spectra at low temperature arise
through variations in the ferrous—ethylene geometry, The>theoretical
expression could be modified to reproduce such broadening by altering
the expression to include a summation over a range of I.S. and Q.S.

values. This produces further variable parameters and tﬁqugh attempts
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were made to.fit such an expression to the data of the spectra taken
around 200K, the values.obtained bore little, relation to the estimated
values.

Clearly, while the theory does give a good description of the spectra
to expect, the practicalities make it difficﬁlt to obtain accurate
quantitative information by fitting tﬁe data with the theoretical
expressions. = The spectrd taken at low temperatures are probably affected
by different recoilless fractions of the two sites in a similar manner
to that seen with the room temperature spectra. The large increases in
area found on cooling tﬁé sample certainly suggests that this will be a-
major factor in determining the relative intensifies of the two doublets
in the spectra. There could also be line broadening effects occurring
when the motion of the ferrous ions is on a similar time scale to tﬁe '
Mossbauer event. Thus the SPeétra obtained at around 200K are expected
to be extremely complicated to analyse fully. Tﬁe data obtained Here are
not sufficiently accurate to warrant a detailed examination, but a
more precise study of the process in the range 150 - 250K would be
worthwhile. |

The ability of the ethylene molecules to inﬁeract'with the ferrous
ions indicates that the ferrous ions are not hidden by the presence of
hydroxyl gfoups,at least on the large cavity side. This will be

considered further in Chapter 6.

5.6. But-l-ene

The sorption of but-l-ene, CH .CH.CHQ.CHa, into dehydrated ferrous-A

2
was studied to compare its behaviour with that of the much smaller ethylene
molecules. Initially spectra were taken with a number of different
pressures of but-l-ene over the sample. The spectra obtained are shown

in Figure 5.13. The spectra are all characterized by a broad,almost

featureless absorption, which is very difficult to fit. The envelopes
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Figure 5.13

Spectra of ferrous-A with sorbed but-l-ene.

Details of each spectrum are given in Table 5.7.
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shown in Figure 5.13 thrqugﬁ the data points were obtained, except in omne
case, from two doublet fits. «The exception is for the spectrum

Figure 5.13(p). The sample giving tﬁis spectrum was obfained by pumping
the sample to which butene had been sorbed to an equilibrium pressure of
24 kNm_2 for tﬁree hours at room temperature. The spectrum was then
run for four days to give tﬁe reasonable statistics showm.

"TABLE ~'5.7.

Parameters fitted to spectra of ferrous-A with sorbed but-l-eme. (Figure 5.13)

Spectrum Sample Isomer Quadrupole  FWHM Area %
Treatment Shift Splitting +0.03mm/sec
(pressure over *0.02mm/sec +0.02mm/sec
sample kNm~2)

A 0.13 1.05 0.56 0.33+0.06 20
1.19%0.06 1.13+0.06 0.8%0.1 80

B 3.9 1.03 0.60£0.05 0.620.1 18
1.19 1.55%0.20 1.3%0.2 81

c 3.9 1.03 0.51 0.35+0.06 12
1.19 1.31+0.04 1.08x0.12 88

E 24,0 0.99+0.03 0.40+0.05 0.24x0.10 10
1.30 1.38%0.06 1.22+0.10 90

D previous sample 1.05 0.45 - 0.32 25
pumped 3 hours 1.21 0.92 0.56%0.06 43

1715 1.7%0.2 1.0+0.15 32

Threé double{s were fitted to this spectrum, but there is‘no feature
in the data to show that three doublets is a better representation of
the spegtruﬁ than two. The broadened lines in the spectra show a large
degree of disorder in the manner in which the butene molecules can
coordinate to the ferrous cations. This is to be expected with these
rather bulky molecules.

The variances listed in Table 5.7 are an under estimation for such
poorly fitted peaks. The variations in the I;S. and Q.S. values of the

inner peak is probably due to the inaccuracy of fitting the outer peéks

with one doublet. The inner peaks should be those of uncomplexed iron

R 3



184

and little variation is expected in their positionsf Thus the variation
seen is a good estimate o% the actual distortiqn in ?he parameters
thrqugﬁﬁthe assumption tﬁat the spectra are composed of only two Lorentziani
doublets,

The'effect of lower coverages of butene on ferrous-A was investigated.
The sample of ferrous-A used was the same as used in the previous studies
of ethylene, ethanol and water sorption. The spectrum of the dehydrated
ferrous-A contained a small outer doublet, as previously mentioned. The
spectrum shown in Figuré 5.14 actually over estimates the amount present
since the parabola of this spectrum is inverted.

The other spectra given in Figure 5.14% show the effect of titrating
butene into ferrous-A. As found above, the ferrous-butene complexes '
give very broadened lines in the spectra which are difficult to fit.

The parameters derived from fitting two doublets to these spectré are
listed in Table 5.8. The,difficulty in fitting the spectra is again
apparent from the large variances found for the parameters. Tﬁe_parabola
fitted to the data was disto;ted in every case, being either inverted or
shifted from the centre of the spectrum. This makes accurate measurements.
of the absorption area difficult. However, from the fitted parameters
the total area, corrected for count rate énd background, of each spectrum
has been calculated, and listed in Table 5.8, The estimated error in
each figure is 0.1 arbitrary units. The interesting feature of these
areas is that there is no equivalent decrease in the area as occurred

upon the inifial sorption of ethylene into ferrous-A.

The parameters fitted to the inner doublet do show a trend similar to
that seen in fhe spectruﬁ of ethylene on ferrous-A. The initial doses
of butene appear to have little effect on either the I.S. or Q.S. values.
Then as more butene is added both these parameters increase in a manner

similar to that seen in the spectra of ferrous-A with sorbed ethylene.



Figure 5.14

Spectra of ferrous-A with small amounts of
sorbed but-~l-ene.

( Amounts are given in millimoles.g™l.)
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" 'TABLE . '5.8.

Parameters fitted to Spectra of Figure 5.1%4..

Amount Isomer ' Quadrupole FWHM . Area Total Area

But-l-ene Shift Splitting +0,03mm/sec % (Normalised)

Sorbed 10.02mm/sec *0.02mm/sec

(millimoles

per g of

zeolite)

0.0 . 1.09 0.47 0.36 84 1.00
1.7+0.1 2.3430. 1 0.620.06 16

0.059 1.09 0.47 0.36 72 1.07 .
1.31%0.05 2.2140.1 1.0:0.1 28

0.366 1.09 0.53 0.36 57 . 0.97
1.36+0.05 1.4+0.3 1.4+0.5 43 i

0.742 1.13 '0.7§ 0.46 . y2 0.97
1.39x0.04 1.46+0.1 1.4+0.2 58 _

1.56 1.16 0.88x0.08 0.5+0.1 32 1.11
1.36+0.,03 1.46+0.1 1.25%0.2 68.

This is in contradiction t the earlier results where the I.S. anq Q.Ss.

of the inner doublet appeared to decrease. The sample with 1.56
millimoles of butene per g of zeolite sorbed had an equilibrium pressure
of 0.151 kNm-2 of butene. Thus its spectrum should be similar to tﬁe

one shown at the top of Figure 5.13. Though these two appear similar tﬁe
parameters fitted to the initial spectrum are much lower. ‘ In fact, the
parameters fitted to the first set of déta are all lower than those
obtained for the second set. On first consideration this would‘appear to
be a calibration fault but, as the calibration gave the expected values
for the I.S. and Q.S. of the dehydrated ferrous-A,tHis cannot be the cause.
(The ferrous-A used for the first set of results was fitted with an I.S. =
1.06%.01 mm/sec, Q.S. = 0.46%.01 mm/sec, and FWHM = 0.31 mm/sec) A
possible reason is the difference in velocity scale used. The first set
of results were obtained with a écaﬁ of -2.5 to +3.0 mm/sec whereas for

the second set a much wider scan of -4.0 to 5.0 mm/sec was used. Thus,
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in the second set of spectra there is adequate baseline on both sides of
the resonance dip to give a reasonable hold on the baseline parameters
during the fitting procedure. With the first set of spectra the peaks
are not completely contained within the velocity range used. This can
affect the fitted pérameters quite extensively, usually by giving a
distorted baseline parabola and linewidths. In fact, the linewidths are
narrower in the first set of data. The spectra obtained with the wider
velocity scan have much less resolution but it is difficult to see How
this could lead to differences between the sets of data. The conclusion
that must be drawn is that the parameters obtained by fitting two doublets
to the spectra are of little value, and only the following qualitative
conclusion can be drawn.  The ferrous-butene complex gives a broadened
spectrum and indicates large variations‘in the manﬁer which different
molecules are attached to the ferrous ions. An inner doublet remains
even with a high pressure of butene over the sample, This is probably
uncoordinated iron as was found on the sorption of ethanol. There is

no evidence of the butene molecules being free to move about within the

cavities of the zeolite in a similar manner to ethylene.

5.7. Ammonia

A number of spectra were taken of ferrous-A with sorbed ammonia.
The sorption of ammonia into the sodalite cages from the large cavity is
very slow at room temperature §37’ 132). ' If ammonia is therefore sorbed
at low femperature the ammonia molecules should remain in the large
cavity and any complex formed between the ammonia molecules énd the.
ferrous ions will also be in the large cavity. However, if the most
preferred complex involves ammonia molecules coordinating from both sides
of a sodalite window to a cation then Heating the sample should allow the:
ammonia molecules to move to théir preferred positions. If such a change

does occur in the coordination around the cation it should be discernible

in the Mossbauer spectra.
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The sample of ferrous~A with ammonia was prepared by condensing
approximately 3.7 millimoles of ammonia per g of zeoliFe into the
Mossbauer cell at liquid nitrogen temperature. The cell was then quickly
transferred to the COéled cryostat ana the temperature controlled at
252K. Sorption of the ammonia into the zeolite probably occurs at this
stage. The transfer of the cell from the gas handling system to the
cryostat was done quickly enqugh to ensure the sample did not heat up
to any extent.

The spectrum of the sample ﬁas taken at 252K .and then the sample
temperature was increased to 355K. A spectrum was now taken over
24 hours whilst the sample was kept at this temperature to allow tﬁe
ammonia molecules to move to preferred positions. Tﬁe sample was
recooled to 252K where another spectrum was taken for comparison with
the first. Finally a spectrum was taken with the sample at 80K.

Thg two spectra taken at 252K are shown in Figure 5.15. The
baselines of the two spectra were normalized to the same count and the
difference between the two spectra found by subtraction. The difference
between the fitted envelopes of the two spectra (using the parameters
given in -Table 5.9A) was also calculated. The results of these two
subtractions are also shown in Figure 5.15.

The -thermal treatment appears to lead to an increase in both of the
fitted Q.S. and to some changes in the relative areas of the two doublets.
However, these differences are within the limits produced by the
statistical fluctuations of the data. This is seen clearly in the piot
of the difference spectrum. The 'noise band' of the two sets of daté
is of the same width as the maximum differences in the Fitted envelopes.
Hence, one must conclude that there has been no significant change on
heating the sample. This is sgrprising since some rearrangement mighf
have been eépected to occur wvhen the sample was heated to 355K.

Evidently this does not occur indicating that the molecules can sorb to
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Figure 5.15

Two spectra of ferrous—A with sorbed ammonia taken at
252K before (A) and after (B) heating to 355K. The third
plot shows the difference spectrum, (B) - (4).
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" TABLE  '5.9.
Spectrum |Sample .| Isomer Quadrupole |FWHM Area |Normalised
Treatment |Shift Splitting |#0.03mm/sec| % Total
' +0.02mm/sec|£0.02mm/sec Area
A - First Sample
Fig.5.15a | 252K 1.32 1.30 0.42 50 | 1.36
1.33 2.28 0.62 50
Fig.5.15b 252K 1.32 1.33 0.4l 43 1.40
(repeated)| 1.36 2.33 0.62 57
B
Fig.5.16 355K 1.27 1.37 0.40 43 1.00
1.29 2.1540.1 0.80+0.06 57
Fig.5.16 80K 1.42 1.58+0.05 0.36+0.08 13 1.96
1.42 2.28+0.05 0.54+0,08 63
.47 2.90+0.05 0.43+0.08 24
C - Second Sample
Fig.5.17 300K 1.34 1.62 0.73 41 1.00
1.36 2.56 0.46 59
Fig.5.17 78K 1.58 1.62+0.04 {0.51+0.08 18 1.55
1.48 2.71+0.04 [0.56+0.08 60
1.49 3.24+0.0U 0.32:+0.08 22
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- good coordination sites in the large cavity. The mqlecules do not
appear to desorb and move. through into the sodalite cage on heating
to give a trigonal bipyramidal structure for the fefrous ammonia
complex.

The spectra of Figure 5.15 show the fwo doublet product peaks
similar to those found when water is sorbed into ferrous-A. The spectrum
taken at 355K and shown in Figure 5.16 shows that unlike’the spectra of
hydrated ferrous A the'relative areas of the two doublets do not appear
to change with temperature. Also;the 80K spectrum shown in Figure 5.16
shows a more complex structure.and is apparently composed of at least
three doublets. The parameters fitted to these two spectra are listed
in Table 5.9B. Two further spectra were taken of the sample after’
ammonia had been sorbed to give an equilibrium pressure of 0.9 kNm—2
over the sample. The two spectra,  taken with the sample at 300K and
80K, are shown in Figure 5.17. They are very similar to the tﬁd épectra
of Figure 5.16 and the parameters obtained from fitting these two. spectra
are given in Table 5.9C.

The temperature behaviour of the spectra from both samples of
ferrous-A is most unusual. A comparison of the relative areas under
the various peaks in the spectra shows that the site giving the inner
doublet in the spectra at 355, 300 and 252K (referred to as site A)
appears to change into two sites at‘8OK_(referred to as sites A' and
A" whefe A' gives the lowest Q.S. value and A" the largest Q.S. value).
The sité giving the centre doublet in the 80K spectra ;nd the outer doublet
in the other spectra (site B) has approximately the same relative area
in every speétrum indic5£ing that both sites A and B have similar
recoilless fractions, and that site B is not affected by temperature in
a similar manner to site A. The changes occurring are illustrated more

clearly in Figure 5.18 where the tentative temperature dependences are

.shown for the Q.S. and I.S. values of the various sites. No differentiation
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Figure 65.16

Two spectra of ferrous-A, with sorbed ammonia,

at 355K and at 80K,
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Figure 5417

Two spectra of ferrous-A with ammonia sorbed to 0.9kNm™?

equilibrium pressure, taken at 300K and 80K.

"100.0

bj
g
>
[ 4
>
>
P
1

‘99 -8

-88.2

'98 -8

~88 .4

~98.0

-7 .6

-3.50 -2.50 ~-1.50 -0.50  0.50 1.50
VELGOCITY (MM/SEC}

2.60 8.50 4.50



30

2-5

mm/sec

15

194

Figure 5.18

Tentative temperature dependences i“or the parameters derived
from the spectra of ferrous-A with a small amount of sorbed

ammonia (O and—-) and with a large amount of sorbed ammonia
(O and ----).
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is shown between -the equivalenﬁ sites in the two samples of ammoniated
ferrous-A. Even thqugh the I.S. and Q.S. valués for a site do differ
the same temperature beﬁaviour was found for botﬁ samples. Also the
ferrous ions were distributed amongst the sites in the séme proportions
in botﬁ samples. Thus, tﬁe processes which produce two ferrous ion |
sites at high temperatures and three éites at low temperatures appear
independent of the amount of ammonia present.

A number of mechanisms have been investigated to determine the origin
of the different ferrous iron sites but at present there is not an entirely.
satisfactory explanation for the various sites. The most difficﬁlt
aspect of these spectra to explain is the occurrence of tﬁe two distinct
sites for the ferrous ions in the room temperature samples. The
proportion of the two sites (A and B) is not affected by the amount of
ammonia present or the temperature of the sample (the ratio of site B
to the sum of sites A' and A" at 80K is the same as the ratio B to A at
higher temperatures). - Thus sites A and B are independent of each other.
In the previous sections most sorbates have been found to interact
equally with all the ferrous ions unless steric effects interfere-and to
invoke now the concept of two independent ferrous sites appears in
conflict with these previous results.

These two sites cannot result from different numbers of ammonia
molecules coordinating to different cations as excess ammonia would then
remove the difference. The two sites cannot arise through some complexes
being formed with ammonia coordinated to the cation from both sides of
the sodalite window as both sites were formed when ammonia was sorbed
at.a low temperature. -The most likely process is fhat some 50-60% of
the cations move from the sqdalite window to a four oxygen ring adjoining
the window.‘ This site would offer a less-cramped position for fhe ferrous-
ammonia complex. Assuming the cation in both sites has the same number

~of coordinated ammonia molecules, then the cation in the four-ring site
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has a higher coordination number. This site could be relatéd to site B
which does have a slightly higher I.S. value than site A. The random
movement of some 60% of the cations from site A to site B is assumed to
occur on sorption of the ammonia and to be non-reversible, accounting for
the independence of the two sites. No reéson can be given at présent
why such a process should occur witﬁ'ammonia and not other sorbates,

but the proposed movement does account for the room temperature spectra.
Hovever, the reason for site A giving two sites A' and A" at 80K wﬁilst
site B remains unchanged must also be considered. Three mechanisms have
been considered to account for the change occurring to site A. Firstly
a jumping process as described for ethylene sorbed into ferrous-A is a
possibility. The presence of excess ammonia should greatly affect the
amount of the two sites A' and A" if the two sites represent a complex
with and without one ligand. The I.S. difference between sites A' and
A" is almost the same as that between sites A and B at room temperature
suggesting that, as suggested for sites A and B, sites A' and A" do

have different numbers of coordinated ligands. Of course, sites A' and
A" should not be considered as two separate sites, but due to each

- ferrous ion seeing two different environments. However, if site A'
with the first sample and A" with the second sample (having the lowest
I.S.values of site A' and A" in each sample) do represent a ferrous ion
that has momentarily lost a ligand the question arises as to why are the
site B ferrous ions not similarly affected and, as site B is not affected
why is the recoilless fraction of site A not much lower than that of ﬁ.
Site A would in this model represent rapid exchange between sites A' and
A" and so be a time aveﬁaged spectrum. The motion of the ligands should
affect the recoilless fraction in a manner similar to that seen when
ethylene is sorbed in ferrous-A. - At present no explanation for these

problems can be put forward.
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Another mechanism considered for the process giving sites A'

and A" from site A is the possible dissociation of ammonia in a manner

analagous to the process suggested for sorbed water. The equilibrium
reaction
2+ > 2+, - +
(2-0) JFe” "(NH,) T (Z-0) Fe™ (NH,)(NHg) .+ Z-O-H

is less likely to occur than tﬁe equivalent dissociation of water
Ammonia forms weaker hydrogen bonds than water and liquid ammonia
has a lower reactivity than water. Also the same questions arise with
this process as describéd above for the ﬁumping process. If site A
ammonia molecules can dissociate wﬁy not site B? With tﬁis mecﬁanism
the problem of the similarity of the fécoilless fraction of sites A and B
does not arise, but the I.S. difference between sites A' and A" is no
longer accounted for. Also some effect of tﬁe excess ammonia on the
position of the equilibrium migﬁt have been expected whereas there is
little difference between the relative proportions of sites A' and A"
in the two samples studied. Thus the dissociation process does not
appear to lead to a satisfactory explanation of the spectra.

A third possibility is that the motion of the ligands can affect the
spectra.  Two previous Mossbauer studies of the iron(II) hexamine complex,
[Fe(NH3)6]2+;have shown this material to give a very unusual Mossbauer
spectrum of a single line at room temperature that changes to a doublet

at around 109K.(lul’142)

The U.V. spectra of this complex show that there
is a splitting of the lower d orbitals indicating that the complex is

not perfectly octahedral, and a quadrupole splitting should theréfore

be seen. The single line Mossbauer spectrum could arise from a dynamic
Jahn-Teller effect which ieads to a time averaging of the e.f.g. over

the Mossbauer event time.(lul) Another study(luz) proposed that free
rotaﬁion of ?he NH3 ligands about tﬁe Fe-N axis could also lead to an

averaged e.f.g. at the nucleus. This model accounts for the appearance

of a doublet in the Mossbauer spectrum at 109K by suggestiﬁg tﬁat the
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ligands become locked in preferred positiqns at ﬁhis temperature. The
Q.S. is then no longer averaged to zero and the doublet is seen.
Similar behaviour has been found with Ni(NH3)62+.(143) A related
mechanism can be proposéd to explain the origin of the two sites A!
and A" at 8OK.

The ammonia moleéules_attached'to site A ferrous ions are assumed
freely rotating, whilst those attached to site B cations are held firmly
in place by hydrogen bonding. On cooling the site A molecules begin
to slow until at some temperature (<252K) the ferrous-complex has a
defined geometry during the Mossﬁauer event. Tﬁus a different site is
seen at 80K than at higher temperatures. Unlike the hexemine complex
described ghove the cooling ﬁroduces two sites,A' and A",from one (A).
This could arise from two distinct geometries being poss;£le though the
large Q.S. of site A" (almost twice that of site A') indicates largg
differences.in the geometry of the two sites. It is difficult to see
how vibration/rotation effects could give this. Also the different I.S.
values of site A' and A" indicate very distinct differences between fhe
geometry of the two sites. As with the other two proposed mechanisms
the idea of a rotating ligand is also inadequate to account for the results.

Cleérly the sorption of ammonia into ferrous-A requires more
detailed study if the processes occurfiqg are to be elucidated. Since
some unknown processes appear to be operating the original assumption that
no ammonia enters the sodalite cage to coordinate to the ferréus ions

from the sodalite cage may require further proof.

5.8. Ethyl Chloride

A number of spectra were taken of ferrous-A with sorbed ethyl cﬁloride
to compare with the spectra found with other polar molecules sorbed.
Initially two spectra were taken, one with approximately 3.6 millimoles

of ethyl chloride sorbed per g of zeolite, and the other with the zeolite
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fully saturated and with a pressure of 42 kNm_2 of ethyl chloride over
the sample. The spectra are'sﬁown in Figure 5.19A and B. As with
previous sorbed polar molecules the spectrum at low coverage contained
an outer doublet due to the complex formed in the zeolite. However,
the parameters fitted to this spectrum, listed in Table 5.10 show that
the inner doublet is also affected by the sorbed molecules. In the
previous spectra with polar gases sorbed into the zeolite the parameters
of th; uﬁcomplexed ferrous ions do not show any major changes. The
spectrum of the saturated zeolite also shows the product spectrum to
consist of two doublets. Thus fitting the partially saturated zeolite
with only one product doublet probably leads to some distortion of the
inner doublet but this cannot account for the éhange found in the I.S.
of the inner doublet.

. After the saturated sample had been pumped for 16 hours at room
temperature, a spectrum was taken and this showed that some cﬁaﬁges ﬁad
occurred in the proportions of the two sites present. The spectrum is
given as Figure 5.19C. The fitted parameters (Table 5.10) show the I.S.
and Q.S. have also increased over those of the filled zeolite. Further
degassing of the sample at 97°C for 3 hours led to a further increase in
the Q.S. as clearly is seen in the spectrum, Figure 5.19D. In this
spectrum the inner doublet is fitted with the larger area whereas in
the previous two spectra the outer doublet was the iarger.

Heating was continued at 190°C for 18 hours and the spectrum in
Figure 5.20A shows some of the uncomplexed iron has reformed. However,
this is only about 40% of the total iron and indicates that the complex
with the ferrous ions mﬁét be very strong. Heating at 360°C for 10 hours
gave the spectrum in Figure 5.20B. This shows that some 25% of the ferrous
ions have still not returned to the original uncomplexed state.

Another sample of ferrous-A treated with ethyl chloride and heéted

to 410°C for 2 hours gave a similar spectrum to that shown in Figure 5..20B.
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Figure 5.19

Spectra of ferrous—A zeolite with sorbed ethyl chloride.

Details of each spectrum are given in Table 5.10.
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Figure 5.20

Spectra of ferrous-A zeolite after heating to remove

ethyl chloride at 190°C (a) and at 360°C (B).
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" "TABLE = '5.,10.

Parameters fitted to spectra of ferrous-A with sorbed ethyl chloride

(Figure 5.19 and 5.20).

Spectrum Treatment Isomer Quadrupole FWHM Area
' Shift Splitting  +0.03mm/sec %
+0.02mm/sec +*0.03mm/sec
A 3.6 millimoles 1.22 0.74 0.48 36
: sorbed per g )
of zeolite 1.32 1.82+0.06 0.96 64
B Equilibrium 1.28 0.98+0.05 0.52 38
pressure of ]
42 kNm™ 2 1.31 1.9240.06 © ~ _0.76 62
c pumped, room 1.33 1.16 - 0.53 34
temperature 1.34 2.00 0.68 66
D heated 97°C 1.33 2.27 - 0.46 28
for 3 hours _ '
in vacuo 1.34 1.640.1 0.78 72
Fig. 5.20A heated 190°C for 1.07 0.47 0.34 43
18 hours in vacuo 4 4 2.14 0.65 57
B heated 360°C for 1.06 0.45 0.36 65

20 hours in vacuo 4 ,0.4 gy 1.97+0.1 1.040.2 35
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The sorption capacity of the zeolite did not appear affected by the ethyl
chloride tréatment. Ethanol was sorbed in'this zeolite sample and the
spectrum obtained was the same as those described in Section 5.2.
Evidently full desorption of the ethyl chloride appears to require
prolonged treatment, yet tﬁe cﬁanges in the inner doublet of the sample
with a small dose of ethyl chloride suggest some weakly bonded species
are éresent. The possibility that tﬁe ethyl chloride might be
decomposing into ethylene and hydrogen chloride on contact with the
zeolite was investigated. The presence of ethylene would account for
the changes in the inner doublet and bonding of the chloride ions to the
ferrous “ions could be the cause of the Strongly'bonded complex. Tﬁe
proton remaining could be mobile and account for the appearance of two
doublets from'the ferrous-sorbate complex by jumping between tﬁe lattice
and comple% in a similar manner to that suggested as occurring when watér
is s?rbed into the ferrous ions.

Another sample of ferrous-A was prepared with a small 2.0 millimole
dose of ethyl chloride per g of zeolite. The spectrum of the initial
starting material and the spectrum of the sample containing the sorbed gas
are shown in Figure 5.21. Two spectra cbtained after pumping the sample
at room temperature with a cold trap for 1 and 16 hours are also
included. The degassing is slow but clearly has a large effect on the -
spectra. The gas removed was analysed by mass spectrometry.. The
spectra obtained showed the gas to contain > 95% ethylene.‘ A small
trace of ethyl chloride was detected but evidently nearly all the ethyl
chloride adsorbed had been decomposed to ethylene. An attempt‘was
made to detect hydrogen hhloride gas in a sample taken from the zeolite
by heating to 230°C but surpriéingly only ethylene was detected.

The spectra of samples where ethylene is still present namely

Figures 5.19A and 5.21B and C are difficult to fit satisfactorily.
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Fig‘ure 5-21

Spectra of ferrous-A with sorbed ethyl chloride.

Details of each spectrum are given in Table 5.11,
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The plotted envelopes are derived from fitting two doublets tQ the
spectra. There is insufficient detail in the spectra to allow a three doublet
fit whereby the outer product peaks could be treated as two doublets.
The parameters obtained froﬁ fitting the spectra of Figure 5.20 are
‘listed in Table 5.11.

The remarkable feature in the spectra of Figure 5.21 is the éﬁanges
in the relative areas under the inner and outer peaks when the ethylene
is removed. From the earlier work on ethylene sorption these changes
can be related to the ability of tﬁe ethylene molecules to move around.
While this can account partially for the decrease in I1.S. and area of
the inner doublet as ethylene is desorbed it is difficult to see how tﬁe
mobile ethylene molecules can affect the ferrous-éhloride.comﬁlexes to
the extent seen. This suggested that when the ethylene is present an

equilibrium of the form of

Cl
2+ 2+/ 24 - +
(z-0) Fe” - C1L - C,H, or (Z-0),Fe ~.\/_C z (Z-0) Fe” Cl + Z-O-H +CH,
Z -0 -H--c”
could occur. Desorbing ethylene moves the equilibrium to the right
and only then do the ethyl chloride molecules break down. However, thé

I.S. of the inner doublet suggest that ferrous ions without attached
chloride ions have ethylene molecules associated with them. The épecies
on the right should be (Z-O)3Fe2+~02H4 and not free ethylene. This
mechanism still'does not account for the changes in area between the
spectra in Figure 5.21 unless it is assumed that the ethylene molecules
which jump to a (Z-b)SFe2+Cl_ site interact sufficiently to decrease

the recoilless fraction.; This site should be less favoured fhan a

bare ferrous ion sifé and fewer jumps ﬁill occur to these sites.

Thus the frequency of jumps could be in the region where a minimum
recoilless fraction is seen. The ferrous sites without chlori&é ions
are nearly covered with ethylene molecules and their recoilless fraction

is in the high region. This is in accord with the I.S. values for the
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" 'TABLE 5.11.

Parameters fitted to Spectra of Figure 5.21

Spectrum Sample Treatment Isomer Quadrupole  FWHM Area
Shift Splitting +0.03mm/sec %
+0.02mn/sec *0,02mm/sec

A Dehydrated 1.07 0.43 : 0.49 -
ferrous-A :

B 2.0 millimoles 1.17 0.63 0.55 ug
ethyl chloride , :
sorbed per g. 1.36 1.86 0.79 51
of zeolite

C Pump room 1.1y 0.61 0.52 . 36

' temperature
1 hour. 1.35 1.87 0.78 64

D Pump room 1.13 0.49 0.53 21
temperature 1.36 1.67 0.59 32
16 hours

1.35 2.27 - 0.37 47
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inner doublet.

The effect of éthylene molecules moving on and off the ferrous
chloride complexes sﬁould give it an averaged Q.S. and I.S. value
different from tﬁat seen with no ethylene present. This would account
for the spectra of the samples with small doses of ethyl chloride being
reasonably fitted witﬁ only two doublets. |

Mention was made that the proton from tﬁe HC1 remaining in tﬁe zeolite
after the ethylene is desorbed is probably mobile and an equilibrium
such as

(Z—O)3Fe2+—Cl_ + z-0-H' 2 (z~0)3Fe?T—c1—H
could account for the apparent two iron sites seen in the spectra. In
the spectrum 5.19A this process no longer seems to be occurring, tﬁqugh
to get the irén back to fhe original state such a brocess as above must
occur. The failure to detect HCl after heating the zeolite to 2300C is
also puzzling’and suggests possibly that the chloride ions are reacting
with the lattice and not being desorbed. Why they should do this rather
than stay coordinated to the ferrous ions is not known. The mébile
proton does seem the best explanation for both the spectra seen here
and for the loss of chloride from the ferrous ions at highevhtemperatures.

The results obtained here may be compared with the results of an
infrared spectroscopic study on the interaction of n-propyl chloride with

a number of Y zeolites containing different cations.(lss)

The zeolites
were exposed to 13 kNm‘-2 pressure of the gas and then evacuated at room
temperature to remove excess gas. The infrared spectrum of the sambles
showed the formation of two different OH groups. The bonds were strongest
with zeolites containing-multi—valent cations and their intensity showed

a strong dependence on the particular cation present. The presence or
absence of surface cations after various degassing treatments was observed
’ (139)

using the cation specific carbon monoxide adsorption technique.

Temperatures above 400°C and heating times of 1 hour were found necessary
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to remove the hydroxyl groups formed by the n-propyl chloride and allow the
CO bands to be seen when this gas was added to the sample. For Cobalt-Y
and Zinc-Y temperatures of 490°C and 500°¢ ;ere used whereas for Magnesium-Y
400°C was sufficient. | These temperatures are much higher tﬁan the 190°C
used in this study to achieve around 50% degassing of the ferrous-A zeolite.

The results of the infrared study were interpreted in vefy much
the same manner as described for tﬁe ferrous-A results, though no attempt
was made to detect either ethylene or HC1 gas. The CO adsorption results
are in agreement with the chloride ions being coordinated to the surface
cations,as found here. Tﬁe formation of hydroxy% groups accounts for
the proton and their removal at high temperatures show the protons to re-
combine with tﬁe chloride ions.

One intereséing feature of tﬁe infrared results is. the appearance of
the hydroxyl groups after the excess gas (including presumably n-propylene)
1s pumped off. This gives further weight to the suggestion that the
ethyl chloride does not dehydrohalogenate to a great extent until the
system is perturbed by pumping.

The formation of two OH bonds in the I.R. spectra which are also
seen in decationized zeolites is generally believed to represent OH
groups which differ in the position of the oxygen atoms in the zeolite
framework. These two groups are known to differ significantly in their
reactivity with adsorbed molecules. The proportion of each group
formed was found to be cation dependent and possibly the position of theA
cations direct the proton to a nearby oxygen atom, or it could also be
a measure of the polarizing power of the cation. The Mossbauer results
suggest the proton is mobile and can move to and from the iron-chloride
complex. The extent of mobility is not known. It could be restricted
to jumps between a nearby oxygen atom and the complex,. or it could move

freely between different lattice oxygen ions. The former model would

give the behaviour noted in the IR spectra.
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The sorption and consequenﬁ dehydrohalqgenation of n-propyl chloride

on the Y-zeolites was discussed as a technique for introducing hydroxyl

‘ )
~groups into the zeolite. The normal technique for producing hydroxyl
groups is to exchange ammonium groups into the zeolite and then remove the
ammonia by heating. This produces a decationated zeolite. The loss
of cations can adversely affect fhe zeolite structure sc a method that
introduces hydroxyl groups without decationization offers distinct
advantages. Also the proportion of two different types of hydroxyl
groups may be varied by choice of cation.

The ethyl chloride results suggest tﬁat hydroxyl groups may be
introduced into zeolite-A in a similar manner. ° Normally few,‘if.any,
free hydroxyl groups form in A-zeolite which accounts qu its low catalytic
activity. This technique offers a way of increasing the catalytic
activity of A zeolite. This may enable A zeolite to be used as a small
pore catalyst and clearly studies on the catalytic activity of such a
treated A zeolite would be worthwhile.

The breakdown of the ethyl chloride may not be specifically a
result of the presence of ferrous ions in the zeolite. Tertiary butyl-
chloride has been found to decompose in a similar manner when placed in
contact with calcium—A.(Ss) As the large molecules cannot enter the
zeolite cavities this decomposition takes place on the surface of the
crystallites of zeolite. Long contact times between the zeolite and
t-butyl chloride gave a range of high molecular weight olefins. The
suggested reason for the decomposition was the shift in the equilibrium

(CHg) ,C C1 2 (CHg4),C = CH, + HCL.
by sorption of the HC1 into the zeolite. However, little isobutene_ﬁas
detected,-the primary product being olefins with eight. carbon atoms.
This shows the reaction requires a proton to form a carbonium ion
(CH3)3C+ whiéh reacts with another isobutene to form a number of C_ olefins.

8

Further reaction can yield higher weight olefins.
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The mass spectra of the gas desorbed from the ferrous-A samples
show that the polymerization reaction does not occur upon the decomposition
of ethyl chloride. The ethyl chloride was in contact with tﬁe zeolite
for several days and even if the reaction was slow some higher weight
products sﬁould Have been detected. As little ethyl chloride was
detected the reaction mechanism suggested above is probably occurring
with ethyl chloride also. If tﬁe reaction reqhired a cation to polarize
the molecule then the geaction would cease once all the catioﬁ sites
were covered. This is.not tﬁe case as most‘of tﬁe ethyl chlorid¢
was decomposed even when excess was'present. No measurements were made
on the extent to which the zeolite will continue to decompose etﬁyl

chloride as more 1is added.

However, the dehydrohalogenation of ethyl chloride over calcium-A
. (140) ' . i .

has been studied. Contact between the zeolite and the gas for 10
minutes at 260°C gave some 82.5% conversion to ethylene. There was no
evidence of polymers forming. Longer contact times leéd to a decrease
in the amount converted and crystalline chlorides were detected in other
zeolites which also showed similar catalytic activity towards ethyl
chloride. The high temperature required to promote the reaction over

calcium-A indicates that the ferrous ions in ferrous-A do play a role in

the catalytic activity of the zeolite.

5.9. Other Gases sorbed into Ferrous—-A

The effect of the sorption of a number of other gases on the - Ferrous-A
spectrum was tested. These gases either gave little or no effect and
are included here for completeness.

Piperidine is too large to enter the A-zeolite pores and gave no effect
on the spectrum as expected. This sﬁows the ferroﬁs ions to be
internally sited in the zeolite.

Straight—cﬁain ﬁydrocarboné are only sorbed by A-zeolite when some 30%

of the sodium ions have been replaced by divalent cations. This allows

LA
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free access between the. large cavities of molecules whose critical
diameters are in the 0.4-0.5 nm range(s). N-pentane has a critical
diameter of 0.489 nm and is sorbéd by ferrous-A. Two spectra were
made with the zeolite saturated with n-pentane and in both spectra a
small increase was observed in the Q.S. The average parameters were
I.s. = 1.09i0l02mm/sec and Q.S. = 0.51*.03mm/sec. This in&icates there
is a small change in the electric field gradient at the iron sites when
the éages are filled with non-polar molecules., -

Attempts were made to sorb carbon monoxide into Ferrous-A but even
with high pressures (27 kNmTz) no sorption waé.found. The spectrum of
the sample also sﬁowed no cﬁange in the presence of carbon monoxide.
Evidently the carbon monoxide cannot bond to the ferrous iqns sufficiently
strongly for sorption to take place. This is in contrast to transition-
metal containing Y-zeolite where carbon monoxide will bond to cations

sited in the supercage.(lsg)

The infrared spectra of CO on these
zeolites show cation-specific bonds and these have been used to determine
cation positions.

Oxygen has no effect on ferrous-A at room temperature; Heating
ferrous-A in oxygen at 350°C oxidised most of the iron present to give
the spectrum shown in Figure 4.1.. The ferric ions could be reduced
baék to the ferrous form by heating the sample in hydrogen. Extensive
heating of the ferrous-A in hydrogen at 505°C for 10 hours did not give
any further reductiocn. | There was no evidence of reduction to iron metal

as has been found with some other zeolites.(loo)

(14) The sorption of iodine into

Iodine can be sorbed by CaA.
ferrous-A turned the zeolite a dark brown colour. A very weak Mossbauer

spectrum indicated some ferric iron was present.
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CHAPTER 6

v - - - . - - LS )
A discussion of ferrous ion coordination in zeolites

'6.1.  The coordination geometry of ferrous ions in A zeolite

As discussed in Section 4.2.3. the most favourable site for
ferrous ions in A zeolite is in the six-membered window. The ferrous
ions could howgver, coordinate to a hydroxyl group to give four fold
coordination with a distorted tetrahedral geometry. The sorption of
water has been shown to give two different environments for the ferrous
ions and this appears to occur through the dissociétion of a coordinated
water molecule to give such a hydroxyl group. This process occurred in
the presence of other water molecules and the species fo;med was
(Z—O)3 F82+(H2O)H(OH_) whéré n is 1 or 2, depending on the original
geometry of thg cation before water was sorbed. However, the detection
of the dissociation process in such conditions does not imply that the
species (Z—O)3 re?*oH” could remain after dehydration at temperatures
as high as 525°¢C.

There are two processes by which the coordination of the ferrous
ions could be further altered on extensive dehydration. These are:-
1) recombination of jhe hydroxyl group and proton followed by the loss
of water, viz.

(z-0), Fe2+(OH—)_+ 'z_—o'-.H"“ + (2-0), re?t 4 H,0
2) the loss of water {hfoﬁgh.the association of two Fe(OH ) groups
and thé formation of a bridged complex

2(2-0), §e2+(0H') > (2-0)_ Pe2+-0—'Fe2+(Z—O)m
where m and n signifies that one or both of the ferrous ions may move
from the sodalite window to allow this_process to occur.

Taking the first process there is an interesting comparison here

with the process found after ethyl chloride had decomposed in the zeolite.



213

Consider the species.(Z—O)aFe2+(Cl_)n(OH‘) remaining after the ethylene
is pumped off. Strong heating did remove the chloride ions from the
iron tﬁqugh the HCl was not detected. The process that probably
occurs, vis.
2+, - - 2+ .~
(2-0)gFe” (€1 ) (OH ) + n(H-0-Z) + (Z-0),Fe” 'OH + nHCl
could also lead to loss of water by the process

(z—o)sFe2+(01‘)n(0H‘) + n(H-0-2) - (Z-O)3Fe2+Cl_ + H,0 + (n-1)HC1.

2
The deciding factor would bé the relevant preferences of the proton
for the OH or Cl anions, and the bond strengths of H2O and HC1l to the
ferrous ions. It is difficult to éstimate whether the second process
could occur, The relevance of the process by which HC1 is lost is
that if the proton can reassociate with the chloride ion-at around
200°C then there is no apparent reason why the hydroxide ion and a
proton cannot also reassociate at some temperature ﬁelow 525°¢.,
Consider the second mechanism above, whereby Fe2+—O—Fe2+ bridged
species are formed. These have been suggested to occur in transition

(27’28)_ In A zeolite such a

metal exchanged faujasite zeolites
species could be sited in the sodalite cage with the two ferrous ions

in adjacent six-membered windows. The ferrous ions would need to move
into the sodalite cage to give the most favourable coordination distance
between the bridging oxygen atom and the ferrous ions though this must
be only a short distance or the accessibility of the ferrous ions to
sorbed gases will be reduced. Thé distance is determined>by how

close the bridging oxygen ions can approach the lattice oxygen ion that
is situated between the two ferrous ions. The geometry of the Fe-0-Fe
complex in relation to the sodalite cage ions is shown in Figure 6.1.
This shows a diagonal slice along the (1,1,0)plane through a sodalite

cage. The ferrous ions, in complex A, are shown as having moved

slightly out of the plane of the sodalite" window into.the cage.’
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Figure 6.1

A section along the (110) plane of the ferrous-A
7 unit cell showing two possible positions of a
- Fe?t 0— Fe?t complex. Position A in the sodalite
cage draws the ferrous ion into the cage whereas
position B requires a ferrous ion to move into a

position on the side of a four membered window.

N

Axis

(110) plane ——
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Though it is difficult to show in a planar diagram, iny small SorbaFe
molecules would be able to approach the ferrous iqn in this position.

Tﬁere are otﬁer positions the bridged species could occupy.
These involve one of the ferrous ions being sited in coordination with
one of the four oxygen rings bordering the large cavity or in the
sodalite cage adjacent to the four oxygen rings leading into the small
cages joining sodalite cages. The latter situation is ruled 6ut
since such a position is completely inaccessible to a weakly sorbed
molecule such as ethylene, whereas the spectra show all cations can be
equally approached by the ethylene molecules. The movement of a
cation to one of the four-ring sites is more feasible and the geometry
of this site is shown in Piguré 6.1B. In %his model both ferrous ions
remain in the large cavity where they are accessible to the sorbed
gases. However, the two ferrous ions are now no longer in similar
coordination geometries. This is expected to be readily seen in tﬁe
spectra of the dehydrated ferrous-A but there is no evidence of two
sites in the spectra. It is unlikely the two sites would give the
same I.S. and Q.S. values, and it appears that the species Fe2+-0—Pe2+
can not be present in tﬁe dehydrated ferrous-A.

Probably the most conclusive factor in deciding the coordination
of the ferrous ions is the manner in which they interact with ethylene
sorbed into the zeolite. The results show ethylene molecules to be
jumping freely between ferrous sites and the interaction seen is between
one ethylene molecule and one ferrous cation. Now if the ferrous
species present were (Z—O)BFe2+(OH-) and the hydroxyl group was directed
into the large cavity the ethylene molecule would be unable to approach
the ferrous ion closely. The interaction seen 1s certainly more than
the small pgrturbation caused by a nearby preseﬁce of an ethylene

molecule to the ferrous ion. This appears to rule out the.poséibility
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of a hydroxyl or bridging oXygen ion c?ordina?ed tg ?he'irqn on the
large cavity side. If the hydroxyl is in the SOdalite cage the '
ferrous ion is drawn into tﬁe sqdalite cage and to enable molecules
such as ethylene and ethanol to coordinate, it must move back through
the window to the large cavity. However, not all the six-membered
windows contain ferrous ioms. . There are sodium ions in the windows
not occupied by ferrous ions and the sodium ions are on the large
cavity side of the window(ll’lz). If the ferrous ions are on the
sodalite cage side of thé window, the sodium ions would then have
the greatest electrostatic attraction for the ethylene molecules. The
large effeét of the first few molecules of ethylene on the recoilless
fraction of the ferrous cations show the preferred site fér the ethylene
molecules to be the ferrous ioms. Thus it must be concluded that the
most likely coordination for the ferrous ion in A zeolite is in planar
three~fold coordination. In-this coordination the molecules can
easily approach the ferrous ioms. The interaction with ethylene
molecules is readily achieved, the major attractive force being the d
orbitals extending along the direction of the 3-fold axis of the window
towards the m-bonds of the ethylene molecule. Adsorption of ethahnol,
methanol or water leads to the formation of complexes of the type
(Z—O)sFe2+(OH-R)2 where R = H, CH, and C,H..  Two molecules probably
represent a maximum packing density around the cation on the large
cavity side. The nature of the sorbate complexeé will be considered
further in Section 6.2.

The theory given in Section 2.1.2.2. may be used to compare the
experimentally observed temperature dependence of the quadrupole splitting
for the ferrous ion in the three-fold coordination site with the crystal

field predicted dependence. Planar three-fold coordination was méntioned

as being a special case in the theoretical treatment for C_, symmetry.
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If the outer three oxygen lons of the window are also included then the
coordination is no longer planar. These three are approximately 0.30 nm
from tﬁe centre of the window and approximately 0.03 nm above the plane

(ll’;Q). The two triads of oxygen ions are

of the three inner oxygen ions
rotated w/3 with respect to each other and form a shallow dish with the
concave side towards the large cavity. The deviation from planarity will

be small and the energy level scheme, expected for the ferrous ion can

be assumed to be given by the first order solution, shown below.

I dx2—y2, dxy.
A2 . dxz, dyz

A
I S

The almost temperature independent Q.S. seen for dehydrated ferrous-A
over the range 80K to 650K shows the splitting Al to be > 1500 cm—l.
The orbital d22 was also shown in Section 2.1.2.2. not to be split by

spin orbit coupling, also in line with the temperature independence.

The valence contribution of the dz° orbital is given by

__ 4 2 -3 Y2
(Q‘S')valence =-ge < 2 Q@1 Ro)a

Depending on the eéffects of covalency, the value of the valence contribution
will be in the range - 2.0 to - 3.0 mm/sec. The lattice contribution
was shown to be related to Al and A2 (as they would be calculated by
crystal field theory).
Q(1-v,)

T - (A_-2A)
<r2> 12

by (Q'S')latticé

This expression is in fact derived for the special case of the first order
solution being exact.

- The splitting, Al, has been estimated as >J.SOOcm-l but no direct
estimate can.be'made of A2 from the data; However, lODq splittings

found for high spin ferrous compounds are generally around 10,000 cm_l and
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A2 brobébly has a value of this order. The value of'(Ai—QAQ) is then

1

@ ~18,500 cm ~. The negative values of this term gives (Q.S.)

(87)

lattice
a positive value. Then using a value of (1-v) = 10.11

028 mz) (150)

a

quadrupole moment Q of 0.19 barns ( = 1.9 x 1 and a value

of <r2> = 3.89 x 10~3 nm2, calculated from Hartree-Fock radial distribution

BU4)

functions for 3d wavefunctions,( a value of (Q.S.)

lattice of
2.6 mm/sec is found. (The energy conversion 1 cm_l = 2,583 x lO3 mm/sec
was used.)

The various constants used above are, at best, estimates. - Both the
antishielding factor and’<r2> will be affected to varying'degrees by
the covalency of the ferrous—oiygen bonding. There is still uncertainty
in the value of Q though the range of possible value has been narrowed to

(58’;50) However, as the value of A2 was an estimate

0.18 - 0.21 barns.
only, the variation in these 'constants' is not significant. The theory
does predict that_the lattice component of the Q.S. will have a similar
magnitude to the valence component. As they are of opposite sign, they
will cancel to yield a small Q.S. value, as was observéd.

Some attempts were made to refine the above calculation by determining
values of Al and A2 with the use of crystal field theory as outlined in
Section 2.1.2.2, Following the method described in that section the
o
T

only two terms required if the assumption of planar geometry is made.

lattice sums were performed to obtain values of B; and B These are the

However, initially the lattice sums were extended out to 2.5 nm radius

: . . . x
from the central ion to get convergence in the sums. In this case B43

was also determined. It was found however, that Bg, which directly

determines (Q.S.) , converged slowly to a very small value.

lattice

This unreal effect is through the number of atoms increasing as r2 (where
r is the distance from the central ion) whilst their effect on Bg decreases
as l/r3. This leads to a slow convergence of the value of Bg and the

greater number of atoms at a large distance from the central ion can
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outweiéh the effect of the few ions élqse Fg Fhe_cenfral i?nf
Calculations were then made taking into accqun? gnly ﬁhe six nearest
oxygen ions and using tﬁe’éxtended ligand model to increase their effect.
The inner oxygen-iron distance was estimated as>0.22 nm and the outer
oxygen-iron distance as 0.30 nm. Then assuming charges of -2,0 on each

1

oxygen ion values of Al and A2 were calculated to be 1,400 cm ~ and

15,400 em™t respectively. This gives a (Q.S.) of 4,09 mm/sec.

lattice
The six Si or Al atoms forming the six membered window at é 0.28 nm from
the ferrous ion have not been included in the calculation and so the values
calculated are pfobably an over estimation of the actual value. A

lower value is obtained if the charge on the oxygen ions are assumed to be
less than the full -2 value. This is a reasonable assumption since the
oxygen ions are coordinated to a silicon and an aluminium atom. Tﬁe
choice of value for the charge is therefore, somewhat empirical,

With the variation in ligand charge included the calculations can at

best indicate the range within which the Q.S. will be found. The value
of 4,09 mm/sec for the lattice term becomes now an upper limit to this

term. Taking the (Q.S.) term to have a value of between -2.0 and

valence
-3.0 mm/sec the final Q.S. value would appear to be in the range
+1.5 to ~1.5 mm/sec.

Thus the calculations are unable to give an accurate estimate of
the Q.S. though they are valuable in showing that it should be temperature
iﬁdependent and of magnitude controlled by the cancellation of the two
components of the e.f.g. The planar geometry for the ligands surrounding
the ferrous ions is very unusual and only one other such case has been |

L
found.(l*u)

This occurred in the mineral gillespite where the ferrous
ions are in a square planar geometry. In that case the lattice component
was determined to be greater than the valence component. Single crystals

of the mineral were available and the sign of the quadrupole splitting

was determined from the asymmetry of the two peaks due to the anisotropic
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vibrations of the ferrqus iQHSj

Any cation sited in a planar coordinatiqn si?e with no restraining
atoms above or below the plane-should show a high degree of vibrational
freedom perpendicular to the window. If the Z axis is perpendicular
to the window then <ZQ> , the mean square amplitude along the axis will
be greater than <x2>. Hence as discussed in Section 2.1.4.1.

a(= k2(<22> - <x2>)) is'positive and the ratio I

ne. (93)

3/2/1% will be less than

o The more in;ense peak was generally at the higher velocity

and can be identified with the #} -+ #l transition. The lower velocity
peak is then the *31 - *3/2 transition. A positive velocity corresponds
to motion towards the source so that the *3 - #*] transition is at a higher
energy thap the *#1 - *3/2 transition. Hence the quadrupole splitting is

negative and (Q.S.) is greater than (Q.S.)

valence lattice’

However, as the asymmetry a) was not found in every spectrum and
b) the asymmetry did not always increase with decreasing temperature,
this sign determination is not given with great confidence. Neglected
factors could also have given such peak asymmetry and thus negate the
assignment of the asymmetry to anisotropic vibration. A sign determination
of the quadrupole splitting in ferrous-A would be best done with the aid
of a magnetic field at low temperatures but the equipment necessary for
such a measurement was not available. (There is also a problem in
finding a helium cryostat which can take the vacuum cell needed to hold
the ferrous-A.)

In the study of gillespite(qu) a small temperature dependence
was found for the quadrupole sblitting and this was ascribed to an
gxpansion of the lattice with temperature. Normally the lattice contribution
to the quadrupole splitting is much smaller than the valence contribution.

However, when, as with both the square planar and 3-fold planar geometries,

the lattice term is a major contribution to the e.f.g. small variations
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in this term could be detectable. The effect of thermal expansion would
be expected to be most noticeable at higher temperatures as the volume

expansion coefficient, s for most silicate minerals appears to increase

. - L . .
with temperature.(l 5) However, assuming that o is not temperature

~

dependent and that the expansion of lattice bond lengths is reasonably
represented by the macroscopic coefficients, & then the temperature
dependence of the lattice term is given by

(3cosze—l)

(Q.S.) (T) =}

lattice r3(l+av (T-T )3
e} ‘?3_ e}

where s is the bond length at a reference temperature To'

For simplicity 6 is assumed independent of changes in r which implies

that the expansion is isotropic.  Then if av(T—To) <1
(Q'S')latfice(T) = (Q'S')lattice(To)[l-av(T_To)]
-Q(1-v_)
= ———— (A.-2A_)[1-q (T-T )]
1l 2 v o}
<r>

The thermal expansion of A zeolite does not appear to have been
measured. However, the thermal expansion coefficient for some feldspars
which also have a three-dimensional aluminosilicate framework have been

determined. These are in the range 2-3 X lO_s/oC and are temperature

(145)

estimate of the possible effect of thermal expansion on the Q.S. can

dependent, increasing by 50% over the range 100°C to 800°C. An

. -5,0
be made using a value of o of 2.5 x 10 "/ °C and a value of (Q'S')lattice

of 3.0 mm/sec at 80K. Then at 650K the (Q.S.) value is reduced by

lattice
0.04 mm/sec. This is not a large effect but is similar to the observéd
quadrupole splitting decrease of 0.03 mm/sec over the 80K to 650K range.
It is interesting to note that the quadrupole splittings found for
ferric ions in silicate minerals, which are derived.eﬁtirely from the

lattice e.f.g., cover a range of 1.3 mm/sec. The thermal expansion effect

for a Q.S. value of 1.1 mm/sec at 80K would cause a change of no more
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than 0.01 mm/sec at 650K. Thus the thermal expansign_effecF is of
negligible proportions except where the laFtice term has a very high
value.

The dxz, dyz doublet will be populated to a small extent at high
temperatures by tbe sixth d electron which will lead to a small decrease

If both contributions to the Q.S. show small decreases

in (Q'S')valence'
with temperature then combination of the two terms will lead to a
cancellation of the two decreases and the resulting Q.S. will show an
even smaller temperature dependence. The small temperature dependence
observed for ferrous-A is probably affected by such cancellation.

The positioning of the ferrous ions in the planar six-membered

window site in dehydrated ferrous-A is in accord with studies on cobalt(ls)'

and nickel-A zeolite.(l7)

The u.v. reflectance spectra of both
dehydrated zeolites show these two ions to be located in the three-fold
planar coordination of the window site. This assignment is reinforced
by the formation of tetrahedral complexes on the addition of water and a
number of sorbed gases such as N20 and ethylene. Figures given for the
dehydration of nickel-A indicate that the planar coordination of the
nickel is achieved after evacuation at temperatures between 70 and 140°¢C.
This is in agreement with the low dehydration temperature found for
ferrous-A.

The Mossbauer spectrum of cobalt-A can be obtained by exchanging the
zeolite with 57Co containing solution. This produces a source and a
spectrum can be taken of this source using a single line adsorber.

This has been done and the results of the study have been given elsewhere.(lqa)
The spectra obtained(confained two components. One, of most interest,

was a narrow doublet with a temperature independent quadrupole splitting

of 0.50 *.02 mm/sec. The room temperature isomer shift was 1.04 *.02 ﬁm/sec.

The other component was a doublet with a Q.S. of 2.05 +.03 mm/sec and I.S.

of 1.33 mm/sec at room temperature. This doublet was present after



223

repeatea dehydration of the sample and is assigned tg effec?s Qf the
radioactive decay of the 57Cb. Tﬁere were no detectable contributions
from ferric spectra. From this the possibility of (Z—O)3C02+(H20)
speciesvbeing present can be ruled out as water is known to stabilize
the formation of re>t species on decay.(lu7)

The inner double% with very similar parameters to those found for
the ferrous-A spectra indicates that the Fobalt and ferrous ions are in

(16) this

very similar geometries? Allied with the u.v. reflectance study

is further evidence for the planar geometry for the ferrous ions.
The conclusion that (Z—O)sFe2+-OH— species are not present in

dehydrated ferrous-A is also in accord with an infrared study on dehydrated

nickel—A.(SQ)

Evidence was found that on partial dehydration at
150-200°C the water ions remaining were coordinated to the nickel ions.
Further dehydration above 200°C removed these water molecules and did not
give any hydroxyl bonds.

The electric fie;ds around cobalt, nickel and ferrous ions are
expected to be very similar since the three cations have the same charge

(148)

and their ionic radii differ by no more than 0.002 nm. Thus it is

not unexpected for all three to be found in the same coordination geometry.

in dehydrated A zeolite.

6.2. Comparison of the "Surface'" sites for ferrous ions in A, X and Y zeolites

(103,207) .

Previous investigations of ferrous X and Y zeolites
considered the small inner doublet in the spectra’ of the dehydrated
X and Y zeolites as shown for example in Figure 4.1. to indicate four-
coordinate ions. Two models have been suggested for this coordination
which are the same as the four coordina?e models considered in the previous
section for ferrggs—A, Viz. (Z—O)sFe(OH—)'and (Z_O)nFeQ+‘0-Fe2+(Z-O)mL
Since the ferrous ions in A zeolite have been shown not to be coordinated

in either of these ways it is worth reconsidering the ferrous X ad Y results.

3
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The parameters that have been obtained for the inner doublet in
deﬁydrated ferrous X and Y zeolite spectra are summarised in Table 6.1.
TABLE '6.1.

Comparison of Ferrous X and Y Results for the Inner Doublet

Sample Isomer Quadrupole FWHM Ref.
Shift Splitting
Ferrous Y(5.3) 1.15 0.62 0.35 section 4.1.1.
Ferrous Y(4.76) 1.15 0.62 - (107)
1 1.08 0.56 0.39 section 4.1.2.
Ferrous Y(u4.76) 1.18 0.53 | (100)
(partially oxidised)  1.11 0.51 (103)
1.13 0.55 | (107)
Ferrous X , 1,12 0.60 0.3%  section 4.1.3.

The accuracy with which these values are determined is very dependent

on the method and assumptions used to fit the outer doublet in the spectra,
and this would account for the variations between the results. The
values quoted for ferrous/ferric-Y are derived from spectra with an even
more complex structure. No indication was given of the estimated
variations in these parameters but they can be expected to be less
accurate than the parameters from the pure ferrous-Y spectra.

The isomer shift values given in Table 6.1. for the ferrous X and Y
zeolites are slightly higher thaqvthat found for ferrous-A though this may
not be significant. The ferrous Y (5.3) value is given as 1.15 mm/sec.
However, the data obta%?ed in the temperature study of ferrous Y(5.3) and
given in Figure 4.3. gave a value of 1.11 mm/sec at 300K by a linear
extrapolation. The ferrous-X value was taken at 2u3K. Extrapolation
using the same temperature shift as found for ferrous—Y(ﬁ.B)‘yields a

300K value of 1.08 mm/sec. The value for ferrous—Y(&;?B).was also found
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in this. study to be 1.08 mm/sec though previous studies(loo’107)

obtained
ﬁigher values. Thus the accuracy with which the I.S. values can be
determined is not sufficiently‘high to allow a coﬁclusion that there is a
difference in the ferrous ion coordination in the sodalite windows of

a or Y zeolite. As discussed in regard to the ferrous-A results, whilst
these I.S. values are in the range normally found with ferrous ions in
four-fold coordination in oxides and silicates the coordination number -
isomer shift correlations should be used with caution. Thus the isomer
shift results for ferrous X and Y are not sufficient to decide either for
or against a tetrahedral geometry for the ferrous ions.

The quadrupole splitting values given in Table 6.1. do not show any
significant differences between the X and Y zeolites. _.As discussed for
ferrous-A the small temperature independent Q.S. probably arises from
cancellation between the lattice and valence components of the e.f.g.
tensor. It is surprising that there is so little variation in the Q.S.
values between the different zeolites. The lattice component is expected
to be sensitive to the overall charge of the zeolite lattice. The two
Y zeolites should show similar results but the X zeolite, which has a
more aluminous structure should give a different result possibly nearer
that of A zeolite. This is not observed and the results show the ferrous
sites in X and Y zeolites to be veryAsimilar. fhe ferrous ions might
selectively occupy those windows where there is a large charge imbalance .
in the sfructure. However for the X zeolite the average number of Al
atoms per 6-membePed window is A 2.6. Thus fhe structure is expected
to contain a mixture of rings with 2 and 3 Al atoms. For the Y zeolites
the average is 1.83 Al/ging, and the structure cdnsists mainly of rings with
2 Al aﬁoms. In A zeolite gll the rings should have 3 Al atoms if the

structure is to be ordered in accord with Loewensteins rule.(lo).
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If the ferrous ions selectively occupy #he highesﬁ charged rings a
difference should have been seen between the. ferrous-X and Y spectra.
If the ferrous ions are distributed amongst the various windows then
increased linewidths should be seen in the ferrous X and Y spectra
through overlap of the different spectra from the different sites.
The ferrous-A spectra where each window has the same number of Al atoms
should give narrower linewidths. The fesults show the linewidths on
the ferrous X and Y spectra are similar to those of ferrous-A. Thus
the similarity between the ferrous X and Y spectra and the difference
from the ferrous-A result does not appear to be a result of the differing
Si/Al ratios. In fact the results suggest that the Q.S. is iﬁsensitive
to the Si/Al ratio, and to variations in the arrangement of the Si and Al
atoms in the six membered ring. Such a conclusion is contrary to the
origin of the lattice e.f.g. as a lattice sum but, as discussed in Section
2.1.2.3. it is in accord with chemical experience. Also in the studies
on ferrous-A partially fijjed with different sorbates, those ferrous ions
not complexed retained their original Q.S. and I.S. values. If any
long distance effect on the lattice component did exist it would have been
very noticeable in the spectra of the uncomplexed ferrous ions where tﬁe
lattice component exerts a major contribution to the Q.S. value, Thus, though
there are differences in the electric fields of the large cavities between
zeolites X and Y and zeolite A, due to their different packing densities,this
should have little affect on the respective Q.S. values. However, without
figures to indicate ﬁow sorbates affect the electric field in the large
cavity of A zeolite as compared to the difference in the electric‘fiélds
of A and X or Y zeolite it cannot be concluded that the electric fields
are not the cause of the difference in the Q.S. values. The electric .
fields in the zeolites would have to be mainly determined by the arrangement
of tﬁe oxygen ions and only slightly affected by tﬁe Si/Al ratio to lead

to the results seen here.
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The ability of the zeolite framewqu tq dis?gr? and give favourable
oxygen coordination distances to a cation in a window siﬁe is also
dependent on the t&pe of zeoliﬁe framework. This has beem mentioned
witﬁ regard to the I.S. values in ferrous-A but variation in bond lengths
would also have a large effect on the Q.S. values, particularly on the
lattice contribution to the Q.S. value. Whilst the I.S. data might
suggest the X and Y zeolites are less flexible than the A zeolite by relating
their higher I.S. values to longer iron-oxygen distances, it is difficult

to determine the effect on the Q.S. value. An increase in bond length

would decrease (Q'S')lattice

but to 'détéfmine'th_e effect on the Q.S.
value requires the relative sizes of the lattice and valence terms to be
known. Thefe does not seem to be any other data on the flexibility

of the zeélite frameworke to allow this idea %o be pursued further.

As was the case with ferrous-A zeolite, the I.S. and Q.S. data
cénnot be used alone to decide on the geomefry of the ferrous ions in
the sodalite window site in X and Y zeolite and othef data such as the
accessibility of the ferrous ions to sorbed gases must be considered.
The interaction between gases and the ferrous ions in X and Y zeolites

were not studied as previous investigations(loo’los’10/)

had shown the
spectra obtained were difficult to analyse into their component parts.
However, the dehydration behaviour of ferrous X and Y zeolites is much
different from that of ferrous-A. With the latter complete dehydration
was found to oceur at temperatures around 100°C after a few hours heating.
In contrast the spectra of ferrous X and Y zeolites show that much higher
temperatures for long periods are required to fully dehydrate the zeolite.
Even increésing the éehydration temperature from 240°C to 480°C leads fo
an increase in the‘proportion of the ferrous ioné in the window site.
Surpbisingly some ferrous ions were found in this.site after.dehydration

at lOOOC. This mdicates that either some ions move from another site to

theAQindow site or that the hydrated ferrous ions occupying different

>
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sites have different dehydratiqn behavigurst

Initially dehydration leads to ferrous,igns in both ﬁhe Hexagonal
prisms and to partially hydratedfspecies coordinated in various window
sites. At temperatures around 100°C those ferrous ions sited in the
sodalite six-membered window, coordinated with water molecules in a
similar manner to the ferrous ions in hydrated A zeolite, dehydrate to
give the small number of ferrous ions seen with the planar coordination.
Other ferrous ions possibly with water molecules coordinated onvfhe
sodalife side of the window or situated near the I' site, dehydrate at
around 200°C. Water in the sodalite cage could be more firmly held
by hydrogen bonding thus requiring higher dehydration temperatures.
Possibly this water is dissociated so that the ferrous ions are coordinated
to hydroxyl groups but, whilst the broad outer lineé in the spéctra show
the ferrous ions to have a range of coordination geometries these are
unable to be distinguished. Formation of hydroxyl groups after mild
dehydration has been found by infrared studies on transition metal
containing 'Y zeolites(27) but on further heating these groups disappear
from the spectra. To account for this, the process

200" » u2too-12t 4

(27,28)

0
H2

has been suggested. The most favourable geometry for such a

bridged species is between ferrous ions in adjacent II and I' sites,

across a sodalite cage; However sorbed ethylene was able to interact equally
with all the ferrous ions giving the inner doublet and, being only
weakly sorbed, is unlikely to cause cation migration and bond breaking.(107)
This rules against the Ee2+~0—Fe2+ species being in the sodalite cage

and, unless the four oxygen rings of the supercage are uéed, there are no
other sites with favourable separation for such linkage. Howiever,

consider the precursor of the ferrous ions giving the inner doublet.

The total area in the spectrum does not increase as quickly as the area
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of the inner doublet increases: .Thus Fhe_species thaF on heating gives
the inner doubléet must have a large Q.S. and be hidden under'the outer
peaks. If this is Fe-OH tﬁen tﬁe question arises as to why
Fe2+—O—I;e2+ where the ferrous ions have a similar geometry to Fe2+(OH_)
sﬁould have a completely different Q.S. If tﬁe precursor is not Fe-OH
but (Z—O)3Pe2+(H20)nOH— how does some water remain coordinated at 400°C
whilst most is lost at 100°C?  These problems do not arise if the ferrous
ions in the sodalite window are in planar, three fold coordination.
However, this conclusién does not preclude the existence of the Fe2+—O—Pe2+
and Fe2+—OH_ species in the sodalite cage. In fact the non-Lorentzian i
state and unequal widths and heights for the outer peaks show that these
peaks cannot be considered as being from one site. °~ The manner in which
the peak widths vary with temperature also show them to be composed of
many components. |

An interesting problem arises when the oxidation of ferrous ions
in a zeolite is considered. The process

2+

aFe”’ + 10, + ore®t 4 0°

0
requires that oxygen ions are taken into the structure and this is best

(103) For A zeolite

done by forming the Fe3+-0:—Fe3+ bridged species.
thié bridged species could form in the sodalite cages or in the iarge
cavity. The broad non-Lorentzian state of the lines indicate there are
ﬁany different geoﬁetries present and the Q.S. of 1.36 mm/sec shows the
sites to have a high degree'of distortion. The I.S. values for Fe3+
show some dependence on coordination number. A survey of Mossbauer

data(SS,lQH)

shows that ferric ions in four fold coordination in oxides
and silicates have I.S..values in the range 0.3 —.0.6 mm/sec and, in
six fold coordination I.S. values in the range 0.5 -~ 0.9 mm/sec.

The I.S. value for ferric-A was 0.56 mm/sec which cannot be assigned

straightforwardly to either coordination number. However, the I.S.

value for the ferrous ions in 3 fold coordination was higher than expected
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possibly through next ngighbqur effec?s or thrgugh unusual Bénd lengths
and tﬁesé factors. counld also apply to tﬁe fepric ions. . Thus a bridged
species Fe3+—0—Fe3+ where the ferric ions are in four fold coordination
could be formed on oxidation of ferrous-A zeolite.

If the ferrous ions were already bridged species Fe2+—0:—Fe2+ the
addition of a further oxygen ion presents a problem. This is especially
true in the case of oxidising ferrous X or Y zeolite. With X or Y
zeolite the cations in the hexagonal prism must move into the I' site
to form the bridged species. The distance between I' sites requires

(103) as the

long Fe>t-0 distances of v 2.7 R and these have been suggested
reason for ferric ions in four fold coordination.giving an I.S. value of
0.69 mm/sec. If there are already Fe2+—O—Fe2+ bridges in the sodalite
cage then the crowding caused by additional oxygen ions could block some
ferrous lons from being oxidised. There is no evidence for this.

The mechanism by which the ferrous ions in the spdaiite windows were

(103)

oxidised was suggested to be a) oxidation of a Fe2+(OH“) group by

bridge formation to an ion in the I' site, and b) oxidation of the

2+ 2+ . ' 2t.= . o
Fe” -0-Fe™ group by breaking the bond to form Fe” 0 , which is not

. yx . 3+ 3+ . .
oxidised, and a ferrous ion that forms a Fe  -0-Fe~ species with a
cation from the I site. The Fe2+—0— was assumed to constitute only a
small part of the spectra to account for it not being observed. If
these groups are not present and the iron in the window sites has planar
coordination these problems do not arise.

To suggest that the ferrous ions in X and Y zeolites occupy the
sodalite window site without being also coordinated to a hydroxyl group
or another water fragment is somewhat contrary to current ideas on
transition metal cation coordination in these zeolites. However, the

Mossbauer spectra do indicate that there is a complex range of coordination

sites for the ferrous ions. The planar window site is easily recognised
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in the spectra. Most of the téchniques used FQ study ﬁhe zeglites give
results which are an average over many siﬁest Even'wi?h X-ray methods
there is difficulty in distinguishing between the many types'éf sites
as the different geometries determined by residual water content may be
randomly distributed through the structure.

Most studies do show the cations to be almost randomly distributed
amongst a number of sites. In nickel-faujasite four or five sites were

(149)

found for the nickel iops and similar results were found with

manganese—X.(lSl) Apparently transition metal cations exhibit a
preference for the octahedral site I but this is not absolute.  Other
factors which determine the cation distribution, such as the requirement
to achieve the best charge compensation with the zeolite-lattice and the
need to minimise cation-cation contact, will also play a large role.

The distribution of cations amongst various sites has also been
found using carbon monoxide sorption to probe the numbers of cations

(139,152,153) The carbon monoxide molecules

accessible to the supercage.
sorb to the cations as shown by the relationship between both the isoteric
heat of CO adsorption, the I.R. stretching frequency of the adsorbed CO
molecules and the electrostatic field of the charge balancing cation in

(139,152) The cations must be in the sodalite window site

the zeolite.
for this coordination to occur. This interaction is indicative that
these cations do not have hydroxyl groups attached which would interfere
with the ease with whicﬁ the CO molecules could coordinate to the catioms.
This is not conclusive as with nickel and cobalt-Y the CO adsorption
appears to be able to slowly draw cations out of the inner sites.(lss)
However, the initial rapid uptake of CO on these zeolites would indicate
easily accessible cations. Ferrous-Y does contain cations accessible
. (139)

to CO in this manner. Thus the conclusion that some ferrous ilons

do exist in ferrousX and Y zeolites in a planar coordination in the
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sodalite window is not in discord with previous studies and is supported

by other evidence beyond the Mossbauer spectra.

'6.3. The Sorbate Complexes in Feérrous-A&

The details of the various interactions between the individual
sorbates and the ferrous ions in A zeolite have been described in Chapters
4 and 5. In this section the data of these chapters will be considered
in terﬁs of the geometry and bonding in the complexes that are formed in
the zeolite.

As an aid to comparison of the I.S. and Q.S. valués obtained from the
various complexes the results have been plotted in a correlation
diagram, Figure 6.2. The commonly found rangesfor'high-spin ferrous
ions in coordination with oxygen ligands are also shown. The complexes
with oxygen containing ligands appear to form three groups with distinct
I.S. values. At high I.S. values (1.5 - 1.6 mm/sec) there are the reSulté
from the fully hydrated zeolites and the extensively dehydrated Y zeolites. -
The ferrous ions are in six-fold coordination in octahedral geometry in both
cases, as previously discussed. The next group have I.S. values in the
range 1.36 - 1.45 mm/sec. In these complexes the ferrous ions are
probably five coordinate as will be discussed in the next section.

The third group with I.S. values betweén 1.05 - 1.20 are from the ferrous
ions in the threeffold planar coordination site in the sodalite window
as discussed in the previous sections.

Also shown in Figure 6.2. are a few I.S. and Q.S. values from the
ferrous complexes with ligands not containing oxygen. Ethylene forms
a pseudo-tetrahedral comple# with the ferrous ions. This is discussed
further in Section 6.3.3. The other results are discussed in

Section 6.3.2.
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Correlation diagram between 1.5 and 2.5 values for ferrous

ions in oxides and silicate minerals compared to various

results obtained in this study.
(1) Dehydrated ferrous X and Y. (2) Hydrated ferrous A,X and Y.
(%) and (6) Ferrous-A with NH3 (inner doublet),: (8) and (9) outer doublet.
(4) Ferrous~A with sorbed Hp0, CH3OH and CpHsOH.
(5) Partially dehydrated ferrous-Y, (7) partially dehydrated ferrous-A.
(10) Ferrous-A with sorbed acetonitrile, (11) with sorbed ethylene.

(12) Dehydrated ferrous-A and inner doublet of dehydrated ferrous X and Y.
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6.3.1. Complexes with water, methanol and ethanol

These tﬁree:molecules; water, metﬁanol and ethanol; may be considered
as a group as in each case the bonding to the cation will occur through
an oxygen atom. A comparison of the spectra of the complexes formed by
these three ligands shows that, at equivalent coverage in ferrous-A,
the comﬁlexes formed are very similar. Taking ferrous-A samples after
sorption of the three gases followed by room temperature pumping as

having equivalent coverage, the three results below were obtained.

1) Water I.S. = 1.37-1.43 mm/sec Q.S. = 1.80-2.02 mm/sec.
FWHM = 0.65-0.85 mm/sec.
2) Methanol I.S. = 1.38 mm/sec. Q.S. = 2.20 mm/sec.

FWHM = 0.65 mm/sec.

3) Ethanol I.S. 1.39-1.42 mm/sec. Q.S. = 2.25-2,33 mm/sec.

FWHM = 0.56 mm/sec.

The isomer shifts of the three complexes are very close. The
I.S. values of the water complexes were found to vary within the range
given and‘though no thorough explanation of this behavioyr has been
found, the most likely cause is variation in the water content of the
zeolite after the rather inexact dehydration treatment. There was some
evidence of similar variations in the parameters fitted to the spectra
of ethanol on ferrous-A and similar variations are expected with the
methanol on ferrous-A spectra.

However, the similarity of the isomer shift values reveals that
the three ligands do have similar bdnding to the Terrous ions and that
the complexes formed have essentially the same geometry. Apparently
the group attached to the oxygen atom does not affect either the ability
of the oxygen atom to bond to the ferrous ion or the covalency of the

bond that is formed.
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The ferrous ions in the SQPba#e cgmplexes are five cggrdinate, with
three oxygen ligands from the sodalite window and two sqrbate'ligands,
assuming the ferrous ions remain in the window site after coordination.
The increase in the recoilless fraction of the ferrous ions after |
coordination with both ethanol and water show that the ferrous ions are
firmly attached to the zeolite. This does not preclude the ferrous
ion mo§ing during the sorption process. Two bossible positions are
available if the ions do move. In the large eight membered window site
the ferrous ion could coordinate to two zeolite framework oxygen ions
and two sorbate ligands to give a tetrahedral geometry buﬁ the I.S.
values are much highef than would be expected for ferrous ions in coordination
with four oxygen ligands. The other site is on the side of a foﬁr
membered ring. The ferroﬁs ions in the sorbate complex would be six
coordinate though the geometry of the complex would be unusual. There
is little reason for believing such a site would be used by the ferrous
ions though the complex formed with ferrous ions in this site might'be
less confined than the complex formed with cations in the window éife;_

Steric factors are probably the reason the ferrous ions can only
coordinate to two sorbate molecules. This coordination occurs on the
large cavity side of the sodalite windows.

Water molecules can enter the sodalite cage but probéﬁly do so only
after sufficient water is present to solvate some of the cations and
remove them from the window sites.” When a large excess of water is
present the isomer shift for the ferrous-water complex increases to
1.50 mm/sec suggesting a further water molecule has coordinated to each
ferrous ion. This extré water molecule could coordinate to the ferrous
ion from the sodalite cage side of the window. The sorption of exéess
methanol does not give an equivalent increase in the I.S. of the ferrous-
methanol complex s.ggesting it is the ability of the water molecules

to enter the sodalite cage that allows the extra water coordination.
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However, the similarity of the spectra of hydraﬁed ferrgus—A, ferrqus-x
and ferrous-Y shows a similar ﬁydréted species, pqssibly
(Z-O)3Fe2+(H20)3 is formed in each case. Thus in A zeolite th; ferrous
ion probably moves further into the large cavity to allow an extra
water molecule to coordinate.

The broadening of the lines in the spectra of the three sorbate
com plexes show there is considerable disorder in the geometry of these
complexes. This suggests the positioning of the sorbate ligands around
the cation is affected by the restrictions of tﬁe‘zeolité channels.
Curiously the spectra of the ethanol complex have narrower lines than the
lines from the spectra of the complexes with the smaller methanol and
water ligands. Possibly ﬁhe ethanol molecules are forced info more
specific positions than the smaller molecules and it is worthwhile at
this point considering the geometry of possible ethanol complexes in
the zeolite.

The diagram of Figure 6.3. shows a section along a (1,1,0) plane
of the A zeolite unit cell. The possible positions of four ferrous ions
are sﬁown along with three possible positions for ethanol molequles. The
diagram cannot take into account three dimensional variations in bond
positions but it is illustrati?e in indicating distances and’QOSSiEle .
geometries within the zeolite.

The ethanol molecule shown as I is coordinated to a ferr@us ion that
has been partially moved out of the sodalite window aiong the 3-fold
axis. The end methyl group of the molecule is shown in a1 eight membered
window where weak hydrogen bonds could form to the oxygen ions of the
window and so stabilize the position.of the molecule. Tﬁere are six
such sites per unit cell whereas the actual sorption of ethanol was found

to be 6.5 molecules per unit cell. Half the cages appear to have a seventh

molecule which probably takes a position in the centre of the cage.
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Assuming that the coordination wiﬁh Fhe windgw is preferred by the
etﬁanol molecules and with two etﬁanql mqlecules coqrdinaﬁéd to each
ferrous ion.it is possible to derive arrangements of the ferrous ijons in
the sodalite windows that do not give each ferrous ion the availability
of two eight membered windows for their coordinated ethanol molecules.

In the ferrous-A sample used, each unit cell contained, on average, 2.67

. ferrous ions. Assuming there is a mixture of unit cells with either two
or three ferrous ions, 69% of the unit cells have three ferrous ions.

If these three cations are placed in adjacent window sites, on one side

of a cell, then the window on the opposite side of the unit cell is not
available for use by the tail of an éthanol molecule coordinated to

. one of the ferrous ions. Thus with this cation arrangement qnly two of
the three ferrous ions can be coordinated to-ethanol molecﬁles. This
particular arrangement will occur in (3/7 x 4/6 + 3/7 x 2/6) = 3/7 of

the possible arrangements of the ferrous ions in the eight sodalite

window sites. Consequently 1/7 of the ferrous ions in unit cells with
three ferrous ions or 11% of the ferrous ions in the sample cannot be
coordinated. The experimentally derived figure, assuming the recoilless
fraction of the uncoordinated ferrous ions is not affected by neighbouring
sorbate groups, is 19 * 6%. The large error derives from the uncertainty
in the parameters fitted to the small doublet of the uncoordinated ferrous
- ions thraigh the effect of much larger neighbouring non-Lorentzian peaks.

A better fit to the spectrum taken with the sample containing 0.910
millimoles of ethanol was obtained using three doublets. Howevér, a
value of 0.24 mm/sec was obtained for the linewidth of the inner doublet
which is lower than normally obtained with a thin standard absorber.

From this fit 14% of the ferrous ions were estimated to be uncoordinafed
but this figure will be low through the narrow linewidtﬁ. Tﬁus tﬁe

model given above does not account for all the ferrous ionS~tHat are not

coordinated to ethanol molecules.
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Pigure 6.3

A section 2long the (110) plane of the Unit Cell
of ferrous-A zeolite showing several nossible

positions of ferrous ions and ethanol molecules.

Oxvgen atoms O3 form the eight membered windows and

01, the inner itriad of the sodzlite windewse.

(Unit cell positions from ref.12: lcm = O«inm,)

.

U3 | 03

O3 _ O3

(110) plane —=



239

Referring back to Eigure.6t3 a second pqssible ethan?l cgordinaﬁion
is sﬁown by molecule II. With this molecule the hydpqgen‘atoms of the
CHB group can associate witﬁ the four membered ring whilst the oxygen
atom is coordinated to the ferrous ion. A molecule lying in tﬁis direction
can be seen to interfere with the ease with which other molecules could
approach the cation in a neighbouring window site. The diagram also
shows how the ethanol molecules coordinated to two catioms, Separated
by a body diagonal of the unit cell, could block ferrous ions in neighbouring
windows from being coofdinated. Thus the proportion of ferrous ions
uncoordinated will be increased. Assuming that this type of coordination
occurs whenever one cation is not an immediate neighbour of the other
two cations in the unit cell, then a figure of 22% is obtained for the
percentage of uncoordinated ferrous ions. In practice the zeolite
probably contains a mixture of complexes with the two ethanol molecules
coordinated to each ferrous ion $eing in the I position, the II position
or a mixture of I and II positionms. The percentage of uncoordinated
ferrous ions will then lie between the two estimates of 11% and 22% as
was experimentally found.

Though it may appear a little risky to project arguments from the
planar diagram of Figure 6.3 to the three dimensional structure of a
zeolite the suggested positions of the ethanol molecules and the
demonstration of the space occupied by the molecules does show that two
fold coordination to the ferrous ions is reasonable. The methanol
molecule positions can be considered in a similar manner to those of
ethanol though the smaller size of the methanol molecules allows 10
molecules per unit cell to be sorbed by sodium—A(s). All the ferrous
ions can be coordinated by ﬁethanol molecules but the linewidths of the
spectra show a considerable variatiqn in.the geometry of tﬁese complexes.
However, ifrfhe large cavity can only take a maximum of ten molecules

it is clear that it would be difficult to get three molecules in the



240

corners of the cavity to give the ferrgus ions a nqrmal six fqld coqrdinationt
Tﬁus a fi&e coordinate complex is,reaéonéble fqr these bulky molecules.
However; with water it is difficult to see how steric factors could

apply. The water content of a zeolite at saturation is dependent on the
type of exchangeable cation. For example whilst sodium-A can sorb

27.3 water molecules per unit cell cadmium-A sorbs 30.0 water molecules per

unit cell.css)

A value was not obtained fqr ferrous-A but a similar
value to cadmium-A 1s probable. The increased capacity for water arises
primafily from replacing two sodium ions with one divalent cation as was
described for the sorption of oxygen into ferrous-A in Section 4.2. -

The small divalent cations can probably bind water molecules more tightly
. thus achieving a greater packing density and so increasing the number of
water molecules per unit cell. However, there does not ,appear to be
any clear reason why the ferrous. ions only take up two water molecules
initially. There are no clear steric factors preventing three water
molecules being sited adjacént to the sodalite window but evidently

a third water molecule cannot coordinate easily to a ferrous ion and

is only sorbed as the water pressure in the zeolite is incréased.

The quadrupole splittings of the water, methanol and ethanol complexes
are similar though a slight trend for the value to increase as the size of
the ligand increases is evident. In the spectra of the partially
hydrated ferrous-A which contained two doublets, the outer doublet can be
identified with the species (Z—O)SFe2+(H20)2. This gave Q.S. values
in the range 2.20 - 2.33 mm/sec which is the range of values found for
the two alcohol complexes. The fagge of I.S. values forthis species, 1.36 -
1.43 mm/sec, also includes the values found with the two alcohol complexes.
This similarity of the Q.S. values for the different complexes indicates
fhat the geometry of the complexes are very similar. It is also good

evidence for concluding that the two alcohol molecules do .not dissociate

upon coordination to the ferrous ion to give ethoxide or methoxide ligands.
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Though the temperature dependence_Qf the'QTST Qf ﬁhe waﬁer complex
was studied (Figure 4.10 and Table 4.4.) it'is difficult to analyse these
results in either of the ways suggested in Section 2.1.2.3. without more
precise details of the geometry of the complex. The geometry of the
ligand arrangement suggested will give a very low symmetry about the
ferrous ion which will lead to éxtensive mixing of the d-orbitals.
Consequently the analysis of the quadrupole splitting of the ferrous ion
would require a full crystal field treatment, the method used in
Section 2.1.2.2. being applicable only when the symmetry of the ligands
around the central ion is high enough to enable most terms in the crystal
field potential to be discarded. As previously-discussed, such crystal
field calculations have usually little success even when-the structure
of the central ion site is well known from crystailographic studies.

Hence further analysis of the quadrupole splitting of the ferrous-water
complex was not pursued.

For similar reasons little can be determined from the temperature
dependence of the Q.S. of the inner doublet of the partially hydrated
ferrous—-A spectra. This has been as$igned to the species (Z—O)3Fe2+(OH—)_
(HQO). The low Q.S. values found for this doublet, 1.33-1.54 mm/sec, are
in agreement with a geometry that has a large distortion from cubic. But, as
mentioned in Section 4.2.2., attempts at crystal field calculations using
assumed geometries were not successful and the information contained in
the data of Table 4.4. cannot be used further at present.

The preference shown by the three sorbates for the ferrous ions has
been already described and is in agreement with other studies made on

(27,154,155) (156)

the sorption of water and methanol on other zeolites.

In an I.R. study on the sorption of methanol or sodium, calcium and

strontium-X zeolites the state of the sorbed molecules were initially

(156)

determined by interactions with the cations alone. There was no
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evidence for the formatiqn of the me?hqxide iQn and hydroxyl groups

wﬁiCh is . in accord with the similar finding in this studyf The nature
of'tﬁe sﬁift in the 0-H band was indicative of a cation—dipole interaction.
A large number of similar studies have been made on the sorption of

(27,154 ,155)

water into zeolites. The studies on transition-metal-Y

zeolites show both hydroxyl groups and water molecules to be present

(27) Whether these are coordinated to the same

after mild dehydration.
cation to give a species like M2+(H20)(0H—) cannot be determined though
similar groups have been proposed to occur in partially dehydrated rare-

(26)

earth containing zeolites. An IR study of nickel-A found that the

hydrogen atoms of the water molecules attached to the cations after mild

dehydration were able to move very freely.(SQ)

This was suggested as
showing that each cation had one water molecule coordinated in such a
way that its.hydrogens atoms pointed into the large cavity and were not
hydrogen bonded to thé lattice. Similar hydrogen atom freedom is suggested
by the proton jump process suggested in Section 4.2.2. to account for
the two doublets in the spectra of partially dehydrated ferrous-A.
However, whether this process could give the I.R. spectra described is
not known.

A further feature of the sorption of both ethanol and water into
1f¢proﬁs—A was the increase in the absorption area in the spectra. This
wés unexpected as with ferrous-Y the fully hydrated zeolite gives a very
low resonance ahsorption. Evidently the bonding between the lattice
oxygen ilons and the ferrous jions is stronger than the water-iron bond -
or ethanol-iron bond and solvation does not occur. No attempts were
made to back exchange the ferrous-A zeolite to see if this affects the
ability of the zeélite to undergo ion exchange because of tﬁe ease wifh

which the ferrous ions can be oxidised.
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The freedom of the ferrous ions to vibrate in a planar c?ordination
site has been discussed in Section 6.1. The coqrdinatiqn of molecules,
wﬁicﬁ are hydrogen bonded to lattice oxygens, to the ferrous ion will
dampen the extent'of vibration considerably. Thus the increase in area
seen on addition of the gases to the zeolite is explainable. When
excess molecules are present, which only applies to water, solvation
of some of the cations is expected. This is seen with ferrous-Y where the
fully hydrated zeolite gives a very low resonance absorption. However,
the resonance area of the ferrous-A spectra do not show any decrease
when the zeolite is fully hydrated. Evidently the ferrous.ions exhibit
a strong preference to remain in contact with the lattice ions and probably
move straight into the sodalite window after ion-exchange into the zeolite.
This is in agreement with X-ray studies on various hydrated A zeolites
where the cafions were found to remain coordinated in the sodalite
window. The addition of water had little effect on the position of

(l;) (15) in the window site of the

both sodium and thallium ions
dehydrated zeolite. Evidently the charge balance requirement of A
zeolite requires the cations to be in close contact with the framework

whereas with X or Y zeolite far more of the cations may be solvated.

6.3.2. Complexes with Ammonia and Acetonitrile

The difficulties experienced with the interpretation of the spectra
obtained after sorption of ammonia into ferrous-A have been described
in Section 5.7. The room temperature I.S. and Q.S. values shown plotted
in Figure 6.2 indicate that the ammonia coordination to the ferrous
ions is more covalent than the water coordination. When excess
ammonia is added the I.S. value increases, indicating an increase in
coordination number, similar to thét seen When excess water is added,

though, unlike water, the spectrum does not collapse to a single doublet.
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The lower I.S. value is in accord with the relative position of water
and ammonia in the spectrochemical series. iAmmonia as a ligand leads

: : : N 8
to larger d-orbital splittings than water(lu )

indicating stronger
bonding between the ammonia molecules and the ferrous ion. However,
until the spectra of the ammonia complexes can be interpreted in terms
of the physical mechanism that leads to three sites appearing in the
80K spectra the I.S. and Q.S. results cannot be interpreted further.

The sorption of acetonitrile into ferrous-A led to a complex
whose I.S. and Q.S. values were both unexpectedly low,as is shown
clearly in Figure 6.2.

The small effect of the initial dose of acetonitrile on the sample
indicated‘that eithe: sgveral molecules were being coordinated to each.
ferrous ion or there were other sites for the‘acétonitrile molecules.

As acetonitriie is unlikely to differ from methanol or ethanol in this
aspect multiple coordination probably occurs and the smaller shift
indicates strong covalent bonding between the nitrile group and the
ferrous ion. Such a conclusion is supported by a comparison of the ease
of desorption of ethanol and acetonitrile. Nitriles are also generally
-better w acceptors than alcohols in forming bonds with cations containing
fitted d orbitals though the extent of“back—bonding is much less than
with CO or NO.(lQS) |

The low Q.S. of the acetonitrile complex indicates that this has a
very distorted geometry. With acetonitrile a geometry similar to that
prdposed for the methanol or ethanol complexés is expected. The small
Q.S. may be a result of the effects of covalent bonding but further

information on the structure of the complex is needed before such effects

can be discussed in more detail.
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6.3.3. Complexes with ethylene.and but-l-ene

'
The coordination between the ferrous ions in A zeolite and these two
alkene molecules has been shown to be no more than weak chemisorption
from the ease with which the two gases may be desorbed from the zeolite.
Thus bonding between the ferfous ions and the molecules is probably
through electrostatic effects alone. The electron rich pi-electron
cloud which lies above and below the plane of the double bond in the two
molecules will probably determine the manner in which the molecules prefer
to approach the ferrous ions.  With the large but-l-ene molecule steric
effects will have a large effect on the ability éf the molecules to
approach the cations and lead to distortions in the complexes. However,
the small éthylene molecule will probably coordinate to the ferrous ion
with the plané of the molecule parallel to the plane .of the sodalite
window. The ethylene molecule probably continues to rotate whilst
bonded to the ferrous ion as it is unlikely that either the H atoms of
the ethylene can strongly interact with the lattice oxygens or that a set
of d orbitals could bond with the pi antibonding orbita;s of the ethylene
molecule to prevent the molecular rotation. Ethylene sorbed in sodium;X
and calcium-X was found to be freely rotating.(lSS) This rotation is
probably faster than the Mossbauer event time and the effects of the
rotation are time averaged in the spectrum.. Thus the ferrous ion will
effecti&ely see a disc of charge parallel to the plane of tﬁe sodalite
window.  Some bonding might occur through the donation of charge into
either the empty U4s or U4s, U4p hybrid orbitals of the ferrous ion but the
main bonding will be by electrostatic attraction. This will result in
the filled d22 orbital which is direc?ed towards the charge cloud increasing
in energy but the effect on the dxz, dyz doublet is difficult to determine.
The two energy levels will probably remain degenerate as tﬁe rapid

rotation of the ethylene atom retains the C3V symmetry of the coordination

>
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around the ferrous ion when the Fime average 1is taken inF? account7

The Q.S. of tﬁe'iron ethylene complex chqngés from an estimated value of
l;O mm/sec at room temperature to 1.6 mm/sec at 80K which suggests a
splitting of around 400 cm—l between the lower d levels if tﬁe az? level
remains the”groﬁnd state. The room temperature I.S. value of 1.20 mm/
sec for the iron ethylene complex is in the range of values expected

for ferrous ions in tetrahedral coordination, with both oxygen and halide

ligands.(58’12u)

The Q.S. value of 1.0 mm/sec at room temperature is

not unusual for ferrous compounds in tetrahedral geometry with halide,
thiocyanate and thioamide 1ligands but with these compounds the Q.S. shows
a large temperature deﬁendence and values of Q.S8. > 2.3 mm/sec are found

2t 8ok, (58,157,158)

'The small Q.S. of the ferrous-ethylene complex’
suggests the lattice contribution to the Q.S. remains large. The
lattice contribution from the oxygen ions of the window will be decreased
if the ferrous ions move out of the plane of the.window; This suggests
the ethylene molecules can not draw the ferrous ions very far out of the
window, in accord with the bonding between the ferrous ions and the ethylene
molecule being weak.

No attempt h?s been made to pursue theoretically the effect that a
rotating ligand would have on the Mossbauer spectrum of the ferrous ion
to which it is attached. However, there is clearly scope for further
study of the ferrous-ethylene system with spectra determined at much
lower temperatures to slow or possibly stop the rotation.

The complex formed between butene and the ferrous ions cannot be
discussed in much detail because of the tfouble in fitting consistent
parameters to the spectré. However, both sets of data of butene sorbed
in ferrous-A show higher values of both the I.S. and Q.S. than observed
with ethylene sorbed in ferrous-A. ' A tighter binding in the butene-
ferrous ion complex is in agreement with both the longer pumping times

needed to remove butene from the zeolite and with the lack‘of change in
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the recoilless fraction of the ferrous ions on complexing with butene.
This is surprising considering the difficulty the butene molecules have

in attaching to the ferrous ions as evidenced by broad lines in the spectra.

6.4. Appraisal of the Study

In section 2.3. the application of Mossbauer spectroscopy to zeolite
studies was shown to have occurred in stages. In this thesis the
aim has been to advance the study by another stage, that of observing
and studying the complexes formed between ferrous ions and sorbate
molecules in a zeolite. Through the use of A zeolite this object has
been achieved though the results have not been as straightforward to
interpret as one might have expected. < -

Many of the most useful results from this study have been obtained
by determining the change in the resonance area and of the line shape
either upon sorption of gases or with temperature changé. Thus one can
determine if the ferrous ions are a primary sorption site and how tightly
bound the sorbates are to the ferrous ions or the ferrous ions to the
lattice. The usual parameters derived from a Mossbauer épectrum, the
isomer shift and %uadrupole splitting, are useful in determining the type
of site the ferrous ions are located in after dehydration and in
obtaining an idea of the geometry and nature of the bonding in the
sorbate complexes. However, it is well known that the analysis of
quadrupole splitting values in particular, is not very fruitful when
there are few results from other types of study to complement the
Mossbauer studies. Thus in this thesis most of the sorbates studied
were chosen because they had been studied at least in other zeolites, if
not A zeolite. Comparison of results obtained héwever, with zeolites
containing sqdium or calcium ions with those found with.ferrous ions is not

an ideal situation. The next stage must involve detailed investigation
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of one system (zeolite—cationfsqrbate) by several techniquesT In this
way the maximum benefit can be derived from the particular advantages
of eacﬁ technique whilst their disad&antages can be overcome.

There are a number of other routes that the Mossbauer studies could
take though these offer possibly lesser scope than the study outlined
above. The effect of the Si02/A1203 ratio could be more precisely
investigated using higher silica content anologs of A zeolite which can be

(159) Allied with

prepared with SiOé/Al203 ratios of up to 7.
crystallographic studies, the use of these silaceous A zeolites should
enable the effect of the lattice charge distribution on the cation location
to be evaluated. Studies on ferrous zeolites with cations other than
sodium also present could be attempted. Such a study could show if
ferrous-ferrous interactions were significant or ferrous ions could be
used to probe.the change in electric fields in the zeolite with ion exchange.
Whilst ferrous exchanged zeolites are useful for lMossbauer studies
they are not particularly useful as catalysts, mainly because of their
tendency to oxidisé. However, other cations, especially rare earth
metal cations generate much higher electric fields and large numbers
of hydroxyl groups-in the zeolite. A number of these elements are
Mossbauer active and a Mossbauer/catalytic study may lead to interesting
results.
A Mossbauer study of 151Europium ions in Y zeolite has shown the
ions to move into the sodalite cage irreversibly on dehydration.(lso)
In this site the ions may be alternatively reduced by hydrogen at 450°C
or oxidised with oxygen at room temperature. Some theoretical
investigations of the uséfulness of a lslDysprosium Mossbauer study have

also been made.(lel)

Whilst a study would be interesting in terms of
Dysprosium chemistry, assuming the dysprosium ions could be forced into

the hexagonéi‘prisﬁ5it is unlikely that any really significant results

could be obtained since the quadrupole splitting and isomer shift of
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dysprosium are both relatively insensitive to the.envirqnment of. the
cation. Still, as was found répeatedly in this study, zeolites are
not so extensively characterized that no surprises can be found and a
study of a dysprosium zeolite may be worthwhile.

Finally some comments should be made on the theoretical interpretation
of the Mossbauer spectra of ions on a surface, Very few spectra have
beep observed of. surface complexes, and as has been done here, interpretation
has ceﬁtred around the motional properties of the complex. The nature
of bonding between a surface transition metal ion, which is itself
coordinated to ionic ligands, and an organic sorbate with a tendency to
form much more covalent bonds presents a formidable problem to a subject
which is still struggling with the concept of covalency in the simplest
of complexes. Of course, this is a field of muéh current interest(lsz)
though not one that Mossbéuer spectroscopy has yet played any significant
role in. Possibly however, through detailed stud& of sorbate

complexes in zeolites, it could.
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