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(Ferrocenylmethyl)dimethylammonium chloride has been synthesised and the cation
intercalated into the montmorillonite Westone-L. Variable temperature Mossbauer
spectroscopy indicated that the molecule had a similar Debye temperature in each
environment (144 + 5 K and 140 £ 5 K respectively). The intercalated Mossbauer
spectra revealed a Karayagin effect above 80 K. The cation occupies 80 % of the total
exchange capacity of the clay, most likely orientated with the cyclopentadienyl rings
perpendicular to the silicate layers. Thermal decomposition of the intercalate involved the
volatilisation of iron containing fragments below 350°C. Variable-temperature XRD
showed the intercalated sample had a dgoi-spacing of 1.55 nm at room temperature,
which decreased at 200°C to give a dop;-spacing of 1.3 nm. An iron oxide probably
remains within the interlayer after the inserted molecule has decomposed.

2, 2”-bis[(dimethylamino)methyl]biferrocene has been synthesised and intercalated into
acid exchanged Westone-L. Variable temperature Mossbauer spectroscopy revealed a
Debye temperature of 172 + 5 K which dropped to 150 £ 5 K on intercalation. The
molecule was shown to occupy 75 % of the total CEC of the clay and most likely resides
with the cyclopentadienyl rings perpendicular to the silicate sheet. Thermal
decomposition of the biferrocene intercalate indicated the loss of iron containing
fragments below 430°C. Variable-temperature XRD indicated a dgo;-spacing of 1.65 nm
at room temperature which collapsed to 1.41 nm at 250°C, after which it slowly
decreased to 1.29 nm at 400°C. An iron oxide was probably left within the interlayer
after the intercalated molecule had decomposed.

Contact of the biferrocene with the acid Westone-L for 3 and 48 hours resulted in 2 and
11 % oxidation to biferrocenium respectively. Contact of iodine with a suspension of the
intercalated biferrocene resulted in ca. 16 % oxidation to biferrocene. The biferrocenium
intercalate exhibited “domain” type valence electron de-trapping above 200 K until by
250 K only a single charge averaged doublet was observed.

The molecule N, N-dimethylaminomethylferrocene was successfully intercalated into
aluminium pillared Westone-L, occupying 30 % of the total CEC of the original clay.
The inserted molecule was found to have a Debye temperature of 113 = 5 K as
determined by variable temperature Mossbauer spectroscopy. Decomposition of the
inserted molecule involved the loss of iron containing fragments below 350°C.

When heated in air the inserted molecule gave rise to high spin iron(IIl) in a distorted
octahedral environment. Heating the sample in nitrogen and hydrogen resulted in a
species characteristic of high spin octahedrally co-ordinated iron(II). At the higher
temperatures, the sample heated in hydrogen exhibited a further high spin octahedrally
co-ordinated iron(II) species, with a less symmetric co-ordination sphere than the first.
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1. Introduction.

1.1 Composite Materials.

Composite materials are the result of a incorporating a “guest” species into a “host”
lattice. The resulting materials often show different physical properties to either of the
precursors. Such properties include changes, either enhancing or diminishing by many
orders magnitude, the electrical resistivityl’2, the super-conducting temperature3'4’5, the
. . . 46 . 7,89 . 10,11
specific heat and related properties of the solid, the optical ™~ and magnetic

properties, and even the structural properties of the systeml ZI

Although exchange of cations within clays (see section 1.2) and zeolites (see section

1.1.2.1.1) has been known for some time , it was not until the early sixties when

: F. Kanamaru, M. Shimada, M. Koizumi, and T. Takada, J. Solid State Chem., 1973, 7, 1.
2 S. Kikkawa, F. Fanamaru, and M. Koizumi, Bull. Chem. Soc. Jpn., 1979, 52, 963.
? S. M. Whittingham, Prog. Solid State Chem., 1978, 12, 41.
“R. Schollhorn, A. Lett, F. Sernetz, Z. Naturorsch, 1974, 29B, 810.
5Mater Res. Bull., 1974, 9, 1597.
S F. Meyer, R. E. Howard, G. R. Stewart, J. U. Acrivos, T. H. Geballe, J. Chem. Phys 1975, 62, 441.
S A. Solin, Physica B+C, 1980, 99, 443.
R J. Nemanich, S. A. Solin, and D. Guérard, Phys. Rev. B, 1977, 16, 2965.
? C. Underhill, S. Y. Leung, G. Dresselhaus, and M. S. Dresselhaus, Solid State Commun., 1979, 29,
769.
" T. R. Halbert, D. C. Johnston, L. E. McCandlish, A. H. Thompson, J. C. Scanlon, and J. A. Dumesic,
Physica B+C, 1980, 99, 128,
"' M. Eibschutz and F. DiSalvo, Phys. Rev. Lett., 1976, 36, 104.
" R_R. Chianelli, J. C. Scanion, M. S. Whittingham, and F. R. Gamble, Inorg. Chem., 1975, 14, 1691.
" R.R. Gamble, J. H. Osiccki, and F. J. DiSalvo, J. Chem. Phys., 1971, 55, 3525.
" G. A. Wiegers, Physica B+C, 1971, 99, 151.
* R. L. Grim, “Clay Mineralogy”, 1953, McGraw and Hill, London, UK.
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Hagenmuller et al”*"" demonstrated the ability of lamellar oxide halides of transition
metals MTOX (X = Cl, Br) to undergo intercalation, that interest in composite materials
began to really take-off. In an effort to give an idea of how composite materials are
formed, we are going to divide them into two groups. In the first instance we will
consider those materials formed using a soluble host, and later on we will consider
insoluble hosts. (As this work is concerned with ferrocene type molecules, most of the

following will be centred around composite materials containing a metallocene).

1.1.1 Soluble Hosts.

1.1.1.1 Inclusion Compounds.

Inclusion compounds are formed by crystallisation from a solution containing both the
host and guest species. Common hosts include such structures as urea, thiourea and
cyclodextrins. Lately the unusual and somewhat exotic, Buckminster fullerene or Ceo
molecule, has not only been used as a hostw, but also as a guest within a y—cyclodextn'nw.
Thiourea and urea have similar structures formed of hexagonal channels with trigonal
symmetry, stacking in a spiral arrangement. Urea has a smaller channel diameter able

encapsulate small linear and branched hydrocarbon chainszo, while thiourea can

e P. Hagenmuller, J. Rouxel, J. David, A. Colin, and B. Le Neindre, Z. Anorg. Allg. Chem., 1963, 323,
1-12.
1 P. Hagenmuller, J. Portier, B. Barbe, and P. Bouclier, /d., 1967, 355, 209.
18

J. Reichenbach, F. Rachdi, I, Lukyanchuk, M. Ribet, G, Zimmer, and M, Mehring, J. Chem. Phys.,
1994, 101(6), 4585-4592.
]9 K. Kanazawa, H. Nakanishi, Y. Ishizuka, T. Nakamura, and M. Marsumoto, Fullerene Science and
Technology, 1994, 2(2), 189-194.

% W. Schlenk, Justus Liebigs Ann. Chem., 1949, 565, 204.
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accommodate larger bulky molecules such as cyclic hydrocarbonszl. The first metallocene
inclusion was a clathrate formed of ferrocene and thiourea by Clement ef a/ ” in 1974.
As far as the author is aware, this is the first composite material to contain a metallocene.
Cyclodextrins are naturally occurring macrocyclic glucose polymers containing a
minimum of six D(+)-gluco-pyranose units, attached by a-(1,4) linkages. These usually
stack-up side by side to give a channel type structure. Interestingly, it is only recently

(1984), that a metallocene has been incorporated within a cyclodextrinB.

One of the main obstacles in characterising a composite material is in trying to verify that
the guest moiety is actually contained within the host, and not merely a physical mixture
or chemisorbed to the surface. Techniques such as infra-red and ultra-violet/visible
spectroscopy can be used to establish an interaction between the host and guest, but are
not often conclusive. In the case of most inclusion compounds, the use of single crystal

x-ray diffraction is critical to unambiguous assignment of the structure.

In some cases even this does not give the whole story. Guest dynamics and electron
transfer can lead to complicated and misleading spectra. For instance, the ferrocene-
thiourea clathrate was originally synthesised in 19747, A Mossbauer study by Gibb™ in
1976 indicated that the ferrocene molecules were orientated either parallel or
perpendicular to the channels (but not tilted) in approximately a 50:50 ratio, possibly
alternating between the two. In addition, between 141 and 153 K all the ferrocenes

perpendicular to the channels began to reorient rapidly about the channel axis (A further

2 W. Schlenk, Justus Liebigs Ann. Chem., 1951, 573, 142.
= R. Clement, R. Claude, C. Mazieres, J. Chem. Soc., Chem. Commun., 1974, 654-655.
23

A. Harada and S. Takahashi, J. Chem. Soc., Chem. Commun., 1984, 645.



Mossbauer study refined the phase change temperature to 160 Kzs). By 200 K
transformation between the perpendicular and parallel orientations occurs, so that by 295

K almost all the ferrocene molecules are averaged on the Mossbauer time-scale (SIO7 s

"), In 1978 this was confirmed using single crystal x-ray diffraction””. In 1980, a study
using 'H nuclear magnetic resonance (NMR) showed a proton second moment below
140 K consistent with a reorientation process about the Cs axis of the ferrocene
molecules. This decreased steadily until 200 K, where it decreased only marginally, until
by 295 K it had reached a value consistent with an isotropic distribution of ferrocene.
This is broadly consistent with the phase changes at 160 and 200 K observed in the
Mossbauer expen'ment27. In 1986 a further study using cross polarisation *C NMR,
confirmed that there were at least two reorientation processes in effect”. The first
involved the onset of rotation about the Cs axis of the ferrocene at 160 K, and the
second process involved a switching between the parallel and perpendicular arrangement
in the channels over the temperature range 125-294 K. In 1991 yet another study was
published. In this, >H NMR was used to show that the ferrocenes did indeed reorientate
about the Cs axis at 160 K, and more specifically that the molecule switched between
three orientations perpendicular to the channels”. In addition it appeared that
interchange between the perpendicular and parallel orientations also began at this

temperature, and that by 220K, the reorientation was too fast to observe by “H NMR,

*' T, C. Gibb, J. Phys. C: Solid State Phys., 1976, 9, 2627-2642.

® M. D. Lowery, R. J. Wittebort, M. Sorai, and D. N. Hendrickson, J. Am. Chem. Soc., 1990, 112, 4214~
4225,

x E. Hough and D. G. Nicholson, J. Chem. Soc., Dalton. Trans., 1978, 15-18.

*" R. Clément, M. Gourdji and L. Guibé, Chem. Phys. Letters, 1980, 72, 466.

® T. Nalai, T. Terao, F. Imashiro and A. Saika, Chem. Phys. Letters, 1986, 132, 554-557.

*$. . Heyes, N. J. Clayden, and C. M. Dobson, J. Phys. Chem., 1991, 95, 1547-1554.
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The preceding 17 year saga demonstrates that guest species dynamics can be a
complicated field, requiring many techniques to obtain a full picture of the composite

material produced.

1.1.2 Insoluble Hosts.

1.1.2.1 3-Dimensional Structures.

Channel structures are porous networks similar to a bath sponge. Common examples
include zeolites and aluminium phosphates. Insertion of the guest is normally achieved by
one of two methods. The first involves contacting the dehydrated host with a solution of
the guest, while the second involves contacting the dehydrated host with a liquid or

gaseous guest.

1.1.2.1.1 Zeolites.

Zeolite chemistry is a large field, so here follows a brief overview for those unfamiliar
with the basic features of these materials. Zeolites are 3-dimensional porous networks of
AlO4 and SiO, tetrahedra, linked by the sharing of oxygen atoms. The general
composition can be written as [(M")wa(AlO2)(Si02)1<]; Where M™ is a charge
compensating cation, and x can assume values between 0 and 0.5. They are widespread

naturally, although chemical synthesis has been possible since the early 1940°s”.

% R. M. Barrer, “Hydrothermal Chemistry of Zeolites”, 1972, Academic Press, New York, USA.
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Substitution of the Al and Si ions is common, leaving the framework with a net negative
charge which is counterbalanced by the aforementioned cations. Under favourable
conditions it is possible to exchange these cations. The zeolites occur in numerous
structures, some of which are constituted of channels (mordenite, zeolite-L, mazzite),

and others which are comprised of cage-like voids called super-cages (faujasite).

Many different types of molecules have been inserted into zeolites since the 1960’s,
although the earliest metallocene insertion did not occur until 1986 . It was found that
the uptake of ferrocene by the zeolite Na-Y (zeolite Y is a faujasite type zeolite), was
prevented by water molecules blocking the entrance to the super-cages. However, after
extensive dehydration of the zeolite followed by contact of a pentane solution of
ferrocene, 90% of the ferrocene was absorbed within 3 minutes”. An attempt to insert
ferrocene into the acid zeolite HygNagY resulted in the exclusive incorporation of
ferrocenium ions’ . It was discovered that this was concurrent with the loss of a-cage
hydroxyl groups. As these groups are homogeneously distributed throughout the zeolite
lattice, this is a good indication that the ferrocenium molecules are evenly distributed
throughout, and more importantly within, the zeolite crystals. This was confirmed by
using isotopically H/D labelled zeolites. The results showed an ¢-cage Brensted acid
site-specific electron transfer, a redox-induced H atom/lattice OH radical production of
H,0, and concurrent production of ferrocenium, with three co-ordinate Al and Si

framework radical centres”, Thermal treatment of the resulting material led to a zeolite

. G. A. Ozin and J. P. Godber, “In Intrazeolite Organometallics: Spectroscopic Probes of Internal versus
External Confinement of Mctal Guests. Excited States and Reactive Intermediates: Photochemistry,
Photophysics and Electrochemistry”, 1986, ACS Symposium Series 307, American Chemical Society,
Washington DC, USA.

* G. A. Ozin, J. Godber, J. Phys. Chem., 1989, 93, 878.
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anchored half-sandwich complex” . These studies illustrate that metallocenes are well
suited for anchoring organoiron fragments to specific binding sites in molecular sieve
supports, by establishing a stable bond to the ring-shaped oxygen co-ordination sites in
the cage system. This is a very valuable property in the synthesis of heterogeneous

catalysts (see section 1.3).

1.1.2.1.2 Aluminium Phosphates.

Aluminium phosphates (AIPQ,) are channel structures formed from alternating AlO4 and
PO, tetrahedra. The framework is electrically neutral, without ion-exchange properties or
strong acid sites. The two main structural isotopes are the orthorhombic AlPO,-8 and the
smaller hexagonal A1P0_4-534, although a larger channel version designated VPIL-5" is also
widespread. The VPI-5 structures converts to AIPO4-8 at temperatures greater than

60°C>.

To date various metallocenes have been incorporated in aluminium phosphates, the first

being ferrocene in 19917,

* A. Borvornwattanont, K. Moller, T. Bein, J. Phys. Chem., 1989, 93, 4562.

* S. T. Wilson, B. M. Lok, C. A. Messina, T. R. Cannan, and E. M. Flanigen, J. 4m. Chem. Soc., 1982,
104, 1146,

** M. E. Davis, C. Saldarriaga, C. Montes, J. Garces, and C. Crowder, Nature(London), 1988, 698.
**E.T. C. Vogt and J. W. Richardson, J. Solid State Chem., 1990, 87, 469.

*" T. Lindblad and B. Rebenstorf, J. Chem. Soc. Faraday Trans., 1991, 87(15), 2473-2478.
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1.1.2.2 Characterisation.

Characterisation of these 3-dimensional networks is extremely difficult. Single crystal x-
ray diffraction is not possible due to the inability to grow a single crystal. Powder
diffraction techniques are limited in use as the dimensions of the host do not usually
change on insertion, and the inserted molecule may be very dilute or arranged with little
or no long range order. In order to confirm that the guest has successfully inserted, other
techniques have to be utilised. These include: (i) size exclusion involving both host and
guest variations” (i) size/éhape-discerning chemical/catalytic | reactions (iii) size
dependant poisoning reactions (iv) mid-IR vibrational symmetry/frequency
perturbations of the guest molecule“; (v) perturbations of the far IR cation translatory
modes by the guest42; (vi) electron paramagnetic resonance (EPR) and NMR"
relaxation effects; (vii) surface and bulk sensitive spectroscopy probes (e.g. x-ray
photoelectron spectroscopy45 (XPS), tunnelling emission rnicroscopy46 (TEM) and
XRD'”); (viii) in thé case of zeolites, spatially resolved intra-zeolite redox titrations

involving Brensted acid sites (see section 1.1.2.1.1, page 10). In the quest for an

* G. A. Ozin, D. M. Haddleton, and C. J. Gil, J. Phys. Chem., 1989, 93, 6710.
39
T. Huang and . Schwartz, J. Am. Chem. Soc., 1982, 104, 5244.
40
N. Herron, G. D. Stucky, and C. A. Tolman, Inorg. Chim. Acta., 1985, 100, 135,

" T. Bein, S. J. McLain, D. R, Corbin, R. D. Farlee, K. Moller, G. D. Stucky, G. Woolery, and D.
Sayers, J. Am. Chem. Soc., 1988, 110, 1801.

N G. A. Ozin and J. P. Godber, “In Intrazeolite Organometallics: Spectroscopic Probes of Internal versus
External Confinement of Metal Guests. Excited States and Reactive Intermediates: Photochemistry,
Photophysics and Electrochemistry”, 1986, ACS Symposium Serics 307, American Chemical Socicty,
Washington DC,; USA.

® M. Koichi, 8. Imamura, and J. H. Lunsford, /norg. Chem., 1984, 23, 3510.

“ E. H. Yonemoto, Y. I. Kim, R. H. Schmehl, J. O. Wallin, B. A. Shoulders, B. R. Richardson, J. F.
Haw, and T. E. Mallouk, J. Am. Chem. Soc., 1994, 116(23), 10557-10563.

* Y. S. Yong and R. F. Howe, J. Chem. Soc., Faraday Trans., 1986, 82, 2887.
46

G. Meyer, D. Wohrle, M. Mohl, and G. Schultz-Ekloff, Zeolites, 1984, 4, 30.
a7

W. V. Cruz, P. C. W. Leung, and K. Seff, J. Am. Chem. Soc., 1978, 100, 6997.

12



unambiguous characterisation of the structure, a combination of two or more of the
techniques listed above are used. For instance, in the case of the ferrocene-AIPO4-5 and
ferrocene-AlPQ,4-8 complexes, a combination of extended x-ray absorption fine structure
(EXAFS) analysis and Mossbauer Spectroscopy was used to characterise the
materials" . This revealed that the ferrocene resided within the channel, and that apart
from the AIPO,-5 at temperatures below 20 K, the ferrocene exhibited a dynamically
averaged spectrum49. Calcination of the complexes indicated that the ferrocene had
decomposed within the channel (none was sublimed), and that the iron had not formed
clusters, but had been co-ordinated within one of the six-membered oxygen rings

surrounding the channel”,

1.1.2.3 2-Dimensional (Layered) Compounds.

2-dimensional compounds generally consist of strong covalently bonded layers in the ab
plane, which then stack up with weak Van der Waals or Coulombic interactions in the ¢
direction. The best known examples of layered structures are probably graphite and clay
(see section 1.2). In 1975 the first metallocene intercalation into a layered structure was
reported by Dinesso, since when this area of research has grown into a field in it’s own
n’ghtﬂ’sz. Layered compounds fall into two main categories, non-swelling and swelling

hosts.

* A. Lund, D. G. Nicholson, G. Lamble, and B. Beagley, J. Mater. Chem., 1994, 4(11), 1723-1730.

® A. Lund, D. G. Nicholson, R. V. Parish, and J. P. Wright, Acta Chemica Scandinavica, 1994, 48,
738-741.

** M. B. Dines, Science, 1975, 188, 1210.

* R_P. Clement, W. B. Davies, K. A. Ford, M. L. H. Green, and A. J. Jacobson, Inorg. Chem., 1978,
17, 2754,
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1.1.2.3.1 Non-Swelling hosts.

Non-swelling hosts have a constant distance separating the layers. They do not normally
have molecules (such as water) present in the interlayer, and so are impervious to
atmospheric conditions. In addition they are unlikely to separate when placed in solution.

As an example of a non-swelling host, let us consider graphite.

To date a number of atomic and molecular species have been inserted into graphite, from
alkali metals” to transition metal halides”. The author has found no reports concerning
the intercalation of metallocenes. Intercalation into graphite normally involves the use of
high temperatures and reduced pressure, which is normally accompanied by some sort of
redox process. These conditions are not conducive to the innocuous insertion of
metallocenes. It is likely that any attempt to insert a metallocene by this route would
result in the decomposition of the metallocene, or in serious disruption of the graphite

lattice.

Non-swelling lattices have provided many novel materials. For instance, there are
examples of semi-conducting layered structures resulting from the introduction of metals
into a layered hosts such as LiTiSZSS. The layered structure FePS; is a semiconductor.
However, intercalation with tetraethylammonium, followed by reaction with

(TTF),(BF,), affords Fe  ,PS;(TTF),, (x ~ 0.18, TTF = tetrathiafulvalene), which is

2 J. Rouxel, “Layered Materials and Intercalates”, 1980, pp 3-11, North Holland, Amsterdam,
Netherlands.
5
> L. E. Campbell, G. L. Montet, and G. J. Perlow, Phys. Rev. B, 1977, BI5, 3318.
54
N. Saito, T. Tominaga, M. Takeda, Y. Ohe, F. Ambe, and H. Sano, Nippon Arsatapu Kaigi
Hobunshu, 1967, 231.
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metallic in character”. In effect, by introducing an organic molecule into a semi-
conducting material, a metal-like material is produced. In addition Gamble ef al.” have
intercalated organic amides into tantalum/niobium dichalogenides to give a two

dimensional superconductor.

O'Hare™ and co-workers have intercalated cobaltocene into tin dichalogemdes (SnSxSe;.
x> and by a combination of neutron diffraction and deuterium NMR showed that the
inserted cobaltocene molecules line up with their principal (Cs) axis parallel to the layers.
They went on to show that the conductivity of the intercalated material varied, from
metallic in character, where there was a high sulphur and low selenium ratio, through
semi-conducting, to super-conducting materials where the sulphur ratio was low and the

selenium ratio high.

The most cogent information on the characterisation of these intercalated compounds
comes from x-ray diffraction. When a molecule is inserted within the layers, an increase
in the interlayer spacing is observed on the XRD trace. This increase is directly related to
the size of the inserted molecule. Therefore, if the inserted molecule is not
spherical/cubic, then the orientation of the molecule in the interlayer can be deduced. In
addition, if the molecule is distributed homogeneously throughout the solid, then only the
one spacing will be observed. If the molecule is present only in certain domains, then a

peak will be observed for both the inserted and non-inserted regions. Coupled with the

% P. C. Klipstein and R. H. Friend, J. Phys. Chen., 1984, 17, 2713-2721.

% L. Lomas, P. Lacroix, J. P. Audiére, and R. Clément, J. Mater. Chem., 1991, 1(3), 475-476.
*"F.R. Gamble, F. J. DiSalvo, R. A. Klemm, and T. H. Gaballe, Science, 1970, 568-575.

** D. O’Hare, Chem. Soc. Rev., 1992, 121-126.
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techniques utilised in the characterisation of zeolitic type hosts (see section 1.1.2.2), this

makes the explicit assignment of structures considerably less obscure.

1.1.2.3.2 Swelling hosts.

Swelling hosts have a variable interlayer distance. Often they have molecules (such as
water) present in the interlayer, and so the interlayer gap can vary with different
atmospheric conditions or solvents. Generally, intercalation involves the contact of the

dried host with a solution of the guest.

The sheer volume of literature on intercalation compounds with swelling hosts 1is
staggering. As an example, Rodriguez-Castellon ef al. have intercalated pyridine type
compounds into tin hydrogenphosphate hydrate”. Successful intercalation into the tin
hydrogenphosphate hydrate, was found to depend on the basicity of the nitrogen. Hence,
weak bases such as bipyridines were not intercalated, whereas stronger bases, such as
pyridines were intercalated. Interestingly, only 20% exchange was achieved with pyridine
itsélf. It was suggested that the pyridine was binding to the strong Brensted acid sites

within the structure, thus preventing further access to the weaker Lewis acid sites.

Other work has focused upon the intercalation of organometallic molecules, notably

metallocenes. Reports by Palvadeau ef al.eo, show that inclusion of ferrocene into FeOCl,

9
° E. Rodriguez-Castellon, A. Rodriguez-Garcia, and S. Bruque, Inorg. Chem., 1985, 24(8), 1187-1190.
0

6 P. Palvadeau, L. Coic, J. Rouxel, F. Ménil, and L. Fournés, Mat. Res. Bull., 1981, 16, 1055-1065.
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leads to partial oxidation of the ferrocene, which then exhibits an electron delocalised

structure above 245 K.

Ferrocene, together with the associated alkyl derivatives, have also been inserted into
vanadylphosphatesa. This is basically a redox process. The ferrocene is oxidised and the
vanadium reduced. This reaction provides the driving force for the intercalation. It was
found that progressively extending the alkyl chain resulted in less intercalation. This was
possibly due to the increasing bulkiness of the side chain approaching some steric limit.
Investigations of the intercalation and subsequent oxidation of ferrocenylalkylammonium
cations into vanadylphosphates, indicated that the orientation and amount of oxidation of
the inserted molecule, was related to a) the length of the alkyl chain, and b) the

interaction between the ammonium group and the vanadium centre”.

O'Hare ef al.” have also studied the intercalation of aminoferrocenes into layered hosts.
Using a variety of techniques, it was demonstrated that when 2-aminoethylferrocene was
intercalated into MoO;, the inserted molecules formed a bilayer, with the C; axis of the
rings perpendicular to the layers. However, when inserted into Zr(HPO,),, the 2-

aminoethylferrocene formed a bilayer with the C axis of the rings parallel to the layers.

Lately there have been reports of the intercalation of biferrocene molecules into VOPO4

and V,0s". The intercalation of VOPO, with a biferrocene containing a methylene

61 G. Matsubayashi, S. Ohta, and S. Okanu, Inorg, Chim. Acta, 1991, 184, 47-52.
% S. Okanu and G. Matsubayashi, J. Chem. Soc., Dalton Trans., 1992, 2441-2445.

S, 7. Mason, L. M. Bull, C. P. Grey, S. J. Heyes, and D. O’Hare, J. Mater. Chem., 1992, 2(11), 1189-
1194,
% 3. Okuno and G-E. Matsubayashi, Chemistry Letters, 1993, 799-802.
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bridge resulted in one of the ferrocene centres being oxidised to give biferrocenium.
However, when a biferrocene containing an ethylene bridge was intercalated, both the
ferrocene centres were oxidised. Both the molecules were thought to lie with their long
axis parallel to the host lattice sheet. The ethylene bridged complex however, was just
long enough for the second ferrocene centre to interact with next nearest vanadium
centre, enabling the second oxidation to occur. In the V,0s the vanadium centres are
closer together and both the methylene and ethylene bridged complexes are fully oxidised

upon intercalation.

It is obvious from these findings, that there is a subtle interplay between host and guest
which defines the orientation of the included molecule, and also the final properties of

the material.

Once again the principal technique in the characterisation of swelling hosts is x-ray
diffraction. As with the swelling hosts this can provide information as to whether and to
what extent the molecule has inserted, and also how it is orientated. However, there is a
limiting factor with swelling lattices. It has been noted by various people, that the
increase in interlayer distance is not commensurate with the dimensions of the inserted
molecule™. Typically there is a 0.1-0.2 nm deficit between the observed and predicted
values. In the case of molecules which are close to spherical/cubic in shape, this prevents

definitive conclusions concerning the orientation of the inserted molecule.

* J. W. Johnson, J. Chem. Soc. Chem. Commun., 1980, 263.
%P, Aldebert and V. Paul-Boncour, Mater. Res. Bull., 1983, 18, 1263.
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1.2 Clay

1.2.1 Background

Clays are layered aluminosilicate materials, a little like a 2-dimensional zeolite but
without the channels. Phyllosilicates, as they are sometimes known, are essentially made
up of layers formed by the condensation of sheets of linked Si(O,0H), tetrahedra with
those of linked M,.3(OH)s octahedra, where M is either a divalent or trivalent cation.
Condensation in a 1:1 ratio gives rise to the two-sheet or dimorphic minerals of general
formula M,.3Si,0s(OH),, of which kaolinite is the best known example. Condensation in
a 2:1 ratio gives rise to the three sheet or trimorphic clays of general formula M,
3S14010(OH),, of which mica is probably the best known. Four-sheet or tetramorphic
minerals also exist, in which the trimorphic units alternate with M(OH),s sheets of
octahedrally co-ordinated M?* or M** ions. An example of this sort of structure would be
chlorite. These layers stack up like a pile of paper, although a more realistic analogy
would be to throw the pile of paper in the air, and then look at the resulting disordered

arrangement on the floor.

The Si*" and / or M**" in the layers can be replaced by cations of similar size, but a
different, usually lower, valency. This is known as isomorphous substitution or
replacement. As a result of isomorphous substitution, the layers in many phyllosilicates
are negatively charged. This is usually overcome by the sorption of cations into the
interlayer spaces, and very occasionally by internal substitution. Under favourable
conditions these interlayer cations can be exchanged. The amount as well as the site of

the isomorphous replacement influences the surface and colloidal properties of the clay
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(e.g. swelling in water), since they dictate the surface density of charge and the cation-
silicate layer interaction. The charge per unit formula, (x), thus becomes an important
parameter and can be used to classify phyllosilicates (as recommended by the
Nomenclature Committee of the Clay Minerals Society67). The resident interlayer cations
play an important role in determining the interlayer spacing. A high, densely charged
cation will pull the layers closer together, while a large highly hydrated cation will push

the layers apart.

1.2.2 Montmorillonite

In our work, we used the Texas montmorillonite Westone-L. Montmorillonite is a
dioctahedral smectite, a subgroup of the 2:1 type minerals. The basic structure was first
given by Hofmann, Endell, and Wilm®, although further modifications by Marshall”,
Maegdefrau and Hofmann", and Hendricks were later incorporated to give the
structure generally accepted todayn. The structure is based on that of pyrophyllite,
composed of a sheet of edge sharing alumina octahedra, sandwiched between two sheets
of corner sharing silica tetrahedra. The silica tetrahedra all point inwards towards the
alumina octahedra. The octahedral aluminium is frequently replaced by such ions as Mg”*
and Fe*?', and somewhat less frequently the tetrahedral silicon is replaced by AP".

Although a little internal compensation may occur, the final result is a layer that carries a

“P.G. Nahin, Clays Clay Minerals, 1963, 10, 257-271.

 U. Hofmann, K. Endell, and D. Wilm, Z. Krist., 1933, 86, 340-348,
® C. E. Marshall, Z. Krist., 1935, 91, 433-449.

" . Maegdefrau and U. Hofmann, Z. Krist., 1937, 98, 209-323.

"' S. B. Hendricks, J. Geol., 1942, 50, 276-290.

" J. W. Jordan, Clays Clay Minerals., 1963, 10, 299-308.
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permanent net negative charge. This is counterbalanced by the sorption of exchangeable
cations, a fraction (20%) of which are associated with external crystal surfaces, although
the majority (80%) are situated between the randomly superposed layers within the

crystal70 (see Figure 1.1) e,

Figure 1.1 The structure of montmorillonite.

OOnyens @Hyﬂmxyls @ Aluminium, iron, magnesium
O and @ Silicon, occasionally aluminium.

Water is readily absorbed into this interlayer space, where it appears to enter as an
integral number of layers of molecules . As each successive layer of water is
absorbed, the interlayer spacing will increase. This is known as the swelling of the clay.

The d(001) spacing in Na" exchanged montmorillonite varies from 0.95 nm when totally

" R. W. Mooney, A. G. Keenan and L. A. Wood, J. Am. Chem. Soc., 1952, 74, 1367-1374.
B K. Norrish, Disc. Faraday. Soc., 1954, 18, 120-134.
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dehydrated, to 1.9 nm when hydrated75. If montmorillonite exchanged with a small
monovalent cation such as Na* is placed in a dilute (<0.03 M) salt solution, extensive
interlayer expansion is possible, and under optimum conditions the layers can dissociate
completely. It has been pointed out by Walker et al”® that there are in fact two main
types of interlayer water. The first type (I) constitutes the inner (primary) hydration shell
around the exchangeable cation. The second type (II), forms the outer co-ordination
sphere of the cation; being indirectly linked to the cation and being more mobile, this
water is more labile than that of the type I. It is obvious that the size and charge (and

consequently the polarising power) of the exchangeable cation is responsible for both the

adsorption and character of the interlayer water .

1.2.3 Brensted and Lewis Acidity.

Clays contain both Bronsted and Lewis acid sites. The Brensted acid activity in
montmorillonite is derived from two sources. The first is from structural hydroxyl groups
in the clay layer. This is most likely located at the Al(VI)-O-Mg linkage, where Al(VI) is
the octahedrally co-ordinated aluminium, and magnesium has substituted another
aluminium in the octahedral layer. The second is from the dissociation of water
molecules in the interlayer, caused by polarisation by the exchangeable cations . This

proton-donating ability is also dependant on the hydration of the clay and the interlayer

» B. K. G. Theng, “The Chemistry of Clay-Organic Reactions”, 1974, p10, Adam Hilger, London, UK.
" G. F. Walker, “The X-Ray Identification and Crystal Structures of Clay Minerals.”, 1961, p297-324,
Mineral Soc., London, UK.

""R. A. Leonard, Soil Sci. Soc. Am. Proc., 1970, 34, 339-343.

" B.K. G. Theng, “The Chemistry of Clay-Organic Reactions”, 1974, p261, Adam Hilger, London,
UK.
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charge79. In the case of high humidity, the polarisation effect of the cation is dissipated
among a large number of water molecules, and the pK approaches that of the
exchangeable ion in aqueous solution. As the water content of the system decreases, the
polarising forces act on the few residual water molecules causing an increase in their
dissociation, and hence, their proton donating properties (i.e. The interlayer shows more

Bronsted acidity).

Lewis acidity arises from exposed octahedrally co-ordinated aluminium ions at the crystal

81,82,83,84
. Because of the

edgesso, and also ferric (or other isomorphous) ions within layers
nature of these sites, it is difficult to assign a precise value to the Bronsted or Lewis

acidity of the clay.

1.2.4 Inserting Molecules into the Clay Interlayer.

As has been mentioned in the previous section (1.2.2), under favourable conditions it is
possible to exchange the cations present in the interlayer. It is also possible to absorb
molecules without displacing these cations. All types of materials have been inserted into
clays, from inorganic ions, through organometallic compounds to organic molecules. The
method of insertion is essentially the same for all. The material to be inserted is placed in

solution with the clay, separated, washed and dried.

” M. M. Mortland and K. V. Raman, Clays Clay Minerals, 1968, 16, 393-398.

% D. H. Solomon, B. C. Loft, and J. D. Swift, Clays Clay Minerals, 1968, 7, 399-408.
*' H. Weil-Malherbe and J. Weis, J. Chem. Soc., 1948, 2164-2169.

® 5. B. Hendricks and L. T. Alexander, J. Am. Chem. Soc. Argron., 1940, 32, 455-458.
* J.B. Page, Soil Sci., 1941, 51, 133-140.
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The key phrase in the preceding paragraph is “under favourable conditions”. Just what
these conditions are is a complex and sometimes unpredictable science. If the clay
contains small highly charged cations, the layers are unlikely to separate when placed in
suspension. In addition, polar molecules are unlikely to compete effectively with water
molecules for ligand positions or sites around this sort of cation” . For this reason, the
exchange is usually carried out in water, or as polar a solvent as possible, so as to ensure
the clay platelets have the greatest possible chance to separate. Furthermore, the clay is
normally exchanged with a large diffuse cation such as Na which can be easily displaced.
In addition, if the insertion reaction is not to be carried out in water, then the clay is dried

prior to use.

For example, Traynor ef al”™ intercalated iron, copper, and ruthenium trisbipryridyl
complexes into a sodium exchanged hectorite usfng a fourfold excess of the complex
salts. They found that prior to washing excess salt could be intersalated within the clay
interlayer, although this sait was lost upon washing. This suggesté that the M(bipy)s**
ions are very effective at shielding the anions from the charge of the silicate layer. The
molecules lined up with their pseudo threefold axis perpendicular to the silicate sheet.
The complexes were found to be unusually resistant to oxidation, although whether this
was due to a modification of their redox potentials or the reaction was simply kinetically

slow was unclear.

% J. M. Bloch, J. Charbonelle, and F. Kayser, C. R. Acad. Sci. (Paris), 1953, 237, 57-59.
% V. C. Farmer, and M. M. Mortland, J. Chem. Soc., 1966, 344-351.
* M. F. Traynor, M. M. Mortland, and T. J. Pinnavaia, Clays and Clay Minerals, 1978, 26(5), 318-326.
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1.2.5 Pillared Clays.

Considerable effort has been directed towards permanently propping the layers apart, in
order to leave a permanently porous network. This can be done by the insertion of large

organometallic molecules, or more frequently, by the formation of metal oxide pillars.

The latter method of pillaring of the clay involves the exchange of the small inorganic
cations by large oxyhydroxy cations, which upon insertion form pillars in the interlayer,
permanently holding the layers apart and leading to a three dimensional structure similar
to a zeolite. This was first achieved by Brindley and Sempels87 in the late nineteen-
seventies. However, whereas a zeolite has a set cavity size, almost any cavity size is
conceivable with clays, by careful manipulation of the pillaring conditions. In addition the
pillared clays exhibit a higher thermal stability. These pillared clays, apart from their
potential as molecular sieves, may then have other molecules inserted in them, leading to
a new range of materials. For instance, the insertion of organoiron compounds, followed

by calcination could lead to finely dispersed catalytic iron nodules in a matrix which

exhibits shape selectivityss.

The insertion of organometallic molecules as pillars opens up a whole new field. For
instance, complex metal catalysts such as RhH(CO)«(PPh3), (x = 1,2), have been
immobilised by intercalation into clays such as montmorillonite”. The introduction of
large organometallic molecules can impart high interlayer areas and large pore volumes.

For instance, the intercalation of N-methyl-(3-triphenylstannyl)pyridinium into

*" G. W. Brindley and R. E. Sempels, Clay Miner., 1977, 12, 107.
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montmorillonite” gives an interlayer spacing of 1.9 nm, with only 40% of the exchange
sites occupied. By careful manipulation of the tin oxidation state, and further exchange
with catalytically active molecules, it may be possible to engineer a heterogeneous

catalyst with size/shape/stereo-chemical selectivitygo.

1.2.6 Properties and Uses.

Clays have many uses. One of the earliest recorded use of clay, the Fulling process, can
be traced back to biblical times. In this, an aqueous slurry of crude clay is used to remove

the grease from raw wool. Since then, it has been used in diverse situations, from the
decolourising of edible oils” to the clarifying of alcoholic beveragesgz. Modern uses of

clays are even more diverse, from house bricks and catalystsgs, to paper94 and toothpaste.

The potential of pillared clays to act as catalysts has enjoyed a remarkable amount of
interest since their inceptiongs. To date they have been used for various reactions, from
. . 96,97 o 98 . 99,100 o
catalytic cracking ~ and alkylation , to alcohol dehydration and the reduction of

. . 101
nitrogen oxides .

* G. Ozin and C. Gil, Chem. Rev., 1989, 89, 1749-1764.

% K. C. Molloy, C. Breen, and K. Quill, Applied Organometallic Chemistry, 1987, 1, 21-27.
* E. Kikuchi, T. Matsuda, H. Fujiki, and Y. Morita, App!. Catal., 1984, 11, 331.

! R. E. Grim, “dpplied Clay Mineralogy”, 1962, McGraw-Hill, New York, USA.

z M. K. H. Siddiqui, “Bleaching Earths”, 1968, Pergamon Press, Oxford, UK.

% J. P, Chen, M. C. Hausladen, and R. T. Yang, Journal of Catalysis, 1995, 151, 135-146.
> B. K. Green, “Pressure-sensitive record material”, 1950, US. Pat., 2,505,470.

* ¥. Figueras, Catal. Rev. Sci. Eng., 1988, 30, 457.

*® J. Stert and J.-E. Otterstedt, Appl. Catal., 1988, 38, 131.

7 D. Tichit, F. Fajula, F. Figueras, B, Doucourant, G. Mascherpa, C. Gueguen, and J. Bousquet, Clays
Clay Miner., 1988, 36, 369.
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The use of clays as catalysts touches on the edge of this work. Although the use of clays
as catalysts is a diverse field in itself, most of the reactions make use of either the Lewis
or Brensted acidity of the clay. In order to demonstrate this, let us consider two types of

reaction; polymerisation, and transformation and decomposition.

Polymerisation reactions are of great industrial importance. For instance, using acid
washed montmorillonite it is possible to obtain polystyrene in substantial yieldsm. The
mechanism is thought to involve the octahedrally co-ordinated aluminium at the crystal
edges. These Lewis acid sites can receive an electron from an absorbed styrene monomer
to produce a radical cation, which then reacts further to produce a dimer . In this case
the clay is acting as an initiator. This sort of behaviour has also been utilised in the
polymerisation of olefins'”, dienes and 4—viny1py1idine'°6. This Lewis acidity can also
inhibit polymerisation however. Methyl methacrylate normally polymerises by free radical
initiation, the reactive species being formed by heating. Addition of montmorillonite
inhibits this reaction. This is due to the reactive intermediate being absorbed at the
mineral edge and losing an electron to form an unreactive cation. In addition to mineral
edge reactions, reactions within the interlayer have also been reported. For example,

certain  hydroxymethacrylate monomers form interlayer complexes  with

* J-R. Butruille and T. J. Pinnavaia, Catalysis Today, 1992, 14, 141-154,

* R. Burch and C. . Warburton, J. Catal., 1986, 97, 511.

" M. L. Oceelli, R. A. Innes, F. S. S. Hwu, and J. W. Hightower, Appl. Catal., 1985, 14, 69.
"' J.P. Chen, M. C. Hausladen, and R. T. Yang, J. of Catal., 1995, 151, 135-146.

" J. A. Bittles, A. K. Chaudhuri, and S. W. Benson, J. Polymer Sci., 1964, 42, 1221-1231.
" D. H. Solomon and M. J. Rosser, J. Appl. Polymer Sci., 1965, 9, 1261-1271.

* H. Z. Friedlander, J. Polymer Sci., 1964, C4, 1291-1301.

* H. Z. Friedlander and C. R. Frink, Polymer Letters, 1964, 2, 475-479.

"H. Z. Friedlander, Am. Chem. Soc. Polymer Reprints, 1963, 4, 300-306.
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montmorillonite'*. These compounds spontaneously polymerise if the montmorillonite
contains a transition metal ion, usually iron, in its lower valency state in the silicate layer.
In the case of hydroxyethylmethacrylate, an electron is accepted from the clay to form a
radical anion. Abstraction of a proton from any handy water molecule gives rise to a free

radical which then propagates from between the layers outwards.

The ability of clays to activate transformation and decomposition reactions has long been
recognisedms. Probably the best known example is the cracking of petroleumm. In the
presence of an acid clay, a hydride ion can be abstracted to form a carbonium ion. This
can then undergo various rearrangements and reactions, such as B-splitting, methyl group
shift, hydride ion abstraction and hydrogen shift. This is known as catalytic cracking.
There is a second type of cracking known as thermal cracking. In this, a hydrogen atom
is lost giving rise to a hydrocarbon radical. This can then crack or undergo radical
isomerisation, which involves rearrangement to form a more stable cation. Cracking
occurs at the C-C bond in the B-position to the carbon lacking a hydrogen atom, forming
a primary radical and an o-olefin'"’. It is probable that in clays both types of cracking,

catalytic and thermal, are in operation at the same time.

" D. H. Solomon and B. C. Loft, Appl. Polymer Sci., 1968, 12, 1253-1262.

"% G. Broughton, J. Phys. Chem., 1940, 44, 180-184.

1 E. Eisma and J. W. Jurg, “Organic Geochemistry”, 1969, p676-698, Springer Verlag, Berlin,
Deutschland.

e R. C. Hansford, Advanced Catalysis, 1952, 4, 1-29.
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1.3 Catalysts

Even the most minimal literature search is likely to encounter some reference to catalysis
(See section 1.2.6). The vast majority of chemical products rely at some point on a
catalyst, whether to reduce operating temperatures (and cost) or to favour a particular
product. Not surprisingly, the amount of literature available is enormous, and even a
most basic overview would overwhelm the scope of this work. Consequently this
summary concentrates on one particular group of catalysts, heterogeneous, and one

particular element, iron.

1.3.1 Heterogeneous iron Catalysts.

There has been a considerable amount of work lately, in trying to disperse catalysts on a
solid support. This has several advantages. Firstly, the ease of separation of the reactants,
products and catalyst over homogenous systems, where often the catalyst is abandoned
after use . Secondly, the possibility of using a wider range of solvents since the
catalyst’s solubility is no longer an issue . Finally, the ability to work at elevated

temperatures should overcome any diffusional impediments, and promote reactions with

. . . . 115,88
high activation energies

1
B. V. Romanovski, “Proc. 5" Int. Symp. on Relations between Homog. Heterog. Catal.”, 1986, p343,

VNU Science press.

e R. Parton, D. De Vos, and P. A. Jacobs, “Zeolite Microporous Solids: Synthesis, Structure and
Reactivity”, 1992, p552, Kluwer Academic Publishers.

"B, V. Romanovski, Acta Phys. Chem., 1985, 31, 215.

"“D. R. C. Huybrechts, R. F. Parton, and P. A. Jacobs, Stud. Surf. Sci. Catal., 1991, 60, 225.

"> R F. Parton, D. R. C. Huybrechts, Ph. Buskens, and P. A. Jacobs, Stud. Surf. Sci. Catal., 1991, 65,
47-54.
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Iron is very commonly used in catalysts. It is relatively cheap, widely available, and also
extremely versatile. Iron catalysts come in many different forms. Metallic iron is the
catalyst used in the ammonia and Fischer-Tropsch synthesis“s. In other instances it is
combined with other metals such as palladium . Iron oxide is used in the high
temperature carbon monoxide shift conversion, the hydrogenation of ethylbenzene to
styrene, and the removal of hydrogen sulfide from reducing gas mixtures . Other iron

oxides such as FeAsQ, are used in reactions such as the dehydration to olefins .

1.3.2 Necessary Requirements

In order to produce a likely heterogeneous catalyst, a number of factors need to be
considered. The first is the oxidation state of the iron. The Fischer-Tropsch and ammonia
synthesis require metallic (Fe®), and will not proceed if the catalyst is oxidised. However,
in the carbon monoxide shift conversion, and the removal of hydrogen sulfide from
reducing gas mixtures, the presence of metallic iron causes unwanted side-reactions.

Therefore, not only should the iron be in the correct oxidation state, but also reasonably

resistant to a change in oxidation state' .

The second factor to consider is the presence of water within the host'”*. The reaction for

the removal of hydrogen sulfide requires water to be present in order to prevent

"' J. W. Geus, Applied Catalysis, 1986, 25, 313-333.
m R. L. Garten, Mossbauer Effect Methodology, 1976, 10, 69.

"B, C. Gates, J. R. Katzer and G. C. A. Schuit, “Chemistry of Catalytic Processes”, 1979, McGraw
and Hill, London, UK.

" A.J. H. M. Kock and J. W. Geus, Progr. Surface Sci., 1985, 20, 165.

'R Dutartre, P Bussicre, J. A. Dalmon, and G. A. Martin, J. Catal., 1979, 59, 382.
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poisoning of the catalyst. However, periodically the catalyst has to be heated to over
250°C in order to remove sulphur depositsm. The ability to readily re-hydrate is
therefore necessary. In the carbon monoxide conversion and Fischer-Tropsch synthesis,
the presence of water is not desired. Any water present in these reactions reduces
activity, either by blocking active sites in the former case, or by oxidising the iron surface

in the latter.

The third factor to consider is reaction of the iron species with the supportm‘ In the
removal of hydrogen sulfide, interaction with the support can prevent reduction to
metallic iron, which is desirable. In the carbon monoxide conversion, the prevention of
formation of metallic iron is again desirable. However, an intermediate state, FeO, is
sometimes stabilised . This is not as active as the preferred oxide FesO, and so
interaction with the support in this case is not so beneficial. In the Fischer-Tropsch
synthesis, interaction with the support can prevent the reduction to metallic iron, and

thus the production of the active catalyst.

The forth factor to consider is the pore volume. This has several consequences. Firstly
the required reactant molecules must be able to enter the host (undesired molecules
should preferably be excluded). Secondly, the product molecules must be free to exit the
host. Thirdly, structures with small pores will tend to absorb and retain more water. This

is advantageous in reactions such as the removal of hydrogen sulfide. Structures with

2 A. Kool and F. Riesenfeld, “Gas Purification”, 1979, 381, Gulf Publishing Company Book Division,

Houston, USA.
22
' H. M. Fortuin, A. J. H. M. Kock, and J. W. Geus, J. Catal., 1985, 96, 261.

1 A. J. van Dillen, J. W. Geus, and K. P. de Jong, “Transport in Non-Stoichiometric Compounds”,
1982, 467, Elsevier Science Publishing Co., Amsterdam, Netherlands.
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large pores will allow water to escape easily. This is important in reactions such as the

carbon monoxide shift' ' and Fischer-Tropsch synthesis.

The final factor to consider is the iron particle size. Large particles have been shown to
have a shape bounded almost exclusively by (110) surfaces, whereas small particles
contain a number of crystallographic planes. The (110) surface is the only surface where
complete removal of oxygen occurs. The removal of oxygen from the other planes,
notably the (100), does not occur measurablym. Any oxygen present will prevent
hydrogen or nitrogen ads;)rption, and thus large particles are preferred in the ammonia
synthesis. In addition, it has been shown that water is more firmly held by small particles.

This favours reactions such as the removal of hydrogen sulfide.

1.3.3 Synthesis of Iron Impregnated Materials

Pertinent to us is the use of zeolites and related compounds as a solid support for small
particles of iron' . There are four main methods of synthesising such materials. The first
involves incorporating the iron at the same time as the synthesis of the support. This is
done in zeolites by using the iron cation as a template for the zeolite super-cage127, and in

pillared clays the iron becomes part of the pillar propping the layers apartm. However,

this method can leave the iron in dense clusters or inaccessible to reactants. The second

e H. Bohlbro, “An Investigation on the Kinetics of the Conversion of Carbon Monoxide by Water

Vapour over Iron Oxide Based Catalysts”, 1966, Gjellerup, Copenhagen, Denmark.
1.3, Vink, O. L. J. Gijzeman, and J. W. Geus, Surface Sci., 1985, 150, 14.

1 J. Galuszka, T. Sano, and J. A. Sawicki, Journal of Catalysis, 1992, 136, 96-109.
1 A. Hagen, F. Roessner, I. Weingart, and B. Spliethoff, Zeolites, 1995, 15, 270-275.
" . J. Berty, K. K. Rao and G. Oats, Hyperfine Interactions, 1994, 83, 343-345.
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method involves cationic exchange into the host. In clays and zeolites, cations within the
host can be readily exchanged with cations in solution (See sections 1.2 and 1.1.2.1.1).
Exchange with iron cations can thus give rise to an iron impregnated solid”. Again
however, the number of iron cations per super-cage is difficult to control, and isolated
clumps of iron atoms are possible. The third method involves the adsorption of a neutral
gaseous iron complex into the (usually dried) solid host. The resulting material is then
heated until the iron complex decomposes leaving the iron behind. This has been
attempted very successfully with iron carbonyl compoundsm’ " The final route is a
variation of the second method. In this, large organo-metallic molecules are exchanged in
solution, and then decomposed by heating in the host matrix. Again, much success has

been attained in this field, such as the introduction of ferrocene into the zeolite Na-Y™.

" K Lazar, I. Manninger, and B. M. Choudary, Hyperfine Interactions, 1991, 69, 747-750.

* D, Ballivet-Tkatchenko, G. Coudurier, and H. Mozzanegg, Stud. Surf. Sci. Catal., 1980, 5, 309,
131
*' D, Ballivet-Tkatchenko and I. Tkatchenko, J. Mol. Catal., 1981, 13, 1.
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1.4 Biferrocene and Biferrocenium

1.4.1 Background

The background to biferrocene synthesis starts with the discovery of the
cyclopentadienyl anion by Thiele'” in 1900. Half a century later in 1951, a remarkably
stable complex incorporating an iron atom sandwiched between two cyclopentadienyl
rings, ferrocene, was reported by Kealy and Pauson . The earliest recorded biferrocene
was, surprisingly perhaps, biferrocene itself In a communication to the editor of
Chemistry and Industry in 1959, Goldberg and Mayo described how they had isolated an
orange crystalline material from the reaction of a mixture of mono- and di-lithioferrocene
with tri-n-hexylbromosilane, which they called “diferrocene” "**Since then, biferrocene,
as it has become known, and its substituted derivatives, have been synthesised by a
number of different methods. Previous routes have included the use of silylferrocenem,
diferrocenylmercurym, ferrocenylboronic acid; coupling reactions of haloferrocenes
using copper (Ullmanm), halogensm, and even polyhalogenated alkaneslss, but all are
restricted by the many different isomers and oligomers formed, and consequently low

yields. One of the more successful reactions was the synthesis of

"*2 § Thicle, Ber. Disch. Chem. Ges., 1900, 33, 660.

1% M. Rosenblum, “Chemistry of the Iron Group Metallocene™, 1965, Wiley, New York, New York,
USA.

**S. 1. Goldberg and D. W. Mayo, Chemistry and Industry, 1959, 671.

% M. Rausch, M. Vogel, and H. Rosenberg, J. Organic Chem., 1957, 22, 900-908.

*® M. D. Rausch, Inorganic Chemistry, 1962, 1(2), 414-417.

*" M. D. Rausch, J. Organic Chem., 1961, 20, 1802-1805.

* R. F. Kovar, M. D. Rausch, and H. Rosenberg, Organometallic Chemical Synthesis, 1970, 1, 173-
181.
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bis[(dimethylamino)methyl]biferrocene by Rockett et al'”® from dimethylamino-
ferrocene. Using butyl-lithium to remove a proton, and the amine functionality on the
ferrocene ring to stabilise the intermediate complex, the addition of cobalt(II)chloride
affords a mix of unreacted ferrocene, with the 2, 2”- and 2, 5”- bis[(dimethylamino)-
methyl]biferrocene in 85% yield overall. This high yield is especially necessary herein,

since large amounts are required for successful intercalation into the clay.

1.4.2 Properties.

Biferrocenes are not particularly interesting molecules in themselves, but partial
oxidation to biferrocenium compounds opens a whole new vista. Biferrocenium
compounds have one Fe(II) and one Fe(IIl) centre which have the potential to transfer
an electron between themselves via the cyclopentadienyl rings. This electron transfer is
similar to that found in many biological processes, such as electron transport
trains . However, in the biological processes many of the rates are considerably
slower than they should be. The precise factors influencing the rate of this electron
transfer are still poorly understood. It has been suggested that motion of one or more
amino acid moieties at a rate of 10-10' s' ina region near to the heme in cytochrome-c

modulates the rate of electron transfer into or out of the redox site of this important

. . 143 . . o . .
respiratory electron transport protein . By studying simpler systems like biferrocenium,

"’ D. 1. Booth, G. Marr, and B. W. Rockett, J. Organometallic Chemistry, 1973, 227-230.

© R. A. Marcus and N. Sutin, Biochim. Biophys. Acta, 1985, 811, 265.

H D. DeVault, “Quantum Mechanical Tunnelling in Biological Systems”, 1984, 2™ Edition, Cambridge
University Press, Cambridge, UK.

1 R. D. Cannon, “Electron Transfer Reactions”, Butterworths, 1980, Boston, MA, USA.

® G. Williams, G. R. Moore, and R. J. P. Williams, Comments Inorg. Chem., 1985, 4, 55-98.
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it is possible to determine which factors influence the electron transfer rate, and help to

unravel the complexity found in nature.

On a more academic front, the discussion into whether slow reorganisation of the
immediate solvent structure affects the rate of outer sphere electron transfer between
transition metal complexes in solution is ongoingm. One of the problems in studying
solution chemistry is the uncertainty involved in the precise arrangement and structure of
the molecules during the experiment. By studying biferrocenium compounds which are
solids, this uncertainty is removed, as the crystal structure can be determined by such

techniques as X-ray diffraction.

In a slightly different vein, a large third order non-linear optical response has been
measured for similar compounds such as 1, 4-bis(ferrocenyl)butadiynel45. This leads to

the possibility that some biferrocenium compounds may behave in a similar manner.

Following on the back of this work is the possibility that if the factors influencing the
electron transport process are known, then a compound could be designed that showed

novel electronic properties, e.g. super-conductivity.

" 3. Jortner and M. Bixton, J. Chem. Phys., 1988, 88, 167-170.

* J. W. Perry, A. E. Stiegman, S. R. Marder, and D. R. Coulter, Organic Materials for Non-linear
Optics, 1988, 69, 189.
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1.4.3 Valence Electron De-trapping Phenomena.

The transfer of an electron between atoms in a molecule above a certain temperature is
known as valence electron de-trapping (VEDT). The factors determining the rate of
electron transfer in biferrocenium compounds have been studied extensively by a few

eI but most notably by Hendrickson ef al.'”. By a

select groups since about 1967
careful choice of substituent on the biferrocene ring, and systematically changing the
anion and solvate molecules in the crystal, Hendrickson et al. discovered that the
temperature of the onset of VEDT was extremely sensitive to the immediate environment

around the biferrocenium cation. For instance, while studying the cation 1°,1°”’-dibenzyl-
biferrocenium triiodide, Hendrickson ef al. noted that upon changing the anion from PFs
to SbFs to I, the cation de-trapped at 170 K, 220 K and 270 K, respectivelylso. Even
more interesting perhaps, was what was observed in a later study of the 1°,1°”’-
dibenzylbiferrocenium triiodide compound”g. Hendrickson ef al. discovered that the
compound was composed of two distinct crystal structures, one formed of needle-like
crystals and the other of plate-like crystals. The plate-like crystals were valence trapped
on the Mossbauer time scale. The needle-like crystals on the other hand showed signs of
de-trapping above 25 K, until by 150 K the sample had completely de-trapped. However,
grinding of the needle-like crystals produced a resonance characteristic of a valence

trapped species, which persisted even up to and above 300 K. This was ascribed to the

16 M. B. Robin and P. Day, Adv. Inorg. Chem. Radiochem, 1967, 10, 247.

"' G. C. Allen and N. S. Hush, Prog. Inorg. Chem., 1967, 8, 357.

8

* N. S. Hush, Prog. Inorg. Chem., 1967, 8, 391. ,

*R.J. Webb, T.-Y. Dong, G. C. Pierpont, S. R. Boone, R. K. Chadha, and D. N. Hendrickson, J. Am.
Chem. Soc., 1991, 113, 4806-4812.

“"R. J. Webb, S. J. Geib, D. L. Staley, A. L. Rheingold, and D. N. Hendrickson, J. Am. Chem. Soc.,
1990, 112, 5031-5042.
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formation of defects in the crystal. Defects in the crystal will lead to a more asymmetric
environment around the cation, which in turn leads to a more asymmetric ground state
potential. This means that more energy is required to overcome the potential gap to

enable electron transfer, leaving a valence trapped species to higher temperatures.

It should be noted that three separate examples of de-trapping have been observed in

biferrocenium salts.

The first is really more a case of de-trapped than de-trapping. Dibromo-biferrocenium
triiodide is de-trapped on the Mdssbauer time-scale even down to 4K™. In this case the
cation is in an extremely symmetric environment, and so only a very small amount of
energy is required to allow an electron to transfer between the two atoms. As the
temperature was raised this transfer rate occurred faster and faster. By 4K the rate was
so fast that only a single valence averaged doublet was seen. Note however that no line
broadening was evident in the spectra. This indicates that the cause of the increased
electron transfer was not internal to the molecule (i.e. the activation barrier to transfer

one electron), but the result of some external process.

In the case of the PFs and SbFs salts of 1°,1°”’-dibenzylbiferrocenium, the resonances
due to the iron(II) and iron(Il) species moved together with increasing temperature,
until a single resonance was observed . Again, at no point was any line broadening
evident. This type of de-trapping is sometimes called “fusion” type de-trapping. In this

case, it was proposed that the anion changed from being static to dynamic in the

151

T.-Y. Dong, D. N. Hendrickson, C. G. Pierpont, and M. F. Moore, J. Am. Chem. Soc., 1986, 108,
963-971.
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temperature region where valance electron de-trapping became evident. This led to a
more symmetric environment around the cation, leading to a more symmetric ground
state potential, allowing electrons to tunnel between the states. As the temperature was

raised, this transfer became faster, until only the one resonance characteristic of iron(2.5)

was seen.
Figure 1.2 Diagram showing VEDT type IL
"Fusion" type Valence Electron Detrapping.
T
/N

In the case of 1°,1°”’-dibenzylbiferrocenium triiodide a third type of de-trapping was
observed . In this example, both the iron(II) and iron(III) resonances were visible, but a
third average doublet with parameters consistent with an iron(2.5) species, grows at the
expense of the two former doublets with increasing temperature. This they claimed was
due to defects within the crystal. The domains far from the defect would be quite

symmetric and so de-trap early. The closer to the defect, the more asymmetric the
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environment around the cation, and so more energy was required for the transfer of an
electron. Therefore as the temperature was raised, the domains away from the defect
would de-trap first, followed gradually by those closer to the defects until the whole

solid had de-trapped. Interestingly, this behaviour was observed by Hendrickson ef al.

when studying the diethylbiferrocenium - SWY-1 montmorillonite clay compositem.

Figure 1.3 Diagram showing de-trapping type II1.

"Domain" type Valence Electron Detrapping

TTY TTT
vy vy vy vy
T VT
11 1
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1988, 110, 2471-2477.
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1.5 Mossbauer Spectroscopy

1.5.1 Introduction.

Ever since Victorian times, people have used radiation to probe the nature of matter.

One of the first was a German chemist called Robert Bunsen who tried to identify the

elements by their individual emission spectra.

In 1900 a physicist called Max Planck came up with the idea that radiation, like matter,

was composed of discrete packets, which he called “quanta”.

In 1907 Einstein wrote that a solid can be thought of as a large number of independent
linear harmonic oscillators, each vibrating at a frequency «_. This view was somewhat

simplistic, but a useful model to explain the specific heat of solids.

In 1912, Debye proposed another model for solids, based on a continuum of oscillator
frequencies ranging from O up to a maximum o . This was again somewhat simplistic,

but can be used cautiously.

In 1913 another physicist Neils Bohr, using Planck’s idea, proposed a model for the
hydrogen atom, where the electrons were only allowed a fixed set of allowed orbits,

based on their energy. Although later shown to be strictly incorrect, he was on the right

track.
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In 1924 De Broglie proposed the theory of wave-particle duality. This idea was further
expanded in 1927 by Schrodinger. Schrodinger proposed that electrons could be
described by considering the electron as a wave function, where the square of the wave
function represents the probability of finding the electron at that point. A working model
for the atom was now in place, which could be used as a fundamental base for the theory

of spectroscopy.

In 1939, Lamb set out his theory for the absorption of neutrons based on zero-phonon
events . This is particularly pertinent to the discussion in this section, as it shares the

same basic theory as the Mossbauer effect.

The principle of modern spectroscopy is surprisingly simple. A sample is excited using
radiation. The sample absorbs the radiation, and then re-emits it in all directions. The
emitted radiation enters a detector, and any difference between the initial and final
radiation is measured. Considering the theory was in place by 1927, it is perhaps

surprising that the phenomenon of resonant absorption followed by recoil free emission

by nuclei, was in fact not discovered until 1957".

1.5.2 Theory.

When an atom emits radiation it experiences recoil, in accordance with the principle of

the conservation of momentum. With most spectroscopic techniques the recoil is too

"> W. E. Lamb, Jr, Phys. Rev., 1939, 55, 190.

'R, L. Mossbauer, Z. Physik, 1958, 151, 124.
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small to have any noticeable effect. With nuclear transitions however, the radiation
energy is comparable to that required to recoil the atom. This can be represented by a
simple model using mathematics. Consider an atom in the x plane. Assume that it is in

the excited state. Its internal energy above the ground (0) state is therefore,

E=E -E, Equation 1.1

It also has some kinetic energy, 1/szxz. The total energy of the nucleus above the
ground state before emission is E + mV’. It then emits a y-ray. Assuming the mass
hasn’t changed, the velocity of the atom must have, in accordance with the law of

conservation of energy. Therefore, the atom now has an energy ¥sm(V +v) .

Figure 1.4 Diagram showing atom before and after recoil.

O -

(Atom at rest). (Atom after recoil)
velocity \4 V +v
energy E+¥mV’ E,+Ym(V +v)°
momentum mV_ m(V +v) + E /e

(E, is the energy of the y-ray). v is a vector and so can be (and probably is) negative.
Also by the law of the conversation of energy,

E+ l/szx2 =E,+Ym(V_+ v)2 Equation 1.2

The difference between E and E, is the difference in energy between the excited and
ground state of the atom SE. This may be written as,
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oF = E- E},= vmy' + 1/zvax

=E +E Equation 1.3

It is immediately apparent that the first term is dependent only on the velocity after
emission, and hence on the amount of recoil of the atom ( = Eg). This is an inherent
property of the nucleus, and cannot be altered. The second term, however, is dependent

on the velocity of the atom before emission. This is known as the Doppler-effect energy

term, for obvious reasons ( = Ep).

As the speeds involved are well below the speed of light, traditional mechanics can be
used to give an idea of the random thermal energy possessed by the atom, and hence an
indication of its speed. The random thermal energy of a perfect gas is ¥2kT, where k is

the Boltzmann constant and T is the absolute temperature. Therefore,

This can be rearranged to give;

Ep=mv{V? =2Emv* = 2V Ex Equation 1.4

So, based on the above equation, when the atom emits a y-ray, there will be a
distribution of energies, displaced by E_from E, and broadened by twice the geometric
mean of the recoil energy and the average thermal energy, which is equal to the Doppler-

effect energy.
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Now by the same arguments outlined above, it can be assumed that a nucleus absorbing a
y-ray will also recoil, but by the same amount in the opposite direction. Thus, there will
be another distribution of energies broadened by E_, and displaced from E in the

opposite direction by £ . This is shown diagrammatically in Figure 1.5.
R y gu

Thus, in order for an atom to absorb a y-ray and then re-emit it, there must be an overlap
of the two distributions, implying that the Doppler-effect energy must be of the same
order of magnitude as 2F . This was first achieved by Moon in 1950, using an
ultracentrifuge to accelerate the sample to 1600 mph. Others have repeated the
experiment using high temperatures or nuclear reactions to increase the Doppler
broadening and increase the overlap of the distributions. Note that all these people are
compensating for the recoil energy. This remained the case until 1957 when a young

physicist named Rudolf Méssbauer appeared.

As far the author is aware, Mgssbauer tried to increase the overlap by increasing the
temperature. By increasing the temperature, the molecules have more energy and vibrate
faster about their lattice positions, broadening the energy distributions and providing
increased overlap. What was observed in fact, was a decrease, with a lower recoil free
fraction at higher temperatures. From here it was recognised that it was not the high

energy atoms that were causing the spectrum, but those with no energy.

"> p_B. Moon, Proc. Phys. Soc., 1950, 63, 1189.
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Figure 1.S Diagram of overlapping distributions 2Eg apart and broadened by Ej,.

Figure 1.5 showing overlapping distributions.

2Er

Ep

Mossbauer  reasoned that if the atom was part of a solid, then it was not the atom that
would recoil, but the whole lattice. Even in a powder, a crystallite contains around 10%°
atoms, reducing Er by 10" and making it negligible. By the same argument, Ep can also

be considered negligible.

Mossbauer dutifully took his findings to his supervisor and told him his theory. His
supervisor informed him that he was mistaken. Mossbauer persevered and published'**

his findings in a little known journal hoping his supervisor would not notice. Several
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others did however. They repeated his experiments and came to the same conclusions.
The phenomenon of resonant absorption followed by recoil free emission is thus

attributed to Mossbauer, and gained him the Nobel prize at a later date.

1.5.2.1 Line-width and Resolution

One of the remarkable things about Mossbauer Spectroscopy is its incredible resolution.
This is a consequence of the very narrow band of energies associated with the y-ray,
defined by the Heisenberg uncertainty principle. The ground state of a nuclear level has
an infinite lifetime, and hence no uncertainty in energy. However, an excited state has a

mean life (A7) of a microsecond or less. For a y-ray of energy AE
AEAI =1 Equation 1.5
This means that when the nucleus decays there will be a range of energies produced with

a width at half-height (I"), where

I'=h/At Equation 1.6

and Ar=1In2 x t,

For all of the experiments herein Fe was used. ~Fe has a half-life t, of 97.7 ns.
Working back, this gives a width at half height I" of 4.67 x 10° V. The resolution can be
written as I/AE. In the case of the Mossbauer effect, £ and E_ are effectively
eliminated. This indicates that for the 14.4 keV transition in ° Fe, if thermal broadening

could be avoided, a monochromaticity of 1 part in 10" is theoretically possible. This
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compares very favourably with such techniques as U.V.-visible ( 1 in 10" ), gas phase

infra-red (1 in 10‘3) and atomic line spectra ( 1 in 108).

1.5.2.2 Recoil Free Fraction

So far it has been seen that as long as the chemical binding energy is considerably greater
than the free atom recoil energy (£r), then the recoiling mass can be considered to be the

whole crystal rather than that of the atom.

However, this argument ignores one important factor. The atom is not held rigidly on its
lattice position, but is constantly vibrating about it. Fortunately, during the time of the
nuclear decay, the mean displacement of the atom averages to zero. Therefore, a transfer
of momentum to the atom is not possible, and any transfer of momentum to the random
translational motion of the lattice is negligible. This leaves two processes by which the
recoil energy could be dispersed. The first is by absorption of the recoil energy by the

lattice vibrations, and the second is to emit a y-photon.

In an Einstein solid, the vibrational energy of the lattice as a whole is quantised, so it can
only change by discrete amounts, 0, +hw , 12h o, efc. If Er < ho then either zero or
ho units of vibrational energy are transferred. Therefore, if a fraction, f, of y-photons
are emitted without transfer of recoil to lattice vibrations (zero phonon transitions), then

a fraction (1-f) will transfer one phonon, neglecting all higher multiples of @ to a first
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approximation. Lipkin156 has shown that if many emission processes are considered, the
average energy transferred per event is exactly the free-atom recoil energy: or using the

present model,
Er=(+f) ho

which can be rearranged to give,

Er .
f=1-7—— Equation 1.7

ho

This fraction f, does not transfer any energy to the lattice vibrations, and all the energy is

released in the y-photon energy (E=E,).

This is still, however, a very simplistic model. A more realistic model would be to use a
Debye model, where there are a range of frequencies that converge at a upper limit of
.. Fortunately, the lower frequencies which are dealt with here are difficult to excite,

and similar to the Einstein model, otherwise the Mossbauer effect would not exist.

Thus far it is known that there is a finite probability of a y-emitter emitting a y-ray
without recoil or thermal broadening, and that the line-width derives from the

Heisenberg uncertainty principle. The question remains however, as to how much this

finite probability actually is.

So far it has been seen that the recoil free fraction or probability of zero phonon events is

related to three variables:

S H. 7. Lipkin, Ann. Phys., 1960, 9, 194. 40



a) the free atom recoil energy
b) the properties of the solid lattice

c¢) the ambient temperature.

So, the smaller the y-ray energy, the firmer the binding of the lattice, and the lower the

temperature, the higher the proportion of zero phonon events (f) there are likely to be.

The forces acting within the nucleus are extremely short range whereas those holding
the lattice together are of much longer range . Hence the nuclear decay is independent

of the vibrational state and vice versa. The probability for recoilless emission can be

. 157
written as ~,

f=e" Equation 1.8

x is a random vibration vector. Therefore x° can be replaced by <x™>, the component of
the mean square vibrational amplitude of the emitting atom in the direction of the y-ray.

Since K’ =4n" /A" =Ex’ / (h c)z, where A is the wavelength of the y-ray,

-47* <x* > E? <x?>
f= exp(—ﬂ—ﬂz-i——) = exp(—L(h—c%——) Equation 1.9

Looking at equation 1.9 it is seen that the probability of zero-phonon emission decreases
exponentially with the square of the y-ray energy (this confirms what had been deduced

qualitatively earlier). This indicates an upper limit on the value of Ey that can

7 N. N. Greenwood and T. C. Gibb, “Mdssbauer Spectroscopy”, Chapman and Hall, 1971, London,
United Kingdom.
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be used in the Mossbauer experiment (the highest transition energy for which a
measurable Mossbauer effect has been reported is 155 keV for '*0s). Equation 1.9 also
shows that f increases exponentially with a decrease in <x>, which in turn depends on
the firmness of the binding of the lattice, and on the ambient temperature. The
displacement of the nucleus must be small with respect to the wavelength of the y-ray.
This explains why the Mgssbauer effect is not visible in gases and non-viscous liquids.

However, it does afford a valuable insight into the lattice dynamics of a solid.

In order to do so, however, a model of the vibrational modes within the solid is required.
The simplest model is, as has been mentioned earlier, the Einstein model. This is rather
too simplistic and will not be mentioned further. A better model, though still limited to a
monatomic cubic solid, is the Debye model. The Debye model envisions a continuum of
oscillator frequencies, ranging from zero upwards, to converge at a maximum frequency
@_. The frequencies are distributed according to the following formula, N(&) = constant

x @. A characteristic temperature called the Debye temperature 6 is defined as 7 @), =

k0_, and the average frequency is

3hw,
4

hw =

The Debye temperature §_ gives an indication of the approximate lattice properties, but it
should be remembered that the values are grossly inadequate for most pure metals, let

alone chemical compounds.

The Debye model leads to
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h ‘P N(w) (ha))
Kyt = d
* 2Mj; P T

which can be written as,

jef ()

This is often written as f = ¢””. The factor W is sometimes loosely called the Debye-

do/T
— dxH Equation 1.10
o e -1

Waller factor. The Debye-Waller factor was originally derived for X-ray scattering. The
major difference is that X-ray scattering is fast compared to lattice vibrations, whereas
the mean lifetime of a Mossbauer nucleus is long. At low temperatures where T << 8

equation 1.12 approximates to

~Er |3 n'T?
f= exp[ o {5 + 7[91)’ }] T«0) Equation 1.11

and at absolute zero

-3Fr
f =exp TN T=0K Equation 1.12
Finally, at the high temperature limit

- 6ERT
f =exp X T> l/zBD Equation 1.13

The mechanism by which an atom can emit a y-ray without recoil is now known. The
same arguments can be used to explain how an atom absorbs one. In addition, an idea of
how much of the sample is likely to experience resonant absorption / recoil free emission

is also known.

52



1.5.2.3 Resonant Absorption Cross Section and Re-absorption

Take this a stage further. In order to perform a Mdssbauer experiment, a radioactive
emitter is used for a source, followed by subsequent recoil free absorption/emission by
the absorbing material being studied. However, what would happen if the source material
reabsorbed the y-ray before it even reached the absorber? Alternatively, what happens if
the absorber reabsorbs the y-ray after it has emitted it? In order to answer these
questions it is necessary to consider the resonant absorption cross-section of the
material. Common sense dictates that the thicker the material is, the more likely it is to
reabsorb the y-ray, but this should be examined more closely. The preceding paragraph
showed that the probability of recoilless emission is f;. This radiation has a Heisenberg
width at half-height of I's, with a distribution of energy in accordance with the Breit-
Wigner formula'™. This in turn shows that the number of transitions between (E,-E)and

(E, - E + dE) follows a Lorentzian distribution defined by

0 dE

Ty Equation 1.14
/2 s
(E-E) + (7)

N(E)dE =

This is described diagrammatically in Figure 1.6. In a similar way, the resonant
absorption cross section o(£) can be expressed as

(3)

Equation 1.15
-5+ Z)

o(E) = oo

where I is the Heisenberg width at half-height of the absorption profile and oy is the

effective cross section given by
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oo=27A" (zleij (L) Equation 1.16
2L+1\1+«

where /. and /; are the nuclear spin quantum numbers of the excited and ground states,

and o is the internal conversion coefficient of the y-ray of wavelength A.

Figure 1.6 Diagram of Lorentzian Line, E, with Heisenberg-width I,

Figure 1.6 showing distribution of energies around E

E,

(Note: Not all y transitions produce a physically detectable y-ray; a proportion eject
electrons from the atomic orbitals, giving X-rays and these internal conversion electrons
instead. The internal conversion coefficient of a y-transition is defined as the ratio of the

number of conversion electrons to the number of y-ray photons emitted.). Equation 1.18

"** G. Breit and E. Wigner, Phys. Rev., 1936, 49, 519.
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shows that a high absorption cross section requires that o has a low value. The resonant
absorption process will also be in competition with other absorption processes such as
photoelectric absorption, and it is important that the cross-section for nuclear resonance
absorption should be higher than that for any other method of y-ray attenuation. So, it is
clear that the intensity of an emission-absorption resonance depends on three main

properties:

a) nuclear properties: the cross-section of y-ray absorption and hence I, /;, and a
b) source properties: the recoil free fraction f; and the Heisenberg width 7
c) absorber properties: the recoil free fraction for absorption £, and the Heisenberg width

I

Unfortunately, a completely general evaluation of the problem is impossible, but useful
results are obtained if it is assumed that both the source and the absorber have the same
Heisenberg line-width (/" = Iy = I). Using this assumption, Margulies and Ehrman'~
showed that the decrease in y-transmission through a uniform resonant absorber which

has a thickness tending towards zero (i.e. ideally thin) can be represented by,

e 1
X
2 (e-Ey) +(I7/2)

I(e) = Equation 1.17

This was normalised so that E}(a‘)da =1.

g is the energy displacement between the source and absorber distribution maxima, I; is
the sum of the emission and absorption half-widths, i.e. I; = 21" and the distribution is

still Lorentzian. If the absorber has an effective thickness # = fin.a.00f., (Where f;, is the
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recoil free fraction of the absorber, #, is the number of atoms of the element concerned
per cm’ in the absorber, a, is the fractional abundance of the resonant isotope, oy is the
absorption cross section, and 7, is the thickness of the absorber in cm), the shape is still

basically Lorentzian but will be broadened so that

I;

T= 2.00+027¢ 0<t<5 Equation 1.18
and

E 2

T= 2.02 + 0.29¢7 — 0.005¢ 4<t<10

By measuring I for a series of thickness’, 7, it is possible to obtain the true value of 1=
WI; (1-0).

So, if the source has a substantial recoil free fraction, and the emitted y-rays pass through
an absorber made of the same material, there will be a decrease in the transmission of the
y-rays on the other side due to their resonant re-absorption and subsequent re-emission

over a 4w angle. This concludes the basic principles of the Mossbauer experiment.

' S, Margulies and J. R. Ehrman, Nuclear Instr. Methods, 1961, 12, 131.
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1.5.3 Experimental

1.5.3.1 Source choice

Before starting a Mdssbauer experiment a source of y-rays is required. More importantly,
a source of y-rays that can easily be utilised. To start, take another look at the preceding

section to see what sort of material is needed for the source.

First of all consider the energy of the y-ray. Too little energy and the y-ray will simply be
absorbed into the surrounding matter. Too much energy, and the recoil free fraction
(proportional to exp(-E,”) falls to a very low value, and in addition could disrupt the
surrounding matrix. This last consideration is also important for any preceding transitions
of the excited nucleus. Moreover the absorption cross section 6o, which is proportional
to -E, and so also decreases rapidly as E increases. Ideally a y-ray with an energy

between 10 and 100 keV is required.

The first variable was the Heisenberg line-width. This is dependent on the half-life of the
excited state. If the half-life of the excited state is too long, a very narrow band of
energies will be produced, which is difficult to record accurately due to vibrations within
the spectrometer. Alternatively, too short a half-life leads to a very broad range of
energies, and a broad spectrum results with little or no fine structure. In practice, the
optimal half-life lies somewhere between 1 and 100 ns. Still on the subject of half-life, the
source should last months if not years in order to maximise consistency and minimise
handling (unhealthy!). Therefore, the precursor to the excited state should have a long

half-life.
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The second variable considered was the recoil free fraction. In order to maximise the
number of y-rays, this should be as high as possible. The recoil free fraction depended on

three main factors.

1) The free atom recoil energy (£g). This should be as low as possible (usually £r < 6 x
10 eV) in order to minimise the chance of a transfer of energy to lattice vibrations.

2) The properties of the solid lattice. The more rigidly the atom is held, the higher the
recoil free fraction. This indicates that materials with a high value of 6p (such as
metals and oxides) are likely candidates.

3) The ambient temperature. Sources with a high 6p are more likely to have a higher
proportion of zero phonon events at room temperature. This eliminates the need to

cool the source, minimising vibration and calibration complications.

The next variable to consider is the absorption cross section (o). This should be as large
as possible (generally 6o > 0.06 x 10™® cm?) in order to maximise the number of y-rays
being released. In order for this to happen, the internal conversion coefficient o should
be as small as possible, so as to favour the production of a y-photon rather than a
conversion electron. Also, in theory the y-ray produced should be of as long a wave-
length () as possible, although in practice this is not necessary.

Other factors to consider include;

a) the number of emission lines, as multiple lines lead to complicated spectra (1 is

preferable),

b) no appreciable quantity of the ground state isotope in the source material (as this

increases the source line-width).
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¢) Non-resonant scattering should be minimised. This is achieved either by careful choice
of the other elements in the host matrix, or, in the case of a metal foil, by keeping the
depth that the radioactive material diffuses into the foil as small as possible.

d) Last, but far from least, the ground state isotope should be stable, and in a high
natural abundance. This reduces the inconvenience (and cost) of having to prepare

artificially enriched compounds.

In this project a foil of *’Co in a rhodium matrix was used as the source. This source is
readily available from commercial outlets at a reasonably low cost (a 30mCi source costs
just over £1000 at the time of these experiments). *’Co undergoes electron capture with
99.84% efficiency to give *'Fey in an excited state. The half-life of this process is about
270 days, ensuring a reasonably long lived source. This then releases the energy in order
to reach the ground state. 11% of the energy is lost as a 136.3 keV y-ray, and 85% as a
121.9 keV y-ray. The 121.9 keV y-ray can then go on to give rise to a 14.4 keV y-ray
leaving the atom in its ground state. This is outlined in the diagram Figure 1.7. Of
interest is the 3/2 to ¥ transition which gives rise to the 14.4 keV y-ray. This is within
the 10-100 keV criterion discussed earlier. The half-life of 99.3 ns again matches the
criterion of a value between 1 and 100 ns, giving rise to a Heisenberg line-width of 0.192
mm s, The free atom recoil energy for Fe is 1.95 x 10® eV (at 300 K), which is well
below the upper limit of 6 x 10 eV. The absorption cross-section for iron is large with a
value of 2.57 x 10™® cm? (greater than the 0.06 x 10™® cm? criterion). This is particularly

useful as the internal conversion coefficient o, is fairly large (o = 8.17), which indicates

that only 11% of the 3/2 to % transition actually emits a y-ray.
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Figure 1.7 Diagram showing y-decay scheme for >Co.

57

’ 26!1:,'13
5 270 days
Electron Capture (99.842%0)
'g' E2 89 ns
1363 ke V- 121 9 keV
3 e Ml g9 3406
—————144 keV
1 4 &
r 0
2 £7
Fe
26

The source gives rise to a single emission line preventing complex overlapping spectra.
The ground state isotope >'Fe has a natural abundance of just over 2% naturally. While
this is not large, considering the large absorption cross section of iron, it does not require
further enrichment artificially. The final reason that this source was used was that the

compounds being studied contained iron.

1.5.3.2 Sample Preparation.

Sample preparation, in general terms, is extremely easy. The main problem lies in
deciding how much sample to use. Too little sample and nothing is likely to be observed.
Too much, and the spectrum will be broad, reducing both resolution and precision. In
addition the transmission of the y-rays also diminishes as a result of non-resonant
scattering. It would appear that an optimum thickness is achievable, where resonance and

transmission are maximised, and the line-width minimised. Margulies and Ehrman~
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showed that for a uniform resonant absorber and an ideally thin source, the transmission

at the resonance maximum can be written as
—pata -lT a 1 . .
T(0)=e (1-f)+ fe? JO(Elta) Equation 1.19

where J, is the zero order Bessel function'® and 7, = JSana,00t’s. They went on to show

that the absorption of the final transmitted radiation can be represented as

ATo = e ™ — T(0)

e (1
= e ﬁ[l —e 2 Jo(-z—iTa)] Equation 1.20

If a plot of AT(0) is plotted versus #, (where @, = 0.067, ;= 0.7, a, = 0.0219, oy = 2.57 X
10® cm?), using values for f; between 0 and 1.0, it quickly becomes apparent that the
optimum value for A7(0) is about 10 mg cm™ of total iron. This is the value that was

used in calculating the amount of material to be used in all the experiments.

There was one other consideration in the preparation of the sample. If the sample was
not ground thoroughly prior to use, a reduction in transmission, broadened half-widths,

and orientation effects disrupted the spectrum. This can be demonstrated mathematically

to be linked to particle size'® .

BRG]

2
160 o . X .
Jo(ix) = 1+(5) + 7o + 223 +... Equation 1.20b

o Cotton, Wilkinson and Gaus, “Basic Inorganic Chemistry”, pp44 ,reference 53, 1987, Wiley, New
York, U. S. A.
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1.5.3.3 Equipment.

1.5.3.3.1 Transducers

The chances of the source and absorber sharing the same nuclear energy gap is
somewhat small. In addition, to observe hyperfine effects a range of energies is required.
A means of varying the energy of the source to match that of the absorber is therefore
needed. This is accomplished, somewhat ingeniously, by Doppler shifting the y-rays of
the source material. This requires a repetitive motion of small amplitude, which must be
achieved with high reproducibility. A number of highly innovative and imaginative

solutions have been found to this problem.

The earliest experiments involved the use of constant velocity drives. Sources have been
mounted on numerous devices, from lathes and pendulums, to cams and spinning discs.
One set-up even involved mounting the source on the piston of a V8 engine! However,
the need to almost constantly supervise these instruments in order to change the velocity

settings proved the downfall of most of these instruments.

It was de Bennedetti~ who pioneered the use of small transistorised, multi-channel
analysers for Mossbauer Spectroscopy. The source is mounted on an electromechanical

drive system (similar to a hi-fi loud speaker), which is fed a reference voltage wave-form

from a servo-amplifier.
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The electro-mechanical device incorporates two coils. One is fed the signal from the
servo-amplifier, the other produces a signal proportional to the velocity of the drive,
which is fed back into the servo-amplifier. The servo-amplifier compares the return signal
with the original reference signal, and then minimises any discrepancies between them.
The use of these electromechanical devices opened a new range of possibilities. By
feeding different wave-forms to the transducer, different motions could be produced. In
particular, the use of a triangular wave-form produced a constant acceleration of the

source. This is the means by which most experiments are carried out to this day.

1.56.3.3.2 Counters

The next problem lies in detecting the y-rays. There are four main types of counter.

For high energy y-rays lithium-drifted germanium detectors provide an exceptionally high
resolution spectrum. However, sensitivity is low, and resolution falls away quickly at

lower energies. In addition they need to be kept at liquid nitrogen temperatures.

More frequently, scintillation-crystal type detectors such as Nal/Tl are often utilised. Yet

again however, resolution falls away rapidly with the lower energy y-rays.
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A more efficient method is the use of a resonance scintillation counter . A standard B-
detection plastic scintillator is doped with the resonant absorber. This is insensitive to the
non-resonant background bf primary y- and X-photons, but detects instead the secondary
conversion electrons after y-ray capture by the resonant nuclei. The main problem here is

the necessity of preparing a new counter for each experiment.

In order to detect the lower energy y-rays, a gas filled proportional counter is more
commonly used. Although the efficiency and reliability are fairly low, the relatively high
resolution at low energies, and its versatility have made it very popular. There are a
number of theories concerning the design of proportional counters, although the most

successful work appears to have been achieved on a trial and error basis.

The counters however have the same basic principle. Below is a diagram of the counter

used in these experiments.

Figure 1.8 Diagram of a typical Proportional Counter.

Insulating Polythene Spacer, Argon / Methane Gas (90:10). Lead casing.

HT. \\ - . /— Alominium Case.
V4 /—

(~2 kW) 3

) Alminiced-Mylar
N !
Signal
to Pre-amp

\.;

_Z [N [N Insulating Polythene
/’ ‘\ \\ spacer.
Stainless Steel Anode Wire.

162 L. Levy, L. Mitrani, and S. Ormandjiev, Nuclear Instr. Methods, 1964, 31, 233.
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The counter is basically a hollow cylinder with a central anode wire, and a window
transparent to y-rays at one end. The cylinder is filled with an ionising gas to a little
above atmospheric pressure. In order to detect the 14.4 keV y-ray produced by *'Fe, an
argon / methane (90:10) mix is used. The y- / X-rays enter the chamber and ionise the
argon gas. The electrons produced accelerate away from the cathode tube ionising more
gas, and releasing more electrons producing an avalanche effect. This reaches the anode
wire (0 V) producing a pulse. The methane mops up any extra electrons generated,
providing a sharp pulse. This is amplified by a pre-amp and then further amplified and
integrated by a pulse amplifier. In some counters the anode wire is held at a positive
voltage while the outer casing acts as the cathode. This has the disadvantage of needing
to de-couple the signal before it can be used. This is done by feeding the pre-amp with

the required bias voltage.

1.6.3.3.3 Cryogenics

In order to maximise the number of zero phonon emissions (the recoil free fraction), it is
normal to cool the sample. In addition, the dependence of the spectra on temperature can
frequently provide interesting information. Somewhat less frequently, the source is also
cooled. This requires cryogenic equipment. Fortunately with *Fe, the source Co is
active enough at room temperature and only the sample needs to be cooled. Many
commercial cryostats are available for this. There are two considerations however, which

are peculiar to Mossbauer spectroscopy. The first of these, is the need for the path
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between the source, absorber and detector to be transparent to the y-rays. This is
accomplished by the use of purified beryllium, aluminium or aluminised mylar. The
second requisite, is the need to eliminate all vibration from the system. Any vibration will
cause a Doppler broadening of the spectrum. This is achieved by a variety of methods,
such as rubber mats, or the isolation of the sample from any moving parts. There are two

main types of cryostat, both of which were used during the course of this work.

The simplest, the liquid cryostat, is outlined in Figure 1.9. This is basically a rather
extrovert vacuum flask. The sample is placed in the central chamber and surrounded with
the exchange gas. Since the present project involved working at liquid nitrogen
temperatures, nitrogen gas was used. Tightly coiled around the bottom of the sample
chamber is the heat exchanger. Here nitrogen drawn from the reservoir tank boils off
cooling the chamber before it exits. The sample is thus at around 77 K, the boiling point
of liquid nitrogen. In order to study compounds at temperatures above this, a heating coil
is wrapped around the heat exchanger. A platinum thermocouple gives the temperature
reading to within +2 K. The signal from the thermocouple is fed into a temperature
controller, allowing it to adjust the power the heater requires to keep the sample at the
desired temperature. There are no moving parts so there is no vibration to worry about.
The only draw back in this design is the need to top up the nitrogen reservoir every other

day.
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Fisure 1.9 Diagram of Liquid Cryostat.
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A rather more sophisticated design is the displex cryostat system. This has the advantage

of infrequent recharging and low maintenance. The overall principle is somewhat similar
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to the domestic refrigerator. Gas is compressed, then allowed to expand adiabatically

causing cooling. The gas is then recycled and the process starts again.

Figure 1.10 Schematic Diagram of the Expander Module for the Displex.
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In this case an Air Products Compressor (1IR02W) and Expander (DE202) were used,
coupled with an Air Products temperature controller (DE3700). The compressor is of a
fairly standard design and so will not be mentioned further. Suffice to say the compressor
is charged and then switched on. The compressed gas is then pumped to the expander

module.

The operation of the expander is worthy of note however. Once the compressed gas
reaches the expander module, the inlet valve opens. The gas enters the first chamber via
the cold regenerators, expanding and cooling. The inlet valve closes. Within this chamber
is a piston type rod. As the gas enters, the rod is driven upwards forcing gas at the heat
stations to expand and cool further. The exhaust valve now opens, and the rod drives
back downwards. The gas expands once more cooling the regenerators ready for the new
gas coming in. The gas exits back to the compressor and the process starts again. In this
way, the gas is effectively cooled in three stages during one cycle, allowing temperatures

as low as 6-10 K to be achieved.

Although efficient, this method produces a problem. The action of the rod driving up and
down causes considerable vibration in the system. In order to overcome this, a second
casing is placed around the cold finger, almost, but not quite touching. It is to the bottom
of this casing that the sample is attached. The expander unit and sample casing are then
mounted separately, joined only by a thin pair of neoprene latex bellows. Helium
exchange gas is then introduced into the gap between the sample casing and the cold
finger. Although this reduces efficiency by 3-4 K, it almost completely eliminates the

vibration caused by the expander module.
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Surrounding the sample casing is a radiation shield, and finally the vacuum shroud. The

sample has to be kept under vacuum in order to prevent heat transfer from the outside

world.

Figure 1.11 The Air Products Displex Cryostat.
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Again a small note is needed here. The vacuum is provided by a diffusion pump complete
with roughing line for fast change-over of samples. The pumps are mounted on rubber
mats to prevent vibration. Now, at temperatures below 50 K air will start to condense on

the sample casing, causing it to act as a cryo-pump. In the normal order of events, it
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would be necessary to isolate the chamber from the pumps below 50 K, to prevent oil
being sucked into the chamber. Fortunately, in this particular case the vacuum hose is so
long and thin, it causes a considerable pressure gradient between the chamber and the

pump, and so this is no longer necessary.

Wrapped around the bottom half of the sample casing is a heating element, with a gold /
chromium alloy thermocouple attached to the base. These are connected to a
temperature controller which keeps the sample to within + 2K of the desired
temperature. It is thus possible to study the sample at temperatures between 12 and

350K.

1.5.3.4 Acquiring a Spectrum.

These days almost all data collection is done by computer. In this case a small PC (286)
is equipped with an analogue to digital converter, and multi-channel analysing / scaling
software (ACE" -MCS by EG&G-Ortec). The signal from the amplifier'® is split into
two, one half of which passes through a delay ampliﬁerm, and the other half of which
passes through a single channel analyserws (SCA). This can occur either internally or

externally to the computer.

e The signal from the counter initially passes through an Ortec 109PC pre-amplifier and then an Ortec
579A amplifier.

" Ortec 427A.
' Ortec 406A.
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Figure 1.12 Schematic Diagram of the Mossbauer Laboratory.
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With the computer in multi-channel analysing mode a continuum of energies is displayed.
The desired energy is then selected by means of the single channel analyser. The
computer is then placed in multi-channel scaling mode, and a count is recorded when a
pulse from the SCA and reference signal coincide. The advantage of this set-up is that
the computer can also provide the signal sent to the drive unit'™, in order to control the
movement of the transducer . This is all the equipment necessary to carry out a

Mossbauer experiment. A typical arrangement (and in fact the one used), is outlined in

Figure 1.12.

' Elscint MDR-N-5
' Elscint MVT4
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Figure 1.13 Diagram of triangle wave and how this is related to energy.

Triangle wave and how this relates to the energy spectrum.

-+

As has been mentioned earlier, most spectrometers these days utilise constant
acceleration drives. In order to achieve this a triangular wave-form, either from a signal
generator or the PC, is fed to the transducer. In this way, a range of energies are swept
from Ey-OE to Ey+6E, and then back to Ey-8E. If an absorber is placed between the
source and detector, a lower count will be recorded at the energy which matches that of
the nuclear energy gap of the absorber (see Figure 1.13). However, a close examination
of Figure 1.13, shows that two spectra are in fact recorded, one on the forward sweep
and then a mirror image spectrum on the reverse sweep. In order to overcome this, the
finished spectrum is folded on itself using a simple minimisation routine. In this, a

computer attempts to fold the spectrum ten channels either side of the middle channel.
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The sum of the squared differences are then calculated, and the minimum value is
considered to be the optimum position to fold the spectrum. This gives the completed

Maossbauer spectrum.

1.5.3.4.1 Isomer Shift.

The position of the peak relative to 0 (Ey), is the amount by which the nuclear energy
gap of the absorber nucleus differs from that of the source material. A smaller energy gap
will show a resonance at a negative value, while a larger energy gap will show a
resonance at a positive value. The difference in energy between the source and absorber

nuclear energy gap is known as the chemical, or isomer shift (J).

This arises because the ‘s’ electrons have a finite probability of residing at the nucleus.
The value of the isomer shift can be calculated mathematically by considering the

Coulombic interaction between the nucleus and the ‘s’ electrons.

The nucleus is assumed to be a point charge, with the ‘s’ electron density given by Dirac
theory. When simplified, this gives rise to an expression which is the product of a nuclear
term and a chemical term. The nuclear term is constant for a given transition, so the

equation can be reduced to

& = constant x {[ys(0)a]* | y#(0)s]’} Equation 1.21
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A and B refer to the absorber and source respectively. [(0)|* refers to the “s’ electron
density at the nucleus. This is sensitive to ‘p’, “d’, and ‘f” electron screening effects, and

also to covalency and bond formation.

Figure 1.14 Diagram Showing spectrum with isomer shift (5).
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So far only the effect of the chemical environment of the nucleus on the isomer shift ()
has been discussed. However, the isomer shift is also affected by two other minor
factors, temperature and pressure. Since all the experiments in this work were done at
constant pressure it shall not be considered further. However, most of the work was
carried out at different temperatures and so this will have to be considered. The existence

of a relativistic temperature-dependant contribution to the isomer shift was pointed out
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independently by both Pound and Rebka'®, and also by Josephsonlsg. As has been

mentioned, the atom is vibrating about its lattice position at a rate of 10” per second.

The lifetime of the excited state in the Mossbauer experiment is of the order of 107 of a
second, so the average displacement is zero. However, there is a term in the Doppler

shift which depends on v, so that the mean value <v>> is non-zero. The relativistic
equation170 for the Doppler effect on an emitted photon gives the observed frequency f

for a closing velocity v as

-30-5)

Hence

V(. ) :
f= v(l - c)(l Ay Equation 1.22

where v is the frequency for a stationary system. The first-order term in velocity is a
function of the velocity of the atom vibrating about its lattice site and will average to
zero. The second-order term depends on v however, and so is independent of direction
leading to a non-zero value. This is commonly known as the Second Order Doppler

Shift, and for a Mossbauer resonance can be written as

o)
f= v(1+ 202)

The shift in the Mossbauer line is therefore given by

'® R. V. Pound and G. A. Rebka, Jr, Phys. Rev. Letters, 1960, 4, 274.
'® B. D. Josephson, Phys. Rev. Letters, 1960, 4, 341.

" W. G. V. Rosser, “An Introduction to the Theory of Relativity’, Butterworths, 1964, 114.
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2
Oky v _ (V) Equation 1.23

E v 2

The kinetic energy per mole of the solid, 4AM<v">, can be related to the total energy of
the solid per unit mass, U, (AM<v*> = VsMU) so that

& U

y 2¢c?

It is useful to consider the second order Doppler shift (SODS) in terms of lattice
dynamics. The following is a simplification of a treatment used by Hazonym. A harmonic

approximation is used, and the average energy associated with each atom is

1
EM(VZ) = 3(I’lj . %)hwj Equation 1.24
ha; -
where nj= [exp(—k—Ti) - 1:' and @ is the oscillation frequency. If this is summed over

all possible frequencies and modes of vibration

o 3 1
v 2Me 2 Ajzha’j(E + ”J') Equation 1.25
j

where the 4;? terms are weighting factors such that Z A =1. M is the atomic mass of
j

the Mossbauer nuclide. The classical high temperature limit of this expression is

ov 3 RT
—=-= Equation 1.26

v 2 Mc?

From the point of view of inter-comparison of chemical shifts, it is useful to consider the

general equation as 7—0. There is a zero-point motion term given by

'Y, Hazony, J. Chem. Phys., 1966, 45, 2664.
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greater than / = % then a non-symmetric charge distribution results. Hence it follows that
if either or both of the nuclear states have a quadrupole moment, this will interact with
electric field gradients in the vicinity. The magnitude of the charge deformation is

described as the nuclear quadrupole moment, O, and is given by

eQ= _[ pr’(3cos’ §—1)dr Equation 1.30

where e is the charge of the proton, p is the charge density in a volume element dr,
which is at a distance r from the centre of the nucleus and making an included angle 6to
the nuclear spin quantisation axis. The sign of O depends on the shape of the
deformation. A negative quadrupole moment indicates the nucleus is oblate or flattened
along the spin axis, whereas a positive moment is prolate or elongated. In a chemically
bonded atom, the electric charge distribution is rarely spherically symmetric, and so the

electric field gradient at the nucleus is defined as the tensor

o
Ei=-Vy= —( o’k.x-)(xi’xj =x, y,z) where V'is the electrostatic potential.
J

Figure 1.15 Diagram of Flat (Oblate) and Prolate (Elongated) Nucleus.

@ |-

Oblate Prolate

It is customary to define the axis system of the resonant atom such that V,, = eq is the

maximum value of the field gradient. The orientation of the nuclear axis with respect to
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1
Mc?

oo 3
T4

v

> At ha Equation 1.27
j .

The magnitude of the zero-point motion will be dependent on the exact mode of

vibration in the crystal, so that éve/v will not in general be the same for all compounds.

If the Debye model is adopted, aj can have any frequency between 0 and ap with a

3
probability of IN@*/ay’, the average value of fa; being given by Zh(on . Hence

ov 9 hwo
_v_° == A’/I = Equation 1.28

or using the Debye temperature defined as hop = kb

S 9 kb

=—— ion 1.29
» 16 M2 Equation

The zero-point motion term is proportional to the Debye temperature of the solid if this
model is valid. Unfortunately, in the compounds studied here, the vibrational modes of
the compounds are extremely complex and this theory falls apart rapidly. The final values
obtained are wildly inaccurate, although a comparison of the relative magnitude can be

made between similar compounds.

1.5.3.4.2 Quadrupole Spilitting.

The vast majority of Mossbauer nuclei have a non-zero-spin, and of those, most have a
half-integral spin. In addition, the spin of the excited state is invariably different to that of

the ground state (selection rules in fact demand it). If the nucleus has a spin number

78



the principal axis, z, is quantised. There is an interaction energy between Q and eq which

is different for each possible orientation of the nucleus.

The Laplace equation requires that the electric field gradient be a traceless tensor, i.e. the

sum of the second derivatives of the electrostatic potential vanish
Vit VetV =0 Equation 1.31
Consequently only two independent parameters are needed to specify the electric field

gradient completely, and the two which are usually chosen are V,; and an asymmetry

parameter 77 defined as

= V==V)

7 Equation 1.32

Using the convention that |V,;| > |V},| 2 |V«] ensures that 0 < 77 < 1. The simplest case to
consider is when the electric field gradient has axial symmetry, i.e. V. =V, and 17 = 0.

The energy levels are then given directly by

Eo= —62&[31}2 -I1(I + 1)] Equation 1.33
4121 -1) q :

In