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o . - ABSTRACT

Reactions in the MCl/SnF, Systems (M = Na, K, and NH}):
Characterization of the Products and Crystal Structure of
(NH4)3SR5F10C13 .

\

Korzior Kwok Sik Tam

r

| The reactions between SnF; and MCl (M = Na, K, and NH4)
in aqueous solution have been investigated, Tﬁe three
systems, with substitgtion‘;f different alkali metals (or
NH4) in the alkali metal chloride as listed, are extensions
for previous publications by earlier workers in research .
areas related to divalent tin halides and theig‘chemistry.

- L4
The study was undertaken as an attempt to rationalize the

difference in physical properties and crystal structures,.as
observed when MF, MBr, and MI are replaced by MCl. (SnFj.
with MF, MBr, and MI were the original works by earlier

researchers.)

New compounds have been obtaihed and identified. Two

e ——

e T

of tpem have béen determ%ned in terms of stoichiometry.

They are (NHg)3SngF10Cliy and K3SngFq0Cls, respectively. The
crystal structure of the former compound has beén deter-
mined. This compound crystallizes in the space group Bmmb,
with unit-cell dimensions of a = 4.401 A, b = 20.999 A, and
c = 19.794 A. Thererare four Eepeating units per unit-cell
and its calculated density is 3.43 g.cm™3. Other physical
parameters of these two new compounds are presented in this
text.

iii
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119sn Mossbauer spedtroscopic résults indicate ﬁhat the

éwo new species could be fldcwide and/or chloride ion ——
- cohductors, but they are highly unlikely to exhibit eledtro-<\t‘:
‘nic type c;nduqtion. "It haé also been confirmed that, by
119gn Méssbauer spectroscopy, the tiniII) lone pair, of
electrons in these new materials is stereocactive and has

' considerable p, character.

It has‘aisd been demonstrated how 119gp Mésépauer‘
spectroscopy can be used to probe thé eiectrical environment
of tin, for a simple and unambiguous»identifiéation of the
potential electrical properties of the materials. No direct

measurement of the electric properties was carried out in

this project.
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1.0 GENERAL INTRODUCTION ' °

1.1 The Chemistry of Tin
Divalent tin-containing halides can exhibit peculiar -
/ puysical properties (e.g. electrical) depending on the other
: . cations,present in the solid and the electronegativity of
the halogen, which together, in turn, affect the electronic *
: structure of the dlvaéknt tin. For divalent tin contalnlng
compounds, the electronlc conflguratlon of tin plays an
1mpe\%ant role in terms of the phy51ca1 propertles (1-7) and
crystal structure of the compound. : Lo -
S Tin is éﬁ element that belongs .to the group IV B of the
‘ periodic table. It has the outer electronic configuration’
- 525p2 or to be more precise, the complete configuration
l[Kr]4d1°5525p Tin behaves Somewhat like its congeners
germanium and lead. \ It can form compounds either in the‘+2
or +4 oxidation states; however, its +2 oxidation state is
more stable than that of Gey; and less than that of pbet,
This, trend, known as."s and p subgroup trend", is due to the
\/increasiug electropoéitivity of the group IV element as one
goes down the group. It results in a more metallic charac-
\ ter of the elements, a higher degree of ionicity and a lower
dogree of stereocactivity of the lone‘pair of the group IV
element in the +2 oxidation state.
- «-The most obvious fFature that can be used to compare ‘ C oy
| the properties of the compounds of an element is ithe way its -

4

valence electrons are used in b?nding. Since the properties

-

and chemistry of many tetravalent tin compounds are_ well

BY
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known and have‘been well described elsewhere in literature’

. (8-10), emphasis will be stressed on divalent tin compounds

! — . ,
and their stereochemistry here. It is also due to the fact

that the new compounds which have Sgen identified throughout

this research do not involve any tetravalent tin

\
derivatives. \\ . ~

1.2 Stereochemistry of Divalent Tin

The general method of approach Eo discuss the chemistry

7

of tin(II) compounds, is based essentially on the outer . _

-electronic configuration of the element in the +2 oxidation

state (11). This methéd can also be used to relate .the
physical properties to man§ divalent tin compounds, and

their crystal structures.

To study the bonding in tin(II) compounds, the use of
- ! ¥ " ) v,

‘only two of the valence shell electrons for boﬁding is

considered. 1In other words, the outer electrohic configura-

tion of the element in its +2 oxidation state must contain a
. »

completely-filled s orbital and empty p (as well as d)
orbitals that can be used in compound formation.

On the basis of its outer electronic configuration,

four possible ways .for tin to form bonds in the +2 oxi&ation

state are known and they are listed as below (11):

Ve

(a) Dby loss of the two 5p electrons to form the stannous
- '

ion, sn?*; . -

‘(b) by the use of the two 5p electrons to form_povalent:

<

, bonds:;



(c) by complex formation, i.e. iﬁcluding the émpty sp and

5d orbitals iﬁ the hybridization as accebtor orbitals;

© (d) by 6§er1ap of a difected lone-pair orbital on thé tin
atom with an'empty orbital on an acceptor species.

The following discussion only represents a general
summary of the above f;ur possible ways of divalent tin bond

- formation. It cannot sérve as a standard text, and for this
particular réagpn, readers are advised to consult 6riginal‘
texts for a complete view.

As stated earlier, the ground state electronic con-
figuration for tin is 5s25p2, theréfore, it can form
covalent tin(II) compounds using its two unpaired p elec-

-trons. If the 5s2 electrong do not participate iq compound
formation, then the bond angle in such a SnX; molecule is
expected to be 90°, as in FIGURE 1.1la.

Héwever, the s electrons are usually incorporated into

'é sp2 hybridization, and as a direct consequence, the bond
> angle is about 120° (See FIGURE 1.1b). In fact, the bond
anéle is smaller than 120° because the léne pair-bonding
pair repulsions are bigger than the bonding éair—bonidng
pair repulsions (VSEPR Rule Number 2).
\f , 'Tin(II) chloride, for instance, in the gas phase has
the structure shown in FIGURE 1.2a. The two sp? orbita}s in

_this case form covalent bonds to the chloride ions with one

directional lone pair of electrons. In the case of‘tiniII)

complex species, an extra empty p orbital which is of

similar energy to those used in bonding, is involved in the
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FIGURE 1 1 The stereochemlstry of: a) a p? hybrid and of
b) an sp hybrid of tin(II) orbitals.

so~called complex'compaund-formation. This extra empty p
orbital is at right angle to the plane of the molecule
(FIGURE 1.2b). Divalent tin compounds with considerable
covalent bond. character are expected to behave as a mono-
fuqctional acceptor tpward suitable monodentate ligands,
hence forming complexes of the type SnX,*ligand. The
stereochemistry of this type of divalent tin complex is
based on the "overlapping" of the lone- pair of electrons
from the liéand with the empfy p orbital of the tin.
Molecules of this type are likely to be distqrtéd.in terms

of molecular st%hcture (FIGURE 1.2c).
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FIGORE 1.2 Formation of adducts of molecular tin(II)
compounds. ,
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The relative sizes of the divalent tin and fluoride (or
oxide) ions should faQBur an octahedral coordination of tin.
However, the presence of the hybridized non-bond}ng electron
paii on tin (11) decreases the coordination number and °

étrongiy distorts the polyhedron of coordinatjion of tin

'‘Halides of Alkali Metals

As stated at the beginning, divalent t/in fldoride and




rise to materials which can exhibit very diverse types of

electricaf properties. As a general rule, if the halide is

fluoride; then the compounds obtained are fluoride ion

conductors, while bromides and jodides give rise to semicon-
th

ducting properties.

. This section presents the previous studies and publica-

|
tions on stannous fluoride with other/Palides of alkali

metals. It also presents materials involving band theories.
Readers should refer to relevant texts where appropriate..
Divalent tin flﬁoride has been shown to increase the
\mobility of the fluoride ions in solids by several orders of
magnitude (13), PbSnF, and BaSnF, being to date the best
known fluoride ion conductors. In these éompﬁunds, a high
energy gap prevents any significant long range electroén
mobil%ty. On the other hand, for larger and less electrone-
gative halogens, the eﬁergy gap between the valence and
conduction bands is much lower, and hence giving rise to
semiconducting properties, as in the casjes [of CsSnCly and
ééSnBr3 (14), the latter of which even can exhibit metal-
type conducting property at temperatdres above 418 K (14).
Some of these propertiés have been observed in the
compounds obtained by reaction of alkali metal halides MX/
with stannous fluoride SnF,. Earliercstudies of the /
reactions of the alkali metal fluorides MF with SnF; in
aqueous solutions were carried out by Kriegsmann and Kessler
(15), Donaldson, and O'Donoghue (16), and Goost and Berger-

4

hoff (17). More recent studies (18,19) have confirmed that
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s/ :
most/of the compounds obtained belong to the MSnF3 or MSnjFg
/ ' -
series and have provided some rationale of their crystal- \

/ographic unit-cell. The crystal structure of only a few of
// these have been solved, viz. NaSn2F5 (20), KSn,Fg (21), and
-Nil4SnF4 (22-24) . The crystal structuri of two other com-
pounds, with non-standard st01ch10metry? viz. KSnF3.1/2H20

(25) and NagSn3Fyqg (26), have also beqnireported. However,

these were gbtained on a unique crystal %nd there is no
evidence that a batch of such stoichiome%ry was ever
isolated. Electrical conductivity and 1%? nuclear relaxa-
tion measurements have shown the high mobélity of fluoride

ions in the MSn,Fg compounds for M = K, T , NH4; and Rb

(21,27-30) .

There are fewer studies on the SnFy/ (X = Br and I)

systems. In the system CsSnF3-CsSnXj3 (X % Br and I),

distinct phases of CsSnF;X have been reporfed as well as a

-
]

(n > 1.5) with cubic (X = Br) and orthorhombic (X = I) unit-

|

SnF,/MI systems (M = Na, K, Rb, and NHy) sﬂ ws the existence

cells (31). Finally, a study on the phases obtained in the

of three distinct stoichiometries, namely MSnF,I, MSn,F4I,

and MSn3FgI (32). For reactions between Sngz and alkali

i

metal chlorides, only a study with CsCl has |been reported

(31) and the following species have been iso\ated: v

CsSnF,Cl, Cszsn2F3C13, and CsSnFClZ. All oflithe above

compounds contalnlng both fluorine and anoth% halogen, are

strongly colored. This has been attributed mostly to low

—T



energy conduction bands giving rise to strorig optical

absorption and electronic conductivity (semiconducting

type). ‘

1.4 Description of this Research

There is no report in the literature on the study Qf
SnF;/MCl systems, except for M = Cs (31). The results
obtained throughout this research, upon reactions befﬁeén
-SnF, and MCl (M = Na, K, and NH4), are presented here. - This
study was undertaken in order to try to isolate new com-

pands in these systems, and to study the influence of the

' chloride ion on the structural and electrical properties.

This appear§ to be interesting as the more electronegative
fluorine gives rise to white ionic conducting materials and -
the less electronegative bromine and iodine reéq}t in .
seqiconducting and strongly coloured compounds.

The new compounds obtained from Xhe present study have
been confirmed as possigle ionic conductor either of fluori-
de-type nature or mixed-halide type. Such identification
can be achieved unambiguously using 119sn Méossbauer spectro-
scopy ﬁs an analytical tool, the technique of which will be
focused on in detail later in fheitext. However, no direct
measurement of the electric properties of our materials wés
uﬁdertakgn in this project.

The crystal structure of one of the new species has

been determined. This structure will be presented, along

with its physical parameters. Also, physical constants of
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2.1 Reactions for Crystal Growth : '

I Stannous fluoride SnF, was supplied by Ozark-Mahoning.
Sodium chloride (NaCl), potassium chloride (KCl), and |
ammonium chloride (NH4C1)—were abtaingd from Anachemia.

/.The chemicals were used without further purification.
In the case of aqueous state reactions, they were performed
with doubly deionized water contained in teflon or pyrex
beakers. . When pyfgx beakers were used, the inside of the
beaker was covered with a polyethylene film (of the type
used for wrappinq'f?od) to avoid etching of the glass by
fluoride iong. This has also the big advantage, over teflon
beakers, which do‘ﬁot need this protection, to make much
easier the collection of crystals, which are otherwise often
stuck to the bottom of the beaker and are hard to remove
without damaging them. After %%ssolving SnF, and the

s '

chloride in warm water, the solutions were allowed to cool
to room temperature. After coqling, a few drops of 48 % o
aqueous HF were added to prevent hydrolysis of tin(II) and a
pigée of tin metal was immersed in the solution to slow down
oxidation to tin(IV) (33,34). Then the solutions were
allowed to evapﬁrate at room'tempgrature. After a few days,
long crystéls o£~needle-shape were formed, together with N
crystals of excess sFarting materials'and/of byproducts, and
a white powder, which was usually a compiex mixture.

The crystals were remov;d from the solution allowed to

-

"dry in éir at room temperature,“and sﬁQred in:a polyethylene
%
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container. Tee remaining solutionsiwere al;owed to evapora- )
te further gpé often yielded a sgcond crop'of crystals.

Seven reactions with different stsichiometries were
carried out as follows: |
(a) SnFp + MCl . ; L ' L

(b) SnF,,+ 2MCl -

i
pre

- . -~
¥ . Lo

(c) SnFp + SMCL =73

(d) SnFp + 10MCL ’ N

(e) ?San + MCl .‘ ) © !
(£) 'SSnFé + MCl ‘ ’ , » S

(g% 10SnF, + MCl L - ,

where M = Na, K, and NH,. i | ot _

2.2 Chemical Analyses “ { . \

Metdl analysis was performed on a Perkin-Elmer 503
atomic absorption spectrometer. The samples were dissolved
in 20 % Hci (v/v) -as to avoid any tin loss (35), and they
wéfe measured while they were still fresh. ‘

The amount of ammonium was detérm;ned by decomposing
the sample im boiling aqueous solution upon the addition of
a stroné base in excess (NaOH). The ammonia evolved-was
neutraiized in an excess acidic solution and the exces; acid .
was back-titrated with a standard base (36). _

The quantitative analyses for the halides were tested - o

by two techniques, the potentiometric method (i.e. selective

ionic electrodes of fluoride and chloride type) and the

11
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pyrohydrolytic method of determination of halides (37),
respectively. -
~

2.3 X-ray Diffraction Studies

Single crystals were selected and méunted on a goniome-
ter head. The unit-cell constants and symmetry.elements
were obtained by taking oscillatioen, Weissenberg, preces-
sion,” and Laue photographs, using the Ka radiation of
molybdenum (“%\= Q.7107\A). -Ground single crystals and
poﬁders‘&ere identified by X-ray powder diffractioﬁ techni-

: .
que, performed on a Picker diffractometer, using Ni-filtered

Ka radiation‘of copper ( A\ = 1.5418 A).

, 2.4 Structure Determination

v ‘Single crystal intensity data were collected using a
Picker Nuclear Facs-1 four circle diffractometer, coubled
wigh a Picker Nuclear 2861 radiation anal&zer. * The X-ray
' source was produced by a Mo X-ray tube powered by a Picker
Nuclear model 6238E X-ray generator. Data intensities were
detected using‘a (TY)NaI scintillation counter and weré
saved on a DP 8a Digital Equipment computer. The details of
the data collection are given in TABLE 2.1. |
Programs concerning Aata collection were from the NRC
of Canada Single Crystal Data Collection Package.
Structure factor calculations and least squares refine-

ments were accomplished by using the program LSTSQ (38) and

all Fourier syntheses were done by the‘prdgram FOURR (39). \

¢

\

-
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IABLE 2.1
Parameters for the X-ray data collection of (NHg)3S5nsF;0Cls

Wavelength M K, :: ' 0.71063 A
© range: . L » 3.50* - 55.00°
h: ~ - ‘ 0--5
k: . 0 - 23
2 ' . ) L4 -
1: o 0 - 22* -
Standard reflections: o ) 12 0 O, 060, 00 8

o
Total number of reflections cgllected: 1426

Number of reflections within 307 660
Final R: "0.0982

. - ' "y .
Final Ry: ' 0.1894 - -

The program DISPOW (40) was used to compute the various

interatomic distances and to calculate bond angle%)betweén

atoms.
\ . Graphics of crystal structure were‘produced by using _

the program ORTEP (41)Cboupled to a X-Y coordinate plotter.

For 11 Sn Méssbauer spectroscopy, the Doppler velocity
required was achieved by using an Elscint driving system )
working in the constaqt acceleration mode. %he radiation
source was a Call9Msno, 15 mCi gamma-ray source supplied by
Amersham. The gamma-ray -beam transmitted by the thin f
- absorber sample was measured by a (Tl)NaI_scintillatign .

Eounter; obtained from Harshaw. The spectra, recorded for

. L —_—
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powdered and single crystal samples, were accumulated in a
, -
'2 K Tracor Northern 7200 multichannel analyzer operating in

the multiscaling mode. The spectra were transferred to an
IBM Compatible Personal Cémputer and saved on diskette.
Computer fitting was performed on_é é;ber 835 main-frame
1computer using the GMFP5 software of Rﬁebenbauer and
Birchall (42), as modified by Dénes (43). The samples were -
abéut 400 mg of crystals or finely ground péwder pressed in
a tef}on holder.
~ o ~
2.6 Thermal Gravimetric Analyses ;
TGA experiments were carried out on a Perkin-Elmer
'TGS—Z thermobalance under "a continuous flow oﬁ nitroggq.
. Seven milligrams of sample were heated in a platinum .

crucible at a linear rate of 10 °C rise per minute, and the

weight of the sample was recorded versus its temperature. .

} - . ! .
33.7 égﬂér Physical Measurements ) ; |
Mélting points were determined on a séandard Gallenkamp
‘meléing‘point apparatus. Pictures of the crystals were
taken on an optical microscépe, Cari Universal R. microscope
from Zeiss, ;quipbed with a Polaroid camera. Bulk density
measurements were carried out on a collection of siﬁgle

«
crystals, about 200 mg, by the Archimedean method, in carbon

tetrachloride.

\
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3.0 X-RAY-CRYSTALLOGRAPHY
, The purpose of this chapter is to present some fun-
damentals of X-ray crystallography. Further details can be

found in numerous crystallography textbooks (44.,45,46).

<
- 3.1 Basic bogcepts
A crystal contains atom§ arranged in a repetitive
three-dimensional pattern. If each repeat~unit of this
pattern, qhich may be an atom or a group of atoms, is taken
-~ as a point then a ihree;dimensional point lattice is.
created. A space lattice such\as that shown 'in FIMURE 3.1
\

is obtained when lines are drawn connecting the points of

‘the point lattice.

.4 ' N

T '\

d

FIGURE 3.1 A space lattice.
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i
It can be seen that the space lattice is composed:of
box-like units, the dimensions of which aré fixed by the
length of the space lattice between the points in  the three

) . 5> 2 > .
non-coplanar directions a, b, and ¢. These 'small boxes are

known as unit-cells and the crystal structure has.a periédi-
.city (based on the contents of these cells) represented by
tﬁe translation of the original unit of pattern along the
three directions 2, g, aﬁd 2.

ks

__ The unit lengths along these tﬁree‘directions,‘together

with the three angles, subtended by every two of them,

are referred to as unit-cell parameters (See FIGURE 3.2).
The way to éescribe a plane or,any plane in a unit;cell

is by Miller indices. If a plane makes intercepts h, k, and

1l jwhére h,  k, and. 1, are whole numbers or zero)., at three

S o > )
- crystal axes, %, b, and c, respectively, then the fractional

length in each case are a/h, b/k, and c/l1, as in the written

S

e ' / F‘IGURE 3 . 2 A unit-GEII". N "
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9r§er.' To define such a plane, these three fractional
lengthg are qxpiessed‘in'tégir reciprocal form. For
.éxaﬁple, a plane which makes intercepts at half a, half'b,
- and half c, has ﬁiller indices 1222); similarly, when a
plane cuts akiat'é third, b at a quarter, and c at a half,

its Miller indiceslare‘(342;. Miller.indices of the types -
-(hoo), (oko), ahd'(ool); (hko), (hol), and (okl), are also

Yélid, Tth'reptesehfbplanes which lie perpendicular to a
1particular-cryséa1 axis and planes which make only two - /
iﬁterbepts respectively (See.FIGURE 3.3). o

Crystéls are differentiated into séven-syspems and the

L]

relationships of the axes and angles in each case are listed

v

in TABLE 3.1. EE

=
C
: .
:;

a) D).

FIGURE 3.3.‘Miller indices of: a) (100) and b) '(222).

—
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In the discussion so far, only primitive unit-cells
have been consiﬁeréd, that is the lattice points are.at the
.corners'of the unit-cell. The monoclinic, orthorhombic,
tetragonal, aﬁd cubic,_systgms can also have lattices, where

lattice points exist at the center of faces, or in the

TABLE 3.
The seven crystal systems

System Axial Relations ' AngulaflRelations
Triclinic a fib #c ; \ a# B #EY # 90°
Monoclinic ‘ ; #b # c a=%=90°"#p8
orthorhombic a#b#c ., @ =g = f = 90°% -
Tetragogal ) - a=>b#c - a == ¥ = 90°
'Hexagonal | a=>bh# g‘ ‘ a=0=90°; ¥ = 120°
Cubic a ='b =c a === 90°
Trigonal ' a=b=c a=8=Y # Qd“

(Rhombohedral)

-middle of the body diagonal, as well as at the corners of
the unit-éeil. These are known as centered lattices, of
which there are seven, and togéthef with the seven primitive
lattices, they\congtitute the fourteen Bravais lattices.

. Each lattice type is represented by a laftice.symbpl and is
‘ summarized in TABLE 3.2. TABLE 3.3 shows the distribution

of the lattice types among the crystal systems.

18
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3.2 Crystals and their Symmetry

The ability of crystals to diffract X-rays was first
observed by Von Laue in 1912, and +ence marked the offset in
the development of crystalloéraphyl His observation led to
the fact that crystals must have é\regular three-diméﬁsional
structural array, or in simpler words, atoms are arranged in
a repetitive and regular fashion in a crystal.

.

: TABLE 3.2
Relations between lattice symbol and lattice points

Lattice Symbol ' Iattice Points

P (primitive) - All corners

I (inner = body centered) All corners and center of

. ' cell
A (centered on two faces) , All corners and A face-
y cenfered N

B  (centered on two faces) All corners and B face-
centered

C (centered on two faces) All corners and C face-
centered

.F (centered on all faces) All corners and all face-
centered

R (rhombohedral) All corners

-

A dictionary definition of symmetry is "a disposition
(i.e. arrangement) of parts". 1In the’'case of crystals, it
T is possibie to describe both th;ir internal and external
symmetry, in terms of a limited number of symmetry elements.
The possession of éymmétry by an object is usually recog-

nized when the performance of some geometrical operation

19
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, Possible lattices that can be assigned to
éndividual crystal system e

gg&stal §xstgg Possible Lattices
Triclinic P ‘
Monoclinic o P, C

Orthorhombic K P, C, F, I

Tetragonal P, f

Hexagonal P .

Cubic | p, F, I ’
Trigonal : R

-

t

leads to self-coincidence of the object. The operation may

be reflection across a plane or rotation about an n-fold

a

« aXls, where 2n/n is the angle of rotation leading to self-
coincidence. | _ -

In brief, there are two kinds of symmetry elements in
Jgrystallography. One of them has translational operation
invelved, while the other does not.

Symmetry elements without translation are represented
by the following:

_(a) center of symmetry: E(x,y,z ——> ;,;,E)

kb) mirror planes: m

(c) rotation axes: 1, 2, 3, 4, and 6

(d) /inversion axes: 1, E, 3, Z, and 6 (rotation and cénter
. of symmetry)

20
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There are a total of thirty-two possible groupings of

the above symmetry eléments, giving rise to the so-called
"thirty-two poin£ groups" in crystallography.

There are only two types of symmetry elemenis with
translational operation, represented by screw axes and glide
planes, respectively. A screw axis combines rotation about
a 2~-, 3-, 4-, or'6—fold axis, with translation in the
direction of the axis. The t?anslation distance is a .
multiple of 1/2, 1/3, 1/4, or 1/6, of the line-lattice

& f

translation. Therefore, a two-fold screw axis is symbolize
as 21 énd would re;ult in rotation about a two-fold axis and
translation by 1/2 the repeat distdnqg ofﬁthe axis. The
operation of-a glide plane combines reflection across a
plane with yranslation Qarallel to the plane. The distance
of translation is equal to a certain fraction of the
translation that produces the line' lattice.

Screw axes and glide blanes, when taken in conjunction
with the *point group symmetry operations, result in 230
possible space groups to describe the symmetry of crystal

lattices.

3.3 The Reciprocal Lattice

So far, only the space lattice of a crystal in real
' space has been considered, i.e. the real lattice. It is
possible for every real lattice to construct a reciprocal
lattice. (The concépt othhe reciprocal lattice was used by

P.P. Ewald and extended by M. Von Laue (1913) to describe

21



the relationship between crystal structure and diffraction
pattern.) construct a reciprocal lattice, any po;pt of
the real lattite is taken as an origin, from which lines are
drawn perpendicular to all sets of real lattice planes.
Reciprocal lattice points arise on these lines at distances
inversely_propoffional to the spacings of the real planes,
an&}aléo fall on sets of parallel planes. The indices éf a
reciprocal lattice point, (hkl), are the same as the indices
of the planég—in the real lattice that the point represents.
It shoﬁld be noted that the interplanar spacing in the real
lattice, and not the distance between lattice points, is &gs
parameter which gives the éiéfance between lattice points in
reciprocal space. FIGURE 3.4 shows the relationship between
a real, two-dimensional lattice and its corresponding
reciprocal lattice. A three—dimensional lattice simply
consists of layers of two-dimensional lattices one above the
other, the actual'relafionship between these layers being
dependent on the crystal system. -

‘Conventionally, the axes and angles of a unit-cell in a

. N . )
real lattice are labelled a, b, ¢, and «, B, &, respectively.

. \ : < >
In a reciprocal lattice, they are labelled a*, b*, c*, and

)

a*, B*,6 ¥* respectively.

3.4 Laue Symmetry.

-

The symmetry of diffraction effect from a crystal at
first glance may be thought to reflect the point group

symmetry of the crystal ﬁnder’study. However, the =
i /——\ -
22
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FIGURE 3.4 The relationships between a real and fEéiprocai
two-dimensional lattice: a) real lattice; b) reciprocal

lattice.

diffraction pattern differs from the point group symmeffy is
one important respect; it‘always has a center of symmetry
even when one’ is not preseﬁt in the crystai, since reflec-
tion hkl and hkl' are identical (Friedel's Law).

The‘diffraction pattern symmetry is therefore that of
the crystal point group, together with a center of symmetry.
In this way; the 32 point groups, when applied to diffrac-
t;on patterns, reduce to 11 centrosymmetric point groups or
Laue groups, as summarized in TABLE 3.4. k

&
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~-._ TABLE 3.4 . .
The eléven .Laue groups

-

L) Crystal System nge Symmetry
Triclinic, | 1
Monoclinic ' é/m . ‘
Orthorhombic . " mmm
. 'Tetragonal' 4/m; 4/mmm

Trigonal . 3; 3m
Hexggohal \ . 6/m; G/ﬁmm :

%.Cubic ' ' ~ m3; m3m

The significance of this can be seen by considering the
monoclinic system. In this system, there are three possible
éoint groups (2, m, and 2/m, respectively). The symmetry of
the X-ray diffraction pattern produced bf each of their

'+ ., point groups would be 2/m; the three groups could not be

distinguished from one another by their diffraction pattern.

3.5 The Diffraction of X-ray by Crystals.

» As mentioned previously, X-rays are diffracted by
T )

crystals, the next step is to describe how one may deducg
© o from the diffraction pattern qf a crysﬁal, not only the
dimensions and symmetry of the unit-cell, but élso the
relative positions of the atoms in the crystal.
- Wave motion may produce diffraction effects when it
interacts with any objects, which have a regular and

repetitive structural configuration, if:the wavelength

24
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associated with the wave function is in the same order of
thé repeat distance, the periodicity of the object.
, . 1

\

'In FIGURE 3.5, a two-dimensional lattice is shown in
order to demonstrate how a crystal diffracts an incident
' ngp of X-rays (Bragg's Law).‘

For reinforcement to occur whén the X-ray beam is_'
reflected by:the crystal, there must be a whole number of
&avelength.differences in the_path 1engths-of the rays
scattered by successive planes and tﬁe’incidemt angle ei—
must be equal to the diffracted angle 63. As illustrated in

the diagram, this means that ABC must be a whole number of

wavelengths. !

. Now AB = AC = dsin®; AB + AC = 2dsine..

4

N4

g

P

FIGURE 3.5 Diffraction by a set of planes (Bragg's Law).
25
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with ® = 8; = 83 is the Bragg anglé and d is calleq the
interplanar spacing. ' -

For reinforcement, n A = 2dsin®, where ﬁ is a whole
number. This is Bragg's Law, and every time a reflection
occurs, this equation has been satisfied by the geometry of
_the crystal and the incident X-ray beam.

A

3.6 The Principles of Crystal-Structure Analysis 3

The first step for crystal-structure-analysis is to
measure the relative intensities of a large number og
reflections and the reason for this is easy to understand.
As indicated by Bragg's Law, the € value depends onhly on
d(hkl), the perpendicular spacing of each plane. As a
result, the positions of the spots on an X-ray picture allow
the determination of. tﬁe unit-cell parameters. X-rays are
scattered by eleptroﬁs, so the intensity of a particular
(hkl) refléction will depend upon how closely the electrons
are concentrated on the planes of that particular set.
Therefore, by comparing the relative intensities of a’large
number of feflections, it may be possible to have an idea on
the posifions of the electron density blobs, which con-
stitute the atoms in a crystal.

The quantity carrying the intensity information ig the
structure factor, é?pressed as F(hkl). The structure factor
has both a magnitéde (amplitude) and a'phase (relative to

the origin or'the{unit—cell). The magnitude of the struc-

ture factor, |F(hkl)|, is the ratio of the amplitude of the

26
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radiation scattered in a particﬁlar direction by the
contents of one unit-cell to~that scattered by an elggtron
at the origin of~£he unit-cell under the saﬁe con@itions.
The structure factor depends on the following:
(a) the nature of the scattering material:
(b) the arrangement of the scattering material (including
thermal motion); . )
(c) the directién’of scattering.
The experimentally measured (observed) structure factor
amplitudes are denoted b& IFO(hkl ; those célculated'fqr a
model of the structure are designgied.as |Fe(hkl)|. The
structure factor is the Fourier transform of the unit-cell
contents sampled at reciprocal lattice éégnés, h, k,-and 1.
If the structure of_a crystal is known, it is always
possible to_calculaﬁe the structure faétor; Fo(hkl), by the

5\ L]
following expresiion: ~

Fc(hkl) = ?fj¢(Xj, Yir 29, P§, ons) " (3.1)

In the above expression,‘xj, Yq: and zj, are the
fractional coordinates of each jth atom, and Py represents
the parameter(s) responsible for its vibrational motions.

®
The summation is to be taken over all the atoms in a unit-°

v
cell, and ¢ means "a function .of". ,And since X-rays are
scattered by electrons, therefore the term,fj,’the tomic
scattering Function for the jth atom, has to be introduced .

in the expression. '



. The numerical values obtained from the expression have
» / . .
signs associated with them; however, the experimental'’

measured structure factors do not have such signs. The

ultimate evidence of the validity of a crystal-structure
. -

5 3
analysis is a good agreement between the |F,(hkl)| and the

" |Fa(hkl) |. !

3.7 The Phase Problem .

>

In ordér to obtain an image of the scattering matter

(the crystal) in three dimensions (the electron distribu-

tion), it ‘is necessary to perform a-three-dimensional
Fourier synrhesi$.~ Feurier series are used because they can
be applied-to a description of regularly periodic functions,
apd crystals-contain perioaic distributions of scattering

matter. The number of electrons per unit volume or electron

density at any point. x, Y, z, represented by @ (xyz), is

-

given as followé: f

. ’ . ku
€ (xyz) = (1/Ve)= £ £ F(hkl)exp(-27 (hx + ky + 12)] (3.2)
all h, k, 1 .

where V. is the volume of the unit-cell and F(hkl) is the

structure factor for the particular set of indices h, k, and

1. The trlpfi summation  is over all values of the indices

- T

[y

, h, k, and 1. The amplitude of the structure factor is
easily derived from the intensity of the diffracted beanm;

.

‘ T
however, .the phase angle @ (EQUATIONS 3.3 and 3.4), is not.
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"o = tan~l(B/A) . T (3.3)

o . ‘ ¢
% X ) ,
where: _ ) :

s -
o _({r’-"Tjﬂ

. ﬂF(hkl)'= | F(hk1) |ela(bkl)- = A(nki) + iB(hkl)©  (3.4)

©

"If the following equation:

- ¥ .

, ¢ = 2w(hx + ky + 1z) - (3.5)

is iﬂtroduced to the electron density expression (EéUATION
3.2), apd after an appropri;té'mhthematigal treatment (which
has been 6mit§ed for:simplification purposes, and it is als?}
ﬁot the scope of this research), a new electron density.o

expression is obtained as follows:

‘ | F(000) | 2 - -
@ (xyz) =————— +— £ £ I |F|cos(¢ - a) . (3.6)
. Ve Vo h > 0, all k, 1 excluding F(000)

NOTE: During the process 6f mathematical treatment,
o ) " half of the reflections have been omitted;
‘therefore, a factor of 2 is introduced in

\ EQUATION 3.6.

herefore, if the |F| and a,'thé phase angle, for each

N\ are known, it is then possible to compute €> for

. R .
,all values of x, y, and z, and plot the resulting values of 4

E)eiyz) to give a three-dimensional electron density map.

’ .
. -]
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Then, assuming.atoms to be at the center of peaks, the
structure of the,érystal can be visualized.

However, since only the structure factor ampligss§é | F|
can normally be obtained, and not the phase angles, «, ‘
directly from.the experimental measurements, it is therefore
necéssary to‘derive a, either from values of |F|cos(¢ - a)
that are computed from “trial structures", or by purely
analytical methods. The problem of getting estimates of the
phase angles so that an image of the scattering matﬁer can
be calculated is called the phas; problem. The following
two sections (3.8 and 3.9) desc;ibe the methods used to
- solve the phase pfoblem, either by deriving a trial struc-
ture and so calculating approximate values of a for each
reflection, or by trying to find values of a directly.

An essentia} test of the correctpess:of the model
(trial structure) that has been chosen is the fit of the
observed structure factor amplitudes to those calculated for
the modei. The calculations involved, which must eventually
be made for all reflections, are iﬁpracticable, unless a
. high-speed computer is available. They generally, however,

give a good measure of whether or not the structure is
correct.n One measupe of the correctness of a structure is
the so-called discrepancy index or convenfional residual, R,

~

defined as: -

°

~— N

- Z | (|Fol = |Fc)] L
R = . X 100 % - (3.7)
v z (|Fo]),
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It is a meésure of how closely the observed structure
factor amplitudes are matched by the values calculated for a
proposedytrial strucFure. R values in the range of 2 to 6 %
are being quoted for the most'reliable determined struc-
tures. An R value of 67 % corresponds to a random centro-
symmetric structure, that is; with proper scaling, a
randomly incorrépt structure with a center of symmetry would
give an R value of about 67 pércent.

If one atom of ﬁigh atomic number is present in the
-structure, the initial trial value of R may be much lower‘
because the position of this atom can usually be determined
reasonably well even at an early stage, and the heavy atom
usually dominates the_écattering. If the trial structure is
a reasonable approximation to the correct stéucturé,'fhe-R
value does down appréciably.as refinement procagds.

However, R is only one ﬁéasure of the precision (but
not necessarily the accuraéy) of the derived structure. It
denotes'how well the calculated model fits the observed
data. .Many complications can cause errors in the oﬁserved
or calculated structure factors or both. For,é#émple,
absorption of the X-rays by the crystal, or atomic sgatter—,
iﬁg factors and temperature factors that do not a@equately
describe the experimental situation. The fit of the
calculated structure factors to the observed ones may then
‘be good, but if the observations are systematically in
error, the accuracy of the defived structure may be ;ow,

despite an apparently high precision. Hence care must be

31

3



-

v
r

taken in interpreting R values. 1In general, the lower the R
value, the bétter the structure determination, but if one or
more very heavy atoms are present, they may dominate the |
'-structure factor calculation to such an e#tent that the ’
cqntributions from light. atoms may not have noticeable
effects on R, especially if the structure has not been
refined extensively. The positions of the light atoms may
then be significantly in error. Also, the resolution of the
data (i.e. the maximum value of sin8/) ) must be taken into
account in assessing fhé meaning of an R value,

\

3.8 The Heavy Atom Method

As the name ‘implies, this method of solviné the phase
b{oblem involves a heavy at&m, which is present in the
crystal.

This method follows the taétic as "trial and error", or
in simpler words, try to build up a partial structure of the
crystal'cofrectly, and then proceed from there onwards. The
partial structure which is of interest in this method is
certainly the position of the heavy atom (an atom with a
high atomic number, Zz). ’For instance, the platihum atom in
the structure of cis-Pt(NH3),Cl,. ™ -

The contribution  of any atom to the scattered X-ray
intensity is a function of 22, therefore in this case, the

majority of intensity is due to the Pt atom, and this

contribution will be dominant. Because of this dominance,
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it is usually straightforward to find the coordinate of the

Pt atom. From EQUATION 3.2, it can be shown that:

1 )
P(UWW) =— . £ =  |F(hkl)|2exp(27i(hU + kV + 1W)] (3.8)
, = Vc all h, k, B . !

This is the expreésioh knowyn as the Patterson function,\and
~a peak occurring at the point P(UVW), where U, V, and W are
the coordinate of the point P on a Patterson vector map

i

results fram atoms in'the unit-cell at points x, y, 2z, and
x', y', 2', where U= x ~x', V=y -.Y', and W =2z - 2', )

By comparing the coordinate Af two iden£ica1 atoms in
"adjacent unit-cells, it can be seen that x = x', y = y', and
z =2', whicﬁ leads to a peak at thé origin, where U = 0,

vV = 0; and W =»6. Every atom therefore.contributes to the.
Norigin peak on the Patterson vector map.

The three-dimensional Patterson synthesis provides a
vector‘map of the contents of the unit-cell of the crystal,
The value of P(UVW) wi%l be zera everywhere, except where
the valueséof UVW represent a vector between two atoms.

In the example given above, the crystal cis-Pt(NH3);Cl,
has a space group Pl.- ;t has two molecules per unit-cell,

and the coordinates of the equivalént positions are X,Y,2

-

and §,§,;. Each molecule in the unit-cell contains a Pt ///;////

atom. By subtracting the coordinates of equivalent posi-/////

-
-

tions, the expected coordinates of\tﬂi;giftinum atom=- -~
° / ///
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platinum atom maximum in vector space are found as

U= 2x, V =,2y, and W = 2z.

\ -
| ' | ~
. 3.9 The Direct Methods ) K /j>
' The "direct methods" concern finding some initial signs
directly. Directxmethods are usually employed where there
are no heavy atoms in the structure, and they differ from
the heavy-atom method in being completely objective and
dependent solely on mathematical relationships and probabi-
’ lities. The solution by direct methods can yield either a
set of several possible electron density maps, when the most
chemically reasonable one is chbsen, or alternatively a
single result may be obtained which can be right or wrong.
Direct methods. are relativély more difficult to explain in
non-technical terms.

Centrosymmetric structures, with each atom x,y,z,
matched by an equivalent atom in the structure at §,§,E, are
considered first, because the problems presented by non-
centrosymmetric structures are more complicated.

In structures with a center of symmetry at the oriéin,
each 'structure factor has a phase Qngle either 0° or 180°,

- .

so that cosa is just +1 or -1, and sina = 0. Therefore,
{/67 |Flcosa = F = +|F| or -|F|. However, if N reflections have
been measured for the structure, then a total of 2N electron
density maps are generated, representing all possible
combinations of signs for all N ipdependent structure

factors, but only one of these 2N maps represents the true
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density. For even as twenty reflections, more than

one million different map

(220

alculated

= 1,048,576), and in most cases of structure analysis,
more- than 1000 reflections are usually recorded. Since the
contributions from reflections with high values for the
structure factor amplitude will tend to dominate any map
calculated, including that calculated with phases cor-
responding to the correct structure, only the highest wvalued
terms need be considered initially in trying to get an
approximation to the correct map. However, even with as few
as ten terﬁs, the number of possib;e maps 1s 1024, much too
high a number to make any simple trial and error method
practicable. In the case of a non-centrosymmetric crystal
structure, a phase angle may have a vajue anywhere ffom 0°

to 360°, giving rise to an impossibly large number of maps

-

to work with.

It is possible, however, to derive relations among the
phases of different reflections. The relations come from
the fact thgt the electron density can never b% negative and
is near zero, except for apEroximatély spherical peaks at
atomic positions. This impiies that the intensities in the
X-ray diffraction pattern contain phase information, because
the phaseg are constrained to give positive electron
density.

Relationships can be found among the signs of the
structure factors and these relationships involve the

’

magnitudes of the larger structure factors normalized in a'
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certain way, that is, values of the structure factor, |F|,
modified to remove the fall-off in the individual scattering
factors, f, with increasing scattering angle, 26. . A /
normalized structure factor, E, represents the ratio of a
structure factor, F, to (£;f;)1/2, where the sum is taken
over' all atoms in the unit-cell at the value of sine/)
appropriate to the (h,X,1) values for the reflection and
includes an overall vibration factor. This sum represents
the root-mean-square value that all |F|2? measurements at the.
value of sin®/) would have if the structure were a random
one composed of equal atoms. This use of F values. is
approximately equivalent to considering each atom to be a
point atom.

The exact operation to derive such rélationships
between the relative phases of certain reflections involves
summation of Qave functions and will not be presented/in * ,
this text (See Reference 44).

3.10 Least Squares Refinement

Finally, the last step in crystal structure analyses is
the least squares refinement, which is a statistical method
.of obtaining the best fit of a large number of observations
to a given equation. This is done by minimizing the sum of
the squares of the deviations of the experimentally observed
values from their respective calculated ones. The in-
dividual terms in the sum are usually weighted to take into

account their relative precision. 1In crystal structure

1
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analysés, atomic coordinates and other parameﬁérs may be
fitted in this way to the observed intensities; idedily,
there should be at least 10 measureﬁents for eéch'parameter
to be determined.

The least-squares method, originally described by
Legendre (47), proceeds by making the sum of the squareé of\
the errors in Fq a ﬁinimum. An iterative prpcess is carried
out and after éach cycle an improved value for each parame-
ter is obtained. The procedure is repeated until no further
.improvement takes place, as shown by‘;he so-ca}led di51

\
crepancy index or conventional residual, R (EQUATION 3.7).
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4.0 1195 TIN MGSSBAUER SPECTROSCOPY AND ELECTRICAL
| PROPERTIES OF STANNOUS HALIDES

-

4.1 Resonant Absorption and Fluorescence

The recoilless nuclear resonant emission and absorption
(or fluorescence) of ¥-rays is more comm¢nly known as the
Méssbauer effect, and is used as a spectroscopic technique
(Mossbauer spectroscopy). )

Atomic resonant fluorescence was predicted and dis-
covered just after the turn of the century, and within a few

.years, the upderlying'theory had been developed. From a
simplified viewpoint{,an atom in an excited electronic state
can decé& to its ground state by the emission of a photon to
carry off the excess energy./ This photon can then be
absorbed By a secorid atom of the same kind by electronic
excitation. Subsequent de-excitation re-emits the photon,
but not necessarily in the initial direction, so that
scattering or resonant fluore;cenqé occurs. So if the

‘ monochromatic yellow light from a sodium iamp is collirated

\ and passed through a glass veségl containing sodium vapour, .
one would expect to see a yellow glow as the incident beam
is scattered by resonant fluorescence.

A‘clése parallel can be drawn between atomic and
nuclear resonanf absorptidn. The primary decay of the
majority of radioactive nuclides produées a daughter nucleus
which is in a highly excited state. The latter then de-

excites by emitting a series of ¥-ray photons until, by one

or more routes, depending on the complexity of the
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Y-cascade, it reaches a stable ground state. This is
clearly analogous té electronic de~excitation, the main
difference being in the much higher energies involved in
- nuclear traﬁsitions. -

It was believed that, according to theory, it should be
possible to use the ¥-ray emitted during a transition to a
nuclear ground-state to excite a second ;table nucleus of
the same iéotope, as to give rise to nuclear resonant
absorption and fluorescence. Howevef, experiments to detect
these processes at early stgges were TNot successful because

of the nuclear recoil and Doppler broadening (thermal

energy) effects.

It can be shown, from fundamental physics, that when a

»

nucleus is considered isolated and has an excited state
energy, the Y-ray energy emitted differs from the energy of

the nuclear transition by the nuclear recoil kinetic energy
A

(line shift) and is spread over a wide energy range by the

Doppler energy line broadening, which is a thermal energy.

’

For nuclear resonant absorption to occur at a significant

)

level, the emission and absorption energy distributions have
to have a strong overlap region, but the recoil and Doppler

energy clearly prevent this.

4.2 The Mossbauer Effect

From the above analogy, it can be seen how the recoil
energv and .the Doppler effect, for a nucleus at an isolated
state, with an excited nuclear state energy, preclude the
nuclear resonant absorption process. ~

«
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The Méssbauer effect is unique in that it provides a

means of eliminating the destructive effe¢ts of the recoil
and thermal energies. The key to the problem lies in the
behaviowy of the recoiling nucleus when it is no longer
isolated ;a; is the former case), but instead is fixed in a
solid lattice, crystalllne or not. The x):ec011 energy is
mu{}:h less than the chemical binding energy, bd\t is similar
in magnitude to the lattice-vibration phqnon energies. If’
the recoil énergy. is transferred directly\ to vibratiodnal
energy, then the ¥-ray energy is still degraded. However,

the phonon energies .are quantlzed and the recoil energy can

only be transferred to the lattice if it corresponds closely

y
~

to an allowed guantum jump.

The simplest mathemati_c}il t.reatment‘is one in which the -
vvibrational characteristics cofrespon@ to an Einstein solid
with one vibrational frequency, w. Transfer o:_‘. energy to
the lattice can only take place in integral multiples of Hw
(6, + Kw, + 24w, etc., whereh, Planck's constant, = 2m}).

If the recoil energy Eg is less than Aw, then either zero or
one unit/oqf/hw of vibration energy may be transferred to tné
lattice (48,49). It has been demonstrated that when many
emission processes are considered, the averagé energy

(

transferred per event must exactly equal Eg (50). From the

analogy in the previous section, it is the mass of an
isolated nucleus being considered; however, the mass
involved in this section is increased to that of a

-

crystallite containing an average of 1015 atoms, hence both
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the recoil énergy and the Doppler broadening become ‘very - ,
small. | '

In'an absorption Méssbauer spectroscopic experimzrt’ o
(See FIGURE 4. 1), recoilless ¥-rays emitted by a radioactlve
sé&rce are sent through a thin absorber, whlch is the
sample, and the radiation transmitted by the sample is

recorded, as a function of the y-ray energy.
BN

- l—‘-—-———1 -
| | | ’
Servo - vibrat ) ' —l— 0 .
amplifier > ibrator ' —ir— | Y etector - ]
T ’ | Source
— - ' v I
Reference |4 Monitor ed l Absorber | Y
signal A PAVAvﬁ signa! | - | .
. ‘ . I
| Cryostat |
Waveform N —————— Puise -
generator amplifier
4 i . Y .
Constant F . : . '
frequency - e ——— Multichannel ——i Discriminator|
clock Address analyser ,
control > |
C.RT. display
Data outputto < Typewriter ‘
" .Tape punch
. Magnetic tape
Y . X=Yplotter

FIGURE 4.1 Schematic diagram for a Mossbauer bxpgrimental
set-up.
Q

"~

The energy of the r-rayé is modulated by Doppler effect . R

ﬁpon moving the source relative to t/he‘ absorber. Only the
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fraction f, of nuclei in the sample absorbs the r-photon
resonantly, i.e. without recoil, hence giving rise to a
Méssbauer spectéum._ The fraction f5 isycalled "recoil-free
’fraction" or '"recoilless fraction". The fraction (1 - f3)
dissipates the recoil /energy in the form of phonons. " As
nuclear energy levels are quantized, the‘energy of a
?¥pho§on absorbed by a nucleus gives the difference of °
_energy between the ground and first excited‘statés. These
g energy levels shift when subjected to an electric ﬁoﬁopole’
* and split when an electric field gradient and/or a magnetic
field act at the nucleus.
- These interacticns, known as the "H&perfine Interac-
tions", ;ésylt in'shifts and splitting of the Méssbauer

‘ absorption lines, making possible a study of the electric

and magnetic phenomena which Casse then.

<

4.3 Hyperfine Interactions

There are three principal interactions to consider.
a ' ot
However, only two are of. particular interest‘to this

research and they are as follows:
9

a) Electric mcnopole interaction. It results from a.

change in the electric monopole -(or coulombic) interac-*
tion between the electronic and nuclear chargeéj~Which
is caused by a difference in the size gf the nucleus in
its ground and excited states. It is proportional to
the é electron density at the nucleus and gives rise to

a line shift called “chemical isomer shift" or simply
La]

4 3
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\ "isomer shift", which has the symbol § (FIGURE 4.2a).

It is a good probe for changes in bonding, in electron
distribution, oxidafion state and electron withd}awing
- power of the ligands.
//f\ b)‘ Electric quadrupole jnteractjon. It occurs between the
| nucl%p; guadrupole moment and the local electric field-
gradient tensor at ?hé nucleus, and only those nuclear

States with spin I greater than 1/2 have a nuclear

quadrupole momént and hence show a qua?rupole hyperfine

splitting. The effect of this interaction is propor-
tional to the e;ectric field gradient (e.f.g.) at the
nucleus, and the e.f.g. can have two origins:

- (e.f.g.)yal: valence contribution due to uneven
filling of non-spherical orbitals (p,d,f).

- (e.f.g.)la£: lattice contribution due to a non-
regular coordination (i.e. other than cubic, tetrahe-
dral or octahedral).

'In ﬁge easeﬁof'llgsn, the transition involved between
QP - Eheknuclear spin states is 1/2 ---> 3/2; a non-zero
e.f.g. gives rise to two lines and the spacing between
them is called "quaérupole splitting", symbolized as A
(FIGURE 4.2b).
Therefore, a measure of the isomer shift and quadrupole
splitting for 119Sn allows probing for the tin eléctrical
. ' environment, which influences the conduction properties as

explained in Paragraph 4.4. In addition, the recoil-free
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FIGURE 4.2 (a and b)

Méssbauer hyperfine interactions of:

(a) electric monopole; (b) electric quadrupoie.
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fraction depends on the lattice strength and thus allows a
" study of the dynamic properties of thé material. As
scanning the ¥-ray energy is done by‘Doppler effect, upon
moving the ¥-ray source relative to.the absorber, the line
positions are given in velocity units (mm per sec) insteéd
of energy units. 'Th}s is more convenient in a sense that
line shifts and splittings are very small compared to the

¥-ray energy.

4.4 Electrical Properties of Divalent ?in Halides

[

Divalent tin halide materials have been found to
exhibit a variety of electric conductivity mechanisms; for
instance, ionic (for fluorides), semiconducting, and
metallic (bromides and iodides). In ionic conductors, the
charge carriers are ions which can undergo long distance
translational motion when the saméle is placed inlan
electric field. Long distance ion motion in solids can take:®
place according to several processes depending on the
crystal structure: (i) in empty spaces of the structural
networks (empty planes. in f-aluminas), (ii) via ionic sites
with an occupancy factor much lower than unity (ﬁ—AgI, for
example), or (iii) or via lattice defects (Frenkel defects
in the fluorite-type structure). Semiconduction is obéerved
when the‘band gap in solids‘is low enough (< 2 eV) to allow
thermal or photoexcitation of electrons from the fil{ed

valance band to the empty conduction band. Metal-type

conduction occurs when the valence band is not totally
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filled, allowing easy electron—mobilit&. The electrical
propertiés of tin-containing materials can bef correlated to
the tin- electronic structure :and coordinétion, which allows
easy and fast investigation Sf the pétential electrical
properties just using Mossbauer spectroscopy. Typical
Mossbauer spectra characteristic of each type of electrical
properties are shown on FIGURE 4.3. Spectrum 4:3a is that
of CaSnO3.(tin(IV): electronic structure is 5s05p0), which
is the ispmer shift reference, therefore its line position
is taken as § = 0. 1Its guadrupole splitting is aﬁso equal
to zero as there 4s no 5p electron around tin, i.e..
(e.f.9.)yal1 = 0, and the structure\és cubic, of ‘perovskite-
ﬁype with a.regular octahedral environment of tin, and as a.
consequence (e.f.g.)la; = 0. Divalent tin has a 5s2~X5pX or
552=X-Y5pX53Y (depen&ing on the type of hybridization)
electronic structure, therefore the (2-x) [or (2-x+y)] s
electrons surrounding tin give a high isomer shift to.
tin(II) compounds; In fluorides, a value of 4 about 3.5 mm
per sec is usually observed (FIGURE 4.3b). 1In the fluori-
des, tin(II) has two non-bonding électrons (552‘X5px or
552-X-Y5pX5dY), which are located on ¢a non-bonding orbital.
However, this orbital is neither a pure s nor a pure p or d
o;gital. It is one of the following hybridized molecuiag
orbitals: sp3, sp3d, or sp3d2, depending on the tin
coordination. 'As one of these orbitals contains .the
552=X5pX (or Ssz‘X'YSpXSdY) non-bonding electron pair, a

very irregular coordination is observed. A sp3
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FIGURE 4.3 (a ---> d)  119Méssbauver spectra of tin(II)
halide compounds, as a function of their electrical proper-
ties: (a) CasSn0O3 reference (6§ = 0, 4 = 0); (b) ionic
conductor or insulator fluorides (§ = 3.5, A ® 1.5); (¢)
bromide or iodide semiconductor (6§ * 4.0, & = 0); (d)
CsSnBr3y, T >'418 K, metal-type conductor (8§ = 0, A * 0).
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hybridization gives a SnX3E pseudotetrahedral environment,
N

sp3d a SnX4E pseudotrigonal bipyramid, and sp3d? a SnXgE

pseudooctahedral coordination, where E represents the lone

pair, which occupies one of the apexes of the tin polyhedron

’

of coordination (33). This has two major following

consequences:

(a)

(b)

such a lone pair is located in a localized orbital,
which does not extend beyond the tin atom it belongs
to. Therefore, these two electrons, even though they
are not used for bonding, are not mobile and cannot
give rise to any €ype of electronic conductiQity.

The lone pair is in a 5s2~X5pX (or 5s27X"¥s5pXsdY)
hybridiéed orbital. The p (and d) contribution to the
lone pair creates a large electric field gradient,
whichﬁéives rise to a large quadrupole splitting, most
of which originates from (e.f.g.)yg1- The distorted =
environment around tin also gives a non-zero
(e.f.9.)1at7 however, this is usually a minor compo-
nent and can be totally masked by the much larger
(e.f.9.)yay- For large alkali metals (Cs) and for low
electronegativity halides (Br, I), the amount of p
electrons in the lone pair decreases, and consequently
the amount of s electrons increases and it results in a_
highér isomer shift and smaller quadrupole splitting.
In some cases, such as the CsMX; (X = Cl,.Br, and I)

compounds, the structure is of perovskite-type, i.e.

tin(II) is in a regular octahedral site. Such a
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coordination cannot be achieved if there is any p
electron densigy in the tin non—bénding pair; there-
fore, in-these compounds, the lone pair is pure s

‘ (therefore, of spherical shape), i.e. the tin(II)
electronic structure is 5s25p0. It results in a higher
isomer shift (about 4.00 mm per sec) and zero quad-
rgpéle splitting as both (e.f.g.)ya) and (e.f.g.)jat
are equal to zero (FIGURE 4.3c) (31). In some rare
cases,‘such as CsSnBrj, upon heating, at 418 K, an
electrical phase transition occurs, from semiconduction
to metal-type conduction (14). At the same time, the
Méssbauer spectrum changes from tﬁe type (c) t;\thg
type (d) of FIGURE 4.3. Such a behaviour indicates
that the tin lone pair of electrons is transferred from
the localized 5s2 orbital to a conduction band, giving
rise to metal type conduction (14). 1In addition, as
these electrons are on a band which extends over the
whole crystal, they are no longer around each in-
dividual tin atom. As a result, there is a drastic
decrease in s electron density around tin, which,
having lost two electrons to populate the_c&nduction
band, behaves like tetravalent tin, and the Mossbauer
spectrum obtained is a tin(IV) spectrum (FIGURE 4.3d)
identical to that of the isostructural CaSnO,
perovskite-type structure (FiGURE 4.3a). In the
present study, the conductivity properties oﬁfthe

materials isolated were not measured. However, they

49



were one of the driving forces of the project and goﬁe
evaluation of poféntial conducting properties has been
performed, based on the structural and Mossbauer

results, which provide important information on the

electronic structure of divalent tin. -
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5.0 EXPERIMENTAL RESULTS
" 5.1 Products Ogtaingg from Reactions
The reactions between SnF, and MCl (M = NH4, K, and‘Na) ‘
were carried out at different ratiosllisted as follows:
(a) SnFé + Mcl
(b) SnF, + 2 MCl | | \
(c) SnF; + 5 MCl |
(d) SnF, + 10 MCl
(e) 2 SnF, + MCl
(£) 5 SnFy + MCl |
(g) 10 SnF; + MCl - K
When” the initial molar ratio of one of the starting
reagents was high, such as in reactions c, 4, f, and g, the
reagent in large excess (MCl or SnF,), was obtained as major
product.

When ratios between the two starting materials wére
about 1:1 (i.e. readtionfzah b, and e), new compounds wére
obtained except in the case where M = Na. Sodium pen--
tafluorodistannate(II); Nasny;Fg, which has already been
identified and studieg (16,20), was the product. obtained
from such reactions.

Other known compounds, such as potassium pen- -
tafluorodistannate(II), KSn,Fs,..(16,21) and tri-
fluorochloroditin, SnyF3Cl (51) were also obtained as
by-products in certain reactions. These two compounds have‘
both been identified by earlier researchers and their

crystal structures have as well been solved (52).
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- New Eompounds from this research have beea identified.
They are (NH;)3Sn5F10C13 and K3SngF;gCl;z, respectively.
However, various evidence suggested that the former compound
does not represent the batch of crystals collected with such
stoichiometry. _That is to say, other ammonium-tin-halo
complexes, of the type (NH4)uSnvFXCly (with u + 2v = x + Y),
have also been observed, and their exact stoichiometries
have yet to be determined. Thus far, three different
ammonium chloride-tin-fluoride complexes from this research
have been st@died and one Of‘ﬁpiCh has been confirmed to
have the aéove mentioned molécular formula. This particqlar
species was chosen for X-ray structure analysis. The
details of which are presented in Chapter Six. JHowever,
chemical analyses suggested that the average chemical
composition of the batch is intermediate between NH4Sn;F,Cl
and (NH4)35nsF,13Cl3. The coexistence of several-ammonium-
tin-halo complexes was easily deponstrated by X-ray film
diffraction studies, since three single crystals were chosen
for that purpose and each of them gave different symmetry !
elements and space groups. The three species give needle-
shaped colourless crystals which cannot be distinguished by
simple visual inspection.

On the other hand, this problem was never observed in
the potassium case. This was also proven by X-ray fi%m
diffraction studies (oscillation, Weissenberg, precession

and Latlle methods) of several single crystals, and they all

gave the same symmetry elements and unit-cell parameters.
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In addition t& that, the x:ray powder diffraction pattern of b
the batch was fully indexable using the information obtained

. from the film diffraction studies (%.e.‘Weissehberg and. .
precession), suggesting that the batch of crpstals was
indeed in a homogeneous phase. Otherwise, indexation as a
single phase would not have been‘péssible.

The physical appearance of the new compounds frokaoth
r ' ) .

cases are shown in FIGURE 5.1.

P2 Crystallographic Data for the New Compounds from the

uﬂ4C1[SnFé System .

The reactions between NHyCl and SnF, at about 1:1 ratio
give rise to variéus ammonium~tin~halo complexes of the type
(NHy)ySnyFyCly,. Three of them have been studied in terms of
symmetry elements and space groups determination, and they

are listed as below: ' —\\

(a) Compound A = [(NH4)3SngFyoClsl

Y

NOTE: This was the one chosen for structure analysis

(See Chapter Six).

- Unit-Cell Parameters: a = 4.401 A
b = 20.999 A
c = 19.794 A .

a=f=¥=90"
- Crystal System: . Orthorhombic
- Confirmed Space Group: Bmmb (Number 63, standard

Cmcm)
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" FIGURE 5.1 The physical ‘app_earahc,e of:
(NH4)3SngF30Cl3: . (D) K3SngFq0Cl3.
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(b) Compound B - ’ : e

Id

e

4.341 &

W
"

- Unit-Cell Parameters:

b = 20.257 A

I

c =15.193 A
a=8 =y = 90°
- Crystal Systen: Orthorhombic’
- Possible Space Groups: P2ymn (Numbet 31)
¥ Pmmn (Number 59) /

(c) Complex C - v

K

- Unit-Cell Parameters: fg =4.947 A .
b =9.248 A
c = 6.861 A
a . ’ ~

o : : a=Y=90",8=92.25°
-‘Crystél System: Monoclinic
- ?osgible Spage-Groups: P2, (NumberA4)
. P2,/m (Numbef 1i)
The X-ray powder diffraction pattern was not indexable,
since the batch of crystals was a mixture of different ‘

~

species.

5;5 Crystallographic Data for the New Compound from the
KCl/SnF, §yé;gm
The new compound, K3Sn5F}0C13, from this system is not
as complicated as in the ammonium case. This complex only
“crystdllizes out. in a single phase, and the &rystaliographic

data are as foilows:

- N - ’
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- Unit-Cell Parameters:- a = 4.358 A
b = 20.246 A

19.204 A

. C

a=ﬁ=k=90°

- Crystal System: , Orthorhombic
- N er of repeating units 2 = 4 '
in{ the unit-cell: : \\\
. - Possiblé Space Groups: Bmzib (Number 36, standard
| \"’ cme2;)
i . B2mb (Number 40, ‘'standard
- Ama2) '
. Bmmb (Number 63, standard
] . Cmcm)- B
The X-ray péwder diffraction pattern is summafized in
TABLE 5.1.
5.4 Chemical Analytfcal Results ,
(a3 The chemical composition for the new material;
:from the NH4Cl/SnFy sysfem: _ [15 \
NH, sn F c1
Theoretical values  4.90 % 64.83 % 20.71 %  9.66 %
for NH4SnyF4Cl ‘
Theoretical values 5.72 % 62.88 % 20.13 %  11.27 %
for (NH4)3SngFqClj, :
Experimgntal values 4.91 % 6°i54 % 19.12 % 10.99 %
\ )
o~ ' The experimental values are indications‘for the batch
7‘.« | . of crystals to have a stoichiometry close to NH;SnyF4Cl and

! : : ' 56 o
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9.571
4.801
3.931
3.534
3.391

3.191

3.160
3.056
2.967
2.730
2.536
2.505
2.438
2.390

2.356
2.214
2.179
2.118

2.040
1.9935

1.9118
1.8842

1.8504
1.8025

1.7693
1.7442
1.6800
1.5821
1.5461

1.5316

\
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de (R)

9.602
4.801
3.9%21
3.547
3.396
3.381
3.201
3.197
3.181
3.083
2.940
2.708
-2..543
2.507
2.458
2.400
2.398
2.352
2.197
2.178 .
2.125
2.113
2,035
1.9958
1.9912
1.9148

1.8871
1.8835

1.8833
1.8485
1.8011
1.8008
1.7736
1.7457
1.6710
1.5809
1,5483
1.5441
1.5326
1.5310

-

TABLE 5.1 ‘Indexed X-ray powder pattern of K3Sn5f10Cl3.'



(NH4)3$nsF10Cly. They certainly implied the co-existence of
severdl species within the batch in a sense (a;\§hown by
X-ray film diffractioﬁ studies).

(b) Thehyhemical composition determined for the new

material from- the KCl/SnF, system is close to the

theoretical values for K3SngFigCls:

K 31 F cl

Theoretical values 11.65 ¥ 58.93 % 18.86 % 10.56 %
for K3SngF;Clj

k]

Experdimental values 9.52 % 56.74 % 17.92 % 10.82 %

)

5.5 Summary of Mossbauer Experiments

} A .
The Méssbauer spectra for the new materials, both in

crystal and powder form, are shown in FIGURE 5.2. All
spectra have the same doublet, similar to that of a—SnFZ;
which is givén as a reference. The doublet observed is a
characteristic of the 5s27%¥5pX electron lone pair of
tin(II). The Méssbauer parameter for the materials are sum-
marized, along with that.from other related compounds ‘(for

comparison purposes), in “TABLE 5.2. .

5.6 Thermal Gravimetric Analyses

The results obtained from thermal'gravimetric analyses
for the new materials from both systems are shown in FIGURE
5.3; .

The thermogram (FIGURE 5.3a) for‘the potassipm complex

confirmed that there was not any water of crystéllization in
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FIGURE 5. 2I 119gn Méssbauer spectra of the new products from

. MC1/SnFy (M = K, NHg). The spectrum of a-SnF, is given for
comparison.. (a) a-SnFy; (b) K3SnsF10Cl3 (collection of

crystals): (c) K3SngFyqgCly (powder, after grinding): (d)

NH4Sn,F Cl/(NH4)3Sn5F10C13 (collection of crystals); (e)

42712
NH4Sn2F4C1/(NH4)3Sn5F10c13 (powder, after grlndlng)
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The thermogram of:

NH4SnyF4Cl/ (NHy) 3SnsF1Cl5.
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. ‘ ’ TABLE 5.2 , -
Méssbauer spectroscopic parameters for materials cbtained

from this research and other related compounds.

Compound , colour - s(a,b) A (3) References
(mm/sec) (mm/sec)
K3SnsFyoCl3 White 3.38  1.47  This Work
NH4SnyFaCl/ White 3.50 ©  1.12 This Work
(NHg4) 3Sn5F1oCl,
@-SnF, White 3.43 ~1.53 55
KSnyFyulI - Yellow 3.33 1.84. .-32
KSnF,T Orange 3.37 1.75 32
3.82 0.00
KSnyFgl Yellow 3.66 © 0.00 32
’ KSn,Fs ~ White 3.21 1.96 © 56
NH,5n,FyI Yellow 3.48 1.48 32
NH4SnFoI Orange 3.45 1.68 32
« 3.92 "0.00
) NH4Sn3Fgl ) Yellow 3.39 1.58 32
NH4Sn,Fs White 3.28  1.94 - 56
CsSnF; ' Grey 2.93 - 1.86 31
CsSnF,I Brown '~ 2.96 1.82 31
CsSnBrz Black 3.93 0.00 31
CsénC13 | Yellow 3.70 ca. 0 31

(a) + 0.01 mm.s™1,

(b) Relative to CasSnO; at room temperature.

the species. The slight decrease pf'weight observed with
temperature rise was most likely due to hydrolysis of a part

of the sample due to the presence of traces of moisture in

A : ~ :
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the nitrogen atmosphere, as evidenced by black SnO residue

with HF being evolved according to Reaction 5.1.

K3SngF,oCls(S) + 5Hp0(g) —--> 3KCl(s) + 5SnO(s) + 10HF(g) (5.1)

i

Complete hydrolysis for the above reaction would
correspond to a weight loss of about 12 %. However, as the
measuredﬂweight loss was less than 2 %, we can conclude that
lesé than 17 % of the sample was hydrolized.

The reactivity of tin(II) haiide containing compounds
to hydrolysis fé thermally activated and increase dras£ica1-
ly at qelting. As a constant weight loss 1is observed above
ca. 80 °C, dand no visible change occurs at melting, it can
be concluded that the kinetics of hydrolysis‘is determined
by the amouqt of water available, i.e. by the concentration
of water in nitrogen and by the nitrogen flow rate.

The TGA curve for the ammonium case is very different
(FIGURE 5.3b) from that of the potassium. It shows a weight
loss starting at about 140 °Cc, and then accelerates to give
a total of about 12 % Qecrease at 320 °C, where a plateau is
seen. This can be in‘trpreted as being the decomposition.of
the sample, with loss of NH4F,” NH4Cl, or a mixture of both,
according to the following proposed reactions (recall from

Section 5.4, the average chemical composition for the batch

of crystals is between NH; SnyF4Cl and (NHg)3SngF;oClj):

63



2NH4Sn,F4Cl(s) => NH4Cl(g) + NH4F(g) + SnFCl(s)- + 3SnF,(s) (5.2)
or

(NHg) 3SngF19Cl3(s) => 2NH4Cl(g) + NH4F(g) + SnFCl(s) + 4SnF,(s) (5.3)

The observed weight loss of about 12 % seems to
indicate that a mixture of ammonium lides, at about 1:1
ratio (NH4:NH4Cl), is evolved. This is Azh\surprising as
both compounds are known to sublime easily. This stage of
weight loss is followed by a second and ﬁuch larger decrease
starting at about 350 °C and accelerating very fast above —_-
400 °C, which is believed due to the evaporation of SnF, and
SnFCl, and as a result no residue is ieft in the crucible at
the end of the experiment.

L4

TABLE 5.3
Physical constants for the new materials

NHSnpF4Cl/ (NHy) 3SngFypCly  K3SngFoClj

Density, observed 3.63 4.00
(g/cm3)

Density, calculated 3.43 3.93
(g/cm?) |

Density difference . 5.5 1.8
(%)

Melting point 166 235
(°C)

Colour (crystal) colourless colourless
Colour (powder) white ‘white
Formula weight 366.825/943.789 1006.789
(g/mol)
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5.7 Physical Constants of New Compounds
The reported values (TABLE 5.3) in this section for the . ’
ammonium case were obtained on the mixture of compounds

present in the batch (see Section 5.4), whereas in the

potassium case, the values stand for pure K3SngF;0Cl3. The

w
measured and calculated densities of K3SngF;0Cl; are in very
good agreement as it is a single phase. On the other hand,
the larger density difference obtained for. the ammonium

sample is attributed to the fact it is a mixture 'of phases.

-
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error process because the nature of the peaks is unknown
until the structure is solved. When the appropriate

. alignment of maps is found, the places where both maps show

6.0 THE_CRYSTAL STRUCTURE OF (NH4)3SngFqqCls

Thls chapter presents the structural network and the

coordlnatlon of individual atoms of the (NH4S3Sn5Flocl3
crystal, which is one of the three new compounds obtained
from the NH4Cl/SnF, system.

6.1 Method of Cnoicé for Structure Determination

The crystal has a heavy atom (which is tin in this

case) in its structure; however, there are a total of three

T different tin sites with different but very similar environ-

ments, in the unit-cell. Two of the three tin species
occupy the same symmetry site, while tﬁe 6ther does not.
This makes it impossible to obtain a set of consistent
atomic coordinates,” which can be interpreted, from a
Patteréon map, using the heavy atom method. (/

| The method used to tackle the problem is called the
"minimum function" approach, which is more adequate when the
structure contains more than one heavy atoms (44). In the
minimum function method, the‘origin of one Patterson map is

placed on a peak which corresponds to a vector between two

heavy atoms not related by symmetry. It is a trial and

a peak reveal an image of the structure.
The crystal structure was finally rgfined by the block-

diagonél least-square technique, with the‘anisot;opic

4
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'E..S. Ds. r€fer to the last digit(s) printed.

N

X ‘ Y- z BISO

# 1
sn(1) 0 0.99755(12) 0.17409(11) 6.05(20)
sn(2) . 0 0.14698(11) 0.36350(10) 5.77(19)
sn(3) 0 3/4 _0.29497(15) 5.06(20)
c1(1) 1/2 . 1/4 0.4102 ( 7) . 6.6 ( 6)
cl(2) 1/2 0.1150 ( 5) 0.1846 ( 5) 7.1 ( 5)
F (1) 0. - 0.1338 ( 8) 0.4638 ( 8) 5.0 ( 7)
F (2) 1/2 " .1/4 0.1038 (17) 6.9 (14)
F (3) 0 0.0277 ( 9) 0.0773 ( 8) 5.2 ( 8)
F (4)’ 0 0.0369 ( 9) ., 0.3536 ( 8) 5.0 ( 8)

. F (5) 1/2 0.1006 ( 8) 0.3721 ( 8) 5.7 ( 8)
F (6) N 1/4 "0.1793 (20) 13.9 (37)
N (1) 0 0 i 1/2. 4.8 (17)
N (2) 0 0.1636 (15) . 0.0522 (lsy-r\/,i;i/iifl/’)f
g .
*? _
BISO is the arithmetic medn of the pr1nc1pa1 axes Qf,the
thermal e111p501d. .
’ TABLE 6.1 Fipal atomic coordinates and equlvalent
‘ 1sotrop1c Debye-Waller factor for
S - (NHy ) 3SR5F10C13 .
st - '
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; L)

E. S. Ds. refer to the last digit(s) printed.

e ' _
U11(0) U22 U3z U12 U13 U23

—

sn(1) 11.0( 3)

. 8.5 ( 3) 3.49(22) 0.00 “%0.00 0.45(10)
sn(2) 11.4( 3) 6.40(23) ' 4.11(22) 0.00 0.00 0.71( 8)
sn(3) 7.4( 3) 7.3 (3) 4.51(25) 0.00 0.00 0.00
cl(1) 13.3(10) 5.7 (6 5.8 ( 7) '0.00 0.00 0.00
cl(2) 12.3( 7)., 7.2 (6) 7.6 ( &  0.00 0.00 0.2 ( 5)
F (1) 6.7( 9) 8.6 (11) 3.9 ( 8 0.00 0.00 <-1.4°( 8)
F (2) 12.3(22) 4.6 (13) 9.3 (20) 0.00  0.00. 0.00
F (3) 6.3( 8) 9.2 (13) 4.3 (9) 0.00 0.00 ™~-0.6 ( 8)
F (4) 6.7( 9) 7.9 (13) 4.6 ( 9) 0.00  0.00 0.7 ( 7)
F (5) 10.1(11) 4.5 (9) 7.3 (11) 0.00 0.00 0.3 ( 8)
F (6) 17.7(43) 28.3 (71) 6.8 (27) 0.00  0}00 0.00
N (1) 8.5(22) 8.4 (25) 1.5 (16) 0.00 0.00 =0.7 (12
N (2) 7.4(15) 7.6 (18) 10.4 (23) 0.00 0.00 4.6 (16)

’

TABLE 6.2 Anisotropic elllpsmds of thermal v1bratlon for
(NH4)3SI‘15F10C13. .
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Snl
Snl
Snl

sn2,
Sn2

Sn2

sn3

Sn3
Sn3

F1
F2
F3

F4
F4

F5
F5

Fe

Cl2

Bon@,

- F5
- F4

- F1
- 'F4
- F5

- F2
- Feé
- Cl2

- 8Sn2

»

Distance (ingstrom)

?
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2.017(16)
2.254(18)
2%380(08)

2.005(17) °

2.319(19)
2.413(08).

2.003(33)
2.259(10)
2.863(11)

2.005(17)

2.003(33)
2.017(16)

2.319(19).
2.380(08)

2.254(18)

2.413(08)

2.259(10)

1 2.863(11)

-

(x2) .
(xﬁP
(x2)

(x2)
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. _TABLE 6.4

b

] ’ 4
! °

Angle '

F3 =~ Snl - F5

F3 ' - sSnl - F4

F4 - snl1 - FS5

F4 = Snl - F4

.. F1 - Sn2 - F4
Fl = Sn2 - F5

.F4 7 Sn2 ‘= F5

. F5 '= 8sn2 - F5
F2 . - Sn3 - F6
Cl2 =~ .Sn3 - F2

F6. - _ Sn3 -- F6
'ClZ.. -~ Sn3 - Cl2
' clz - sn3 - F6
‘' sSnl' ~ F4 - Sn2
Snl - F4 - Snl
Sn2 + < F5 - Snil

. sn2 - F5 .2 Sn2

- .

‘ ~ F6° - Sn3

Bond angles

Degree

84.38(67)
.82.95042)

68.2%(43)
135.17(59)

" 86.93(59)
82.78 (42)
66.64 (38)

131.59 (54)

76.95(97)
81.89(21)
153191 (1.38)
163.78(31) .
88.18 (14)

.108.82 (45)
135.17(82).

109.91(41y’
< 131.59(75)

. 153.91(1;95)

[

for \(NH4E) 3SngFqCly.
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factors introduced in the process. A final R value of

0.0982 (Ry = 0.1894) was achieved. The final structural

constants are summarized in TABLES 6.1 to 6.4. The Uij

parameters of TABLE 6.2 are the elements of the matrix of
root mean square displacement of the atoms. Uii define the
length of the axes of the ellipsoid of thermal vibrations,
and Uij (i f j) define the érientation of the ellipsoid

relative to the crystal axes.
! .

6.2 Coordination of the Atoms
The unit-cell of (NH4)3SngF;0Cl; is shown in FIGURE 6.1

f + 1
(a and. b), in two different projqftions. FIGURE 6.1la

> 5
.corresponds to the-(g$g) plane of the cell, while the (a,b)

plane is shown on FIGURE 6.1b. 1In addifion, a stereoscopic
pair of unit-cells is also presénted for a three-dimensional
Qiewing usgful for a better understandig@ of the structure
(FIGURE 6.2).

There 7pe a total of three different types of tin ;toms
as mentioned previously, and they are described as below:
(a) Sn(1) _SnF4E coordination (E}=;10he pair)

(sp3d hybridization, pseudotrigonal bypyramid)
(b) sSn(2) SnF4E coordination (E = lone pair), f
(sp3d hybridizatioﬁ; pseudotrigonal bypyramid),
(c) Sn(3) SnF3Cl,E coordination (E = lone pair)
‘ (sp3d? hybridization{ pseudooctahedral)
It should be noted that Sn(i) and Sn(2) haQé a similar

)eometry with slightly different bond lengths and angles.
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FIGURE 6.1
plane; (b)

nit-cell of (NHy) 35n5F10C13¢
(a,b) plane. * .
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F(5)mm=rSn(]1)

. £
§a(2)===F(4)

F(l)
F(5)——5n(1)

F(d)
Sa(2)=——F(4)

F(5)===Sn(l)

i)
, , -

/ .
/ / \rm

/

H

FIGURE 6.3 Coordination of:

[

o

/
/
. F(6)
Cl(2)——5n(3)===C1(2)
s 7Y
F(8) ‘
T ¢CL2) Sn(3)=—==C1{2)
F(2)
F(§)

\

Clc2) Sn(3) Cie2)

// i

/

v

Ci(2)
F(6)

F(2)

{%

74

\
(a) Sn(1) - 'sp3d hybridiza-
tion; (b) sn(2) - sp3a hybridization; (c) Sn(3) - sp3d?

~ hybridization. ‘
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In the description above, E being the lone pair, the
coordination of the three types of tin is shown in FIGURE
6.3 together with a schematic drawing of a repeating unit

for a better illustration.

6.3 Structural angements o he Atoms

The crystal (NH4)3$n5F10C13 crystallizes in an orthor-
hombic;cent;osymmetric space group Bmmb. All the atoms are
in special positions. There are four repeating units in a
unit-cell (Seé FIGURE 6.1la). Thé structure is made of -
layers of repeating units stackgd one above the othe;’u'The
repeating unit in a layer is [(Sn2F4)°(SnF;C12)2‘)(Sn2F4)0]2'
(view from the (SIZ) plane, on FIGURE 6.1a), and each
repeating unit is separated from the next by a free chloride
ion such that the repeating unit can also be written as
[(SnyFy) O(SnF5C15)27 (SnyFy) 0(c1) ~137.  The only Sn-cCl bond

is observed in the (SnF,Cl,)2~ sub-units and this is in

_agreement with the literature (52,53) in ‘terms of Sn-Cl

\ . . , o
bonding distances. In the repeating unit, there are two tin

'sites in the (Sh,F,) 0 sub-units (i.e. (Sn(1)sn(2)F4)9% and -
one in the (SnF,Cl,)2~ (i.e. (Sn(3)F;Cl,)27) for a total of

three.

In addition, all the sub-units in a repeating unit
(i.e. (Sn2F4)°, (SnFZCIE)Zj, and (Cl)T) are isolated from .
\ .

each other as the way they are written (as seen in FIGURE
6.1la). However, from another projection (FIGURE 6.1b and

FIGURE 6.3), it can be visualized that the sub-units :

“a . 75
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_(8naF4)0 and (SnF,Cly) 2~ form polymer chains through

bridging fluqrine atoms (F(4), F(5), and F(6), respective-
ly) , and not by any chlorineuqtoms, since they are,eitper
isolated (Cl(1l)) or terminal (Cl(2)). These polymer chains
are aligned along the 3 axis of the unit-ce;l.

There are two kinds of (NH4)* ions and both of them are

isolated in a sense that they are not actually bonded to any

atoms. One could envisage the existence of hydrogen bonding

.between these (NH4)* ions and the terminal fluorine that.

stick out from the layers (as will be discussed later);

however, as no N - F distance shorter than’3.2 A is present,

_ho such hydrogen bond exists [hydrogen bonded N - F distan-

ces in NH4F is 2.71 A (54)], and therefore the ammonium ions
are rotating. These two types of ammonium ions do not haQe
the same symmetry site, however. |

The layers are packed perpendicular to the 2 axis of

-

the unit-cell and they are deséribed as below:

?

-at z = 0 and 3/63 [ (NHg) 212" (Type I)
- at z‘z 0.5/6: 2.5/6, 3.5/6, and 5.9/6:
| | : [ (NHg) 2102 (Type II)
- at z * 146, 2/6, 4/6, and 5/6: . ‘
[ (SmaF4) 0(SnF,Cly) 27 (SnpF,) 0(Cl) -yjn3n—
As mentioned in Section 6.2, there are three_different
tin sbepiés and all of .them have a stereoactive lone pair of

electrons. Because of these lone pairs, there are con-

straints on the way each layer is bositionéd relative to the
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=0 N5« - NB« NH4« )
F - ¥
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Cl(1l)
F F |
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=0 NB« . NB4 NH¢ _>?

FIGURE 6,4, Schematic plot of a unit-cell of (NHg)3SnsF;qCls
on the (b,c) plane. , _
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nearesé next layer (e.g. layers at.z = 1/6 and 2/6; 4/6 and
5/6). | )

This extra condition for layer packing is best under-
stood by Qisual pfeéentation. A schematic illustration,
plotted on the_jg,g) plane of the unit-cell, is given
(FJGURE 6.4) for that purpose. ,

In FIGURE 6.4, it can be seen that the repeating units
in a molécular layer dre separated from each other by a free
chloride ion {(Cl(1)). The symbol "E" shown in the diagram

‘represents the lone pair of electrons of tin. These tin
lone pairs from adjacent moiecular layers (i.e. layers at
z * )/6 and 2/6; 4/6 and 5/6 only) are pointing towards the
innér—layer spacing and keeping the layers apart. The
. strong repulsions between the'tin(II) lone pairs of adjacent
layers are responsible for the cleavage béhaviour, resulting
in crystals shaped as thin long plételets. !

All the terminal fluorine (F(1), F(2), and F(3),.
symbolized as "F" in the diagram), are sticking out of the .
layers in directions oﬁposite to the lone gairs, such that -
hydrogen bonding to tpe free (NH4)+ ions is possible, but
seems not to be prese%t in this structﬁre at rbom tempera-
ture. Therefore, thgre_are only Van der Waals interactions

between the layers which explains the low melting point of

the compound (Sections 5.6 and 5.7).
i L)

!
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7.0 DISCUSSION

7.1 Results Interpretation
L

7.1.1 Crystallographic study

Various experimental results obtained throughout this

research are definitely evidence for thg co-existence of
several ammonium-tin-halo complexes from the system
NH4Cl/SnF, (at least three of them have been identified thus
far). Two of the three different complexes have yet to be
looked at iﬁwaepth; therefore, the aﬁalogy here is stressed
on (NH4)3Sn5FloCi3, along with the new‘unique compound
.6btained from the KCl/SnF; system, K3SngF;oCls.

The physical appearance of the two compounds are shown*‘
in FIGURE 5.1. They exist as long needle-shapéd crystals.
The crystal growth is in agreemeﬁf with the law of Bravais
‘on crystal ﬁorphology (55) that is a short axis of the unit-
cell corresponds a long axis of crystal growth and vice-
versa, such that the crystal shape resembles the shape of
the reciprocal cell. For the ammonium-containing crystals,
the plane perpendicular to Z dxis have an area of about
0.08 mn2, while thé potassium-coptaining needles are leaner
(about 0.005 mm?2 = area of the same plane). This'crystal
shape originates in the bonding anisotropy, as explained in
the‘Paragraph 6.3.

Oscillatioﬁ photographs gave the periodicity along the
main axis of the needle (gﬁaxis, about 4.4 A for botp
compounds) , while’Weissénberg and precession photographs

, showed the two other axes to be very long (approximately
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20.5 A and 18.5 A for b and ¢, respectively)-and the angles
a=8=Y =‘90°,‘§hggesting the cell is orthorhombic. Laue:
photographs showed the Laue group is mmm for both compounds,
hence confirming the orthorhombic symmetry.

The diffraction pattern observed from Weissensqrg and
precession photographs for both coﬁpoundg are identical
(except for small differences in terms of periodicities).
The absence conditions determined from the photographs

showed that the conditions for Bragg peaks to be observed‘\

_are listed as below: .

(h00): h = 2n; (hk0): h = 2n, k = 2n, h + k = 2n;
(0k0O): k = 2n; (0kl): k =2n, 1 =2n, k+ 1 = 2n;
(001): 1 =2n; (hel): h =2n,'1 =2n, h+ 1 = 2n;

(hkl): h + 1 = 2n .

The condition on the (hkl) planes indlcates the Bravais
lattice is B~face centered.t From the above conditions,
three possible space groups were determined for both
compounds and they were Bm2;b (Number 36), B2mb (Number 40),
and Bmmb (Numper 63).

However, after the crystél structure analytical work
for (NH4)3SnsF10Cly, it has been confirméd that the compound
indeed crystallizes in the space group Bmmb. Sipce this
compound has the same stoichiometry as the potassium salt,
K3SngF10Cl3, their diffraction patterns are identical, and
the ionic radii of Kt and NH4t are similar, it is very

likely that K3SngFioCls also crystalli?f? in the space group
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Bmmb. That is to say, these two compounds could indeed be
iqp-structural at room temperature.

7.1.2 MOssbauer spectroscopic analysis

The 119sn Méssbauer 'isomer shifts and quadrupole
splittings for the'new compéunds from this research are
presented, along with that of other related compounds, in
TABLE 5.2. Although the products obtained from thé
NH4Cl/SnF, system appear to be a mixture of seveE?l species,
the presentation here ¥efers to the overall for the batch.

Close examination of the spectral data reveals that
they are characterisﬁic of divalent tin with a stereoactive
lone pair o; electrons. Such a lone pair is localized on a
non-bonding orbital; therefore, it occupies a volume similar
to that of a fluoride ion in the structure (33) and it
'cannot populate conduc£ion bands to §ive rise to electronic
conduction unless tin is surrounded by Br or f in a highly
symmetrical environment (32). The latter case gives rise to
very high isomer shifts (§ * 4 mm.s” 1) due to the high s,
contribution to the lone pair, and very small gquadrupole
splittings (A * 0O mm.s” 1) due to the absence of p con-
tribution to the lone pair and high site symmetry at tin,
such that the electric field gradient (e.f.g.) at tin is
.nearly zero (31). A large p, contribution to the lone pair
of tin gives a large e.f.g. at tin, therefore a large
valence contribution to the splitting results. The lattice
c&ntribution being small, it is usually negligible and is

often masked by the valence contribution which is much
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larger and often of opposite sign. This is probably why the:

two tin sites are indistinguishable by Mdssbauer spectros-

copy in a-SnF; (56) and in KSn,Fg (21,57). It has been

confirmed that there are a total of three different tin

sites in the compound (NH4)3SngF;gCl; (Chapter Six), anﬁ if

in fact K3SngF;gCls and (NHy)3SngFjoCly are isostructural

(See Section 7.1.1), then there should also be three

different tin sitgs in the potassium case. 1In these two

compounds, even though the three tin sites are non-

equivalent, structure analysis shows that they all are

dominated by the stereogctivity of the lone pair (Chapter

Six). Therefore, their respective isomer shifts are so

close to each other (or perhaps even'overlap with each

other), resulting in "line-broadening" in the Mossbauer

spectrum. The fact that the doublet observed for

(NHg) 35n5F1Cl3 (FIGURE 5.2 d and e) is not symmetric is not

surprising, since the batch was a mixture of different

species and just (NH4)3SngF;oCl; contains three tin sites,

there are probably several non-equivalent tin sites overall
. "

and as a result the range of isomer shifts and quadrupole

splittiﬂgs is wider.

Therefore, the fact that only one divalent tin site is

seen in Mossbauer spectroscopy cannot be used to predict the

number of tin sites in these compoﬁnds. However, the

Méssbauer parameters are safe probes for thé absencé of

electronic density being promoted from the lone pair to the

’

conduction band,'éhe gap energy being too high for fluorides
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and chlorides, especiall& wﬁén no large c;tion suchas cs*
is present. As a result, if electric conductivity is
present in ﬁhese new cémpounds, it will likely be ionic in
nature, due to the long range motion of fluoride ions in the‘
solid (13,58). o

Donaldson and Senior (59) have shown that a quasi-
linear rélationship exists between the isomer shift and the
quadrupole splittinq‘of iso-structural divalent tin com-
‘pounds, i.e. for‘éompounds having a similar tiq‘(II)
coordination. Thig is easily explained by the fact that the
value of the isomer shift is proportional to the amount of s
electron density at tin and the quadrupole splitting to the
amount of ﬁz electron density in the lone pair (tﬁe 1attice'
contributi;n to the quadrupole spliéting being often
négligible and- should be similar for iso-structural
combounds). - . ‘ e

Generally speaking, for Sn-X bonds, the(highé; the
electronegativity of X, the more the s electron density
pulled away form tin, and therefofe the lower the isomer~
shift. \

The larger isomer shift and smaller quadrupéle splitt-
ing observed for the batéh of ammonium complexes, as
compared to K3Sns5FjqClz, could have been explained by p 1
. ' electron density withdrawing from tin throdé§;%§drogen

bonding'to fluorine as show% below, which cannot occur in ’

the potassium case. However, as the crystal §tructuré

analysis shows there is no hydrogen bonding at room
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__  _ . .._temperature,-another-phenomenon, probably structural, ig=.
\“\ = i d ~ B

responsibre for the ammonium complex values.
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7.2 Comparison betweén this research and the earlier

similaxr systems . \\ . T j\
= AP - 4

-~

Researchh areas involving alkali metal halides and
N ‘'stannous fluoride have been undgfgoing’for almost three
decades, and many new materials have been identified:. These

new materials, such as NaSn,Fg (20), KSnyFg (21), and

»

'NH4SmyF3 (22), do not crystallize in any orthorhombic space

groups.

~

¥ .
However, -the new compounds from this researéﬁ\(except

one of the th;ee complexes}from the NH4Cl/SrtF, system), all
- h;ve a Laue group mmh, confirming they belong to the

orthorhombic system. The difference between fluorides and

_chlorofluorides is definitely related to the introduction of

- \

o a different halide (which is éhlor%de in this case) with a
‘ larger ionic ragius and a #mallef electrpnegativity.
The. Moéssbauer spectr&l data confirmed that the new
. . ma#erials from this research do not have any semi-conducting
"properties, which are‘the features for materials like
Cé?hBra and CsSnClj (14):‘ Indeed, these new materials,” at

least from the Mdssbauer spectral point of view:‘should

behave like the MSn,Fs family.
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;o The similarities . and differences between them are "

-

examined- in the next two sections.
AN

7.3__Effect of different halides on physical propefties

. As once stated, materials obtainéd'from the MX/SnF,

sysféms (X = F, Br, and 1) have different physical be-

P .
haviours (e.g. electrical and physical appearance) depending
on the nature of the halide involved, as the more electrone-

gative fluorine éives rise to white ionic conducting
paterials and the less electronegagzve bromine and iodine
result in semiconducting and strongly coloured compounds.
such a marked difference can be depicted by their
respective Mossbauer spectral data (TABLE 5.2).
The values for M3SngF19Cly (M = K and NH,) are com-

parable to those for the ionic conductors a-SnF, (56) and

MSnyFs (M = K and NHg) (57) (spectrum b of FIGURE 4.3). 1In

—
-

- addition,'the white colour indicates no/yisible l@ght
absorption, showing absence of populatién in the conduction
band. It‘can therefore be concluded, just based on the
Méssbauer data, that the M3SngF,oClj compounds are highly

. -unlikely to have significant semiconducting properties at
room temperature. For the SnF,/MI systems (M = K and NHy),
wmgn the compounds are rich in fluorine (F/I =6 §nd 4), the
isomer shifts and quadruﬁéle splittings are similar to that
‘of the fluorides, indicating no electron txansfer to the \

conduction band of tin. An such a case, the yellow colour

is accounted for by the self population of empty orbitals of
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iodine by iodine electrons as in iodine element. Therefore,
these compounds are most 1likely to be insulators or ionic

conductors, as are a-SnF; and probably the M3SngF,Clj

'\\\\\\\ compounds. On the other hand, for the fluoroiodides richer

~

in iodine (F/I ='2), two tin(II) sites are present with one
similar to tha£ observed when F/I = 6 and 4, but the other
with 6 = 4.0 and A = 0, indicating an octahé&ral coordina-
tion of tin, where the tin lone pair is on a pure 5s2
orbital. These compounds are more highly cobloured (orange)
and can be suspecfed to be semiconductors. For large alkali
metals, mostly cesium, and for less electronegative ﬁalides,
i.e. Br and i, the amount of p contribution to_the lone pair~
decreases and often reaches zero to give a pure 552§p0
spherical lone pair. In such compounds, the band gap is
low, resulting in a significant population of the conduction
band, giving rise to semiconducting behaviour and strongly

r

coloured materials.

7.4 Ionic radii and structural analogies

The unit-cells for KSnyFg and NH4Sn,Fg were firgt
reported by Donaldson and O'Donoghue (16) to be orthorhombic
and pseudohexagonal, respectively. 1In 1967, Goost and
Bergerhoff reported KSnj)Fg crystallizes in the P3 hexagonal
space group. More recent works give a monsclinic cell
(pseudoortherhombic: g = ;0f09°) for KSnyFg (18). Finally,
its structure was solved in the trigonal P3 space group

(21). The latest cell for NH,Sn,Fs, however, was‘{eﬁorted
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w@s we have shown above (Section 7.1.1) that K3SngF1Cl; and

- Reference: TW* Reference: 21 Reference: TW

to be monoclinic (36)Awith B = 103.52°. Close examinatioﬁ ‘
of the trigonal cell of KSnyFg shows an analogy with the
orthorhombic ceils’of K3SngF10Cly and (NHa) 3SngF,9Cl; (TABLE 2
7.1, FIGURE 7.1). When one SnFé molecule is removed from

K3SngFy5 (i.e. 3KSnyFg), and three fluorine atoms are

_replacéd by three chlorine atoms, K3Sng5F19Cl3 is obtained.

(Néﬁ)38n5FloC13 are most likely isostructural, one. can: . i

‘compare the structures of K3SngF15 (i.e. 3KSnyFs) and/

K4SngFy4Cl5. - ?
. ) \

TABLE 7.1
Comparison of the unit-cells between M3SngF,(Clj and KSnyFg
( = K3Sh6F15)

' K38nsFy0Cly K3§_6215** {NH,) 3Sn5F)oCly
] (KSn,Fs)

a=4.358 A (2/3)apcos30° = 4.209 A a = 4.401 A
‘b = 20.346 A | 3ap = 21.873 A- - b = 20.999 A
c = 19.204 A 2cp = 19.722 A c = 19.794 A

V = 1702.778 A3 v =1815.676 A3 ¥ = 1829.294 A3

Z =4 Z =4 ~ T z=y
V, = 425.694 A3 V; = 453.92 A3 Vy = 457.324 A3

a=f=¥ =90" —a=8=90"; ¥ = 120° a=p8=¥=90°

orthorhombic trigonal orthorhombic

*

—

v

* TIW = This work -
** ap, cp = hexagonal axes. The orthorhombic supercell is
" given for comparison.
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TABLE 7.1 shows that the cell of K3Sn6F15 is 3.4 %

—_ -

shorter in the 2 direction; however, it is 7.5 % longerl
along g and 2.7 % longer along 2, such that -its volume is
6.6 % larger. These changes afe the sum of the two dif-
ferences in composition in difference between the-two
compounds. As K3S5ngF;9Cl3 = K38ngF;5 - SnF, -'1.SSnF2 +
1.5SnCl,, K3SngF;0Cl3 can be considered as a variation of
K3SngF15 in wﬁich has been removed and 1.5SnF; havée been
replaced by 1.55nCY¥,. Removing one SnF, should result in a
volume decrease bf about 53.3 A (33), thle replacing‘3SnF2~
by 3SnCl, éiveé a volume increase of 78.48 A3, based on the
volume occupied by one SnF; in a-SnF; (53.3 A3) and one
SnCly in orthorhomblc SnCly, (79.46 A3) (53)%. It results
that the expected volume gf the unit-cell of K3Sn5F10C13 is
1815676 - 53.3 + 78.48 = 1840.18 A3. However, the observed
cell volume o?) K3SngF10Cly is 1702.778 A3, j.e. 8.1 % lower
than expected. ‘Although this is a crude calculation and it

depends on the efficiency of packing of a-SnF, and SnCl;, it

clearly shows that packing is ‘more efficient in K3Sn5F10C13

‘than in K435ngF;5. As shown in TABLE 7.1 and on FIGURE 7.1,
stacking of éhe layers perpendicular to 3 results in less
dead space between the layeréi despite strong repulsion
between the'tiq/k5§€;;/;; both structures. There is also a
most efficient packina within the layers: in the g difec—

tion, it is about three times morz.sfficient than perpen-

dicular to the layers, whereas the efficiency is lower along

5> ‘ . . .
a, where the periodicity is 3.4 % longer in K3S5ngF,oClj,
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. c= 19.2044 - 2¢= 19.762A °
2 2
T ._--__A_L__—ms+ = 1/3
N 3% N
= 0/6 M+ M+ M+ e— _
M+ M+ ——Sn3f7-—— = 0/3
= 5/6 Sn5F10C1l33 - —— B JT'"
: : SnaFs2~e— = 2/3 .
~4/6 SnsF10Clad- _
M+ M+ * 2¢ Kaa+ = 1/3
= = 3/6 M+ M+ . M+ ¢
M+ M+
SnafFrc~—— = 0/3
= 2/8 Sn§F100133-—— ‘
>~ 1/6 :SnsFioClad- Sn3Fe2-—] = 2/3
T M+ M+ " _-—
= 0/6 M+ M+ e M5 W Ka3+ = 1/3
Vo
: be———S8n3aF7-—— = 0/3
\ 7
. 1]

S T
5 .

=

FIGURE 7.1 Relationships between the cell of trigonal

KSnyFg and the orthorhombic cells of M

NHy) . .
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when a 2 % lengthening would be expected for an iéotropic

volume increase of 8.1 %. However, novisotropic effect =’ N

should be expected in these highly anis?tropié structusres.

The differences observed arise from thé different composi-
" .
tion and structure of the layers. Thg layer sequence is
’ /

pt / .
similar .in both compounds (FIGURE 7.}). For KSnyFs5, one

finds: ~ J , ToA
/' - at z = 0: (Sn3Fq) "~ ¢/ . r
- at z = 1/3: (K3)p30* ) 4 ; .
- at z =-2/3: (Sn3F8)n2n'// ' /

s \
The main differences betw?en the two structures are the

4

presence’of chlorine in the t#A—fluorine layers and the non-

'

planarity off the potassium igyeré. . v

In the cCase of K3SngFyClj, the stacking of layers can

v

-

be deéscribed as follows (See Chapter Six):

- at z =0 and 3/6:/ - L ) s (Kz)nzn+
~- at z = 0.5/6, 2.§/6, 3.5/6, and 5.5/6: (Kp) 2t
- at z = 1/6, 2/7{ 4/6, and 5/6:

/ 1(SnyFy) O (snF,Cl,) 27 (SnpFy) O (1) T1430"
K3S8n5F1gCl3 is/ a ‘twy-dimensional superstructure of
‘ > ., . s
KsnyFg. The supeyxstructure along ¢ is clearly visible on

FIGURE 7.1. //

of divale tin compounds are directly relate _tin(II)

electronjic structure. The effect of the nature of‘the. ) -
’ i

90 .



) \ AN

halides and other aatlon on phy51ca1 properties.and crystal

structures have also been described. . \\\

The present project was undertaken as an attempt t

-

compare the chloride containing compounds to the hitherto 'Y

known fluorides, bromides, and iodides. Perhaps, it is ) .
/ ) 3"

useful at this stage, to propose an extension £5 the presea# 5
© study. N ‘ ‘ T

The crystal structure of K4SngF;9Cly has yet to be
determined, although there are good reasons to believe it is
isostructural to (NH,)3SnsFjpClz. ‘It would definitely be an
asset to know this structure in order to compare the
Felations between thé two compounds and see the effect of .
hydrogen bonding in the ammonium case upon lowering the
temperature.

In addition, ammonium chloride/stannous fluoride
.soluéions seem to give several different complex species.
It would be interesting to see ﬁow these relate to each

“

other and whether they are different species, polymorphs or
polytypes. '

It would also be'interesting to. solve the structure of
(NH,) 3SnsF;9Cl5 and the other ammqnlum“contalnlng compounds
at low temperature, in ordé//to freeze the rotation of the
ammonium ions and see how hydrogen bonding te the terminal
flugpine atoms.is formed. Therefore, at low temperatufe, B ‘p
ammonium ions could establish links between the tin-fluorine

planes, via hydrogen bonding bridges. However, strong

repulsions in the planes of lone pairs would remain, and
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therefore, strong texture effects would still be expected to

ltake place.

Ancther type of investigation- that should be con-
centrated on for our new materiais is the study of their
electrical properties. Conductivjity measurements and ionic
transport measurements shoﬁld be performgd for these
materials in order to check whether they are indeed ionic
conductors and to study their conducting properties in
detail.

Solid state synthesis for the three systems studied iﬁ
this project have also, been donelas a preliminary inves-
‘tigation fb see whether new products can'be obtained yia
sicH route and the results were confirmed to be positive.
Since our new materials have been prepared by solid state
synthesis using exact stoichiometric amount of reagents, the
stoichiometry of the products is known, provided oﬁe phase
only is obtained, therefore,comparison of the X-ray powder
diffraction patterns of the samples obtained by solid state

:reactions and from aquedus solutions can be used to find the
s£oichiometry of the crystals obtained from aqueous solu-
tionsi In addition, solid state reactions can give products
inaccessible from ajueous solutions because af competition
between the crystal growth of different specjes of similar
solubility. Finally, solid state reacti can also give

high temperature phase, obtained in the metastable state at

room temperature upon quenching from high temperature.

.
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.
few of the very many. ) )

<

y [ —

Mossbauer spectroscopy for these new products at.high"

» -

and low temperatures are worth doing,.since valuable ~

-

information can,b%‘obtained, such as changes in coordination

-

of tin’ sites if ‘phase transitions take place. 1In addition,
L J

changes of idomer shifts, and recoil-free fraction can be

related to the lattlice dynamics. o '

éertainly there are many directions that can be taken |,

.

‘for tin.research and what we have mentioned here are just a

-
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