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ABSTRACT

Influence of Fluoride Ions, Stoichiometry, Reaction
Temperature and Time on-'the Composition and Symmetry of
‘Superiionic PbSnF, Obtained by Aqueous Reactions Between Lead
(IT) Nitrate and Stannous Fluoride.

' Juanitél. Marcia Parris
. , 1 ’
Superionic PbSnF, is the best fluoride ion conductor

known to date. A controversy on the symmetry of - the cell

‘and ‘ the sequence of phase transitions in° PbSnF,. casts

serious doubts on the reproducibility of the electrical

’

properties. * The results 'presented here show that the

aisagreement originates in minute variations in the

.conditiong ‘of preparatlon} from aqueous reactlons between

solutions of. 'stannous fluoride- and lead (II) m.trate. *The’
influence of fluor;de ions, EP(NQ3)?/SnF2 molar ratio,
reaction temperature and time were inve'stiqated and related'
to the composutlon of p"‘oduct obtained as well as the

£ -

symmetry of the cell.
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& \ 1.0 INTRODGCTION

1.1 SOLID Emcmonms . T ey

- e o e . : .

© [

N 1.1.1 DEFINITION

(1x\\e' "Solid electrolytes" or "superionic conductogs" is
the term given to a class _of solid materials ‘that exhibit
uncharacteristically hiéh values of conductivity due to

ionic motion at tempﬁratures well below melting coupled with
l’ LY .

unusually low values of. actlvatlon enthalpy. $olid -

electrolytes derive their interest from application devices.
High conductivity  solid electrolytes have revolutionized

conventional' concepts of ionic compounds and their uses
..

o

7

rapgé from high energy density batterles and fuel-cell.\

: electrolytts to chemical sensors. Lo

? - ) ’ v .
: . PR

1.1.2 FLUORINE ION CONDUCTORS

—

"

The thernodynamic properties of ﬁluoridés readily
'egplains the interest in these compounds fog\energy storage
batteries. ijI‘hle reaction of a -fluorinating agent with a
metal corresponds to a considerable' change in "the free
energy of the system as a result of the high oxldizlng power

‘ of the halogenf If such a couple is used in a galvanic cell
utilizing the F- ibn as the charge conductor, it is possible

LI

4

ra "

2

234

"



- —

o, .~ to obtain a high ivoltage and a high power denéity. The F-

L3

G

ion is the sme%legt of ‘thek anions, and it yosséspa;' a s'ﬁ;‘gla
- . . : . i a ’ ’ ,
. charge. As a consequence, g@aoridesrare expected to be the

o

.best anionic conductors. ) L

’

1.1.3 CRYSTAL STRUCTURES AND FAST ION CONDUCTION

- b

.

Materials which - exhibit fast ionic conduc'tion ;io 80

because of special characteristics related -to: their

structure. , " ) . |

The best fluoride ion conductors belong to the
1 P & ., -
i fluorite-type (CaF,) family of closely related structures.

: " This can be explained i:y the ability of this structure to
.aqcoﬁmodate a large apumbei: of ‘structgrhl defects of the

: FrenkelType on the fluoride sublattice, i.e. a significant
numbx of fluoride ions leave théiz: normal positions to go

to ij

erstitial positions (empty cubes) (fig; 1).

s

.. . , 2




. .
p - L )
3 Y H

Defects up to a certain concentration, lead to a

reduction of free energy (fig 2). , ,

|

Enerqgy

[Defect] e
TP

PR -

*
] ) R

Y

¢ . A

. .
.~ Fig. 2. -Energy changes on introducing defects Jnto a
perfect ‘crystal. .

»
L]

The effect ' .on " the free energy of a perfect crysta.l J.nl

° K

creating a single defect, in .the case of Frenkel defécts the‘

A

# B ¢

creation of a vacaEcy, requires a.certain amount of energy,.

H. This in turn causes a considerable increase in éntropy,

S, of the crystal, because of the large number of positxons
#his defect can occupy As a- result of. this 1ncrease—in s,

the enthalpy required to form the defect initially is more

than- otfset by the gain in entropy of the crystal and’

therefore the free energy, G degGreases. Long distance ion

, X . 3

T



Vand

o/ ' PN - ’ \ .
/hotion then occurs: ley a mechanism of ion hopping, between

'/ normally occupied lattice ‘s_ites“ vacancies and

/ interstitiails. ® . » P
- ‘ -

. 1.2 PbSnF, “ ’ &

-l’
‘1.2.1 INTEREST IN PbSnF,

*

PbSnF, is far the best fluoride .ionic conductor so” far
A

K known ( fl,g. 3) with negliglble electronic conductivity and a

low actlvatlon energy [a = 3072 (ohm\ cm)‘l at 500K, > 0.99,

Ea = 0.31 - 0.34 €V] (1. 7

’ kS
P / '.,_4
‘ - L0
E
0 ®
£
[} “:
R X
o, =3
i . >'10 - o
4
ol
N .
o X
. e : o
‘ . '§ !0.‘-‘ e T
B0}
. e ® :
" O p . 1
10°L— : ' )
15 . 20 25 - 3.0 35 . .40 i
-+ 1000/T (K)'l ‘ *
“ " Fig. 3. Electrical eonductivity of some fluoride ion
conductors related to the fluorite structural type.
- 4
- L < \.
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Replacing half of the lead (IE) ions by tin (II) in ﬁ PbF2 '

o
o«

L 4

N"to—fgive PbSnF4 results

[

-\

in a dramatic 1ncréase in the

conductivity of close to three orders of . magnitude.

The tetragonal PbSnF4 structure is a dlstortion of the

-

CaF, fluorite structural type, with long range-order between

tin and‘lead.

is shown in fig.,4.

The B- PbF5 structure, undistorted Can type,

\\

Fig. 4.

-8

Pb(II) ions and (b) projectionoof four adjacent

g B-PbF, cells on

LA ' | " ~
All lead atoms are in the plane of the figure while the

fluérine atoms on the projection are located at the z

t

one face of the cube.

5

‘

A

B-PbF, Fluorite structural-type (a) fec lattice of

e

I

(b)
n—CF=0p__,
-® 4 o . ®
S A
- 4 B
, 0 Yo o
T ° °
B .Orr/‘»
.J}‘ o— - L 2
US i . O
‘o -
\ veo o
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2

PbSnF, (a, and by) are equal to. half of the diagonal of a

—_——

coordinates +l//4 “and -1/4. As a result, they are located at
the corners of fluorine cubes. . These cubes of fluorine -
. atoms form a three dimensional network of intersecting rows
'of cubes p_arallel to thenaxes of the cell. In .each row,
empty cubes" %lternate with cubee l’iaving \a Pb in ‘their
center, giv.ing a occupancy factor of 50%. Ae there Jre "8/8
—= 1 fluorine per cube and i/2 Pb per cube (i.e. one for
every two),this descrjiption accounts.for the PbF; formula,
i.e. ‘Pb/F'=,1/2. The prfesence' of vacant lead positions in
tr;g #fluori'te\\ structure is thought to be resﬁor\-sible for the
high iorrl‘c”co,nductivity. Indeed, the cent'er of the 'cub’els"goﬂfA
fluor_ine atoms no't’occupieél by lead are likely to be the
receiving sites for fluoride ions leaving their ggormal?
positions to' forr;l Frenkel-type defects.. The availability'of
euch vacant sites iope per two cubes, i.e. one .per two
fluorine atoms) can, in theory, allow up to half of .the
fluorine atoms to be at a given time’ in interstitial
p051tions, havmg created as many vacancies.¢ Although it is )
unlikely that such a large number of defects can be creatpd‘
without destabilizing the ,flyprite-type structure, it is
undoubtedly the presence of a large number of vacancies
which is at .the origin of the hiéh fluorine mobility. Fig.
4 (b) -also sfxows that the a gx}d b parameters of tetragonal a-

3

face of the cube, while Cq is twice the ‘edge of the cube

The¢ a and b parameters of orthorhombic o-PbSnF4 (3q and bg)

N -

-

6
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are" equal to ?}/of the fluozii{:e-type (ap) while c (co) 1B

- o A’ , .
) also—"doubled. \\TThe relatigmship between the cells of the

fluorite-type (F), tetxragonal a-PbSnF, (a) ard orthorhonbic
‘. 4

- 0=~PbSnF, (0) can be written\as follows:
: )< . :

Unit .cell parameters: .

- -
\ - Coe . aa = ba z/aF/z ao

aF %
L N -

2]

. b ® ap (bg < ag)
o e ) Cq X 2CF - Co ® 2¢f
- d Volume: Vg = Vp ‘ Vo & 2Vp -
# molecuies/unit cell:’ ' 5
R ' 2q = 2F 29 ® 2Zp

. .
- W - B .
-

k2

- One shoqld“t:ake ag < b, unless-there is a specific reagon
' for not doing it. Réau et. al. (5) have taken by < ag,
which is ‘unconventional. V
. The Changf 1n bonding pattegm going from. B-PbF, to

“ ‘- .a-PbSﬁF‘; is ildlustrated i;x fig. 5. Fig 5(a) shows* the
o | "~ . regular bonding in Pb‘Fz_,{ with lead being bonded to 8

fluorine a‘tom‘s\ forming an exactly 'cubic' environment, angd

-each fluo‘rinta is " tetrahedrally coordinéxted by féur .lead
St at®ms. 'Iiﬁis ‘arrangement gives a régulara thréé-dimensional\
' structure with ;isotropic properties. a-FPbSnF4 shown in>fig.
5(b) has ‘the ‘same cationic sublattice, exceépt that half of
the lead (II) are replaced b‘y tin‘ (IX) which are—%oca}ted in

~ \
- a five-—fo;d. cootdination, with four equal equatorial bonds

P ' ’
: . . b . -
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and oég short axial bond. _Suchpa\poordinaﬁioﬂ for divalent

tin is unique. It compares to the distorted five-fold

———

coordination of én(f{Lﬁin a-SnF5 and to the square pyramidal

-

1 < v . '
coordination of Sno wﬁ;rp the axial anion is missing. The
-~ FR 2 °

position facing the axial F in the polyhedron of

’ N/ \ / N/
: BN /O N

° @ e-—————c L
\, 7 N o o~ N\ .
/] N

P

| o/\c; - AN _0-'?,%‘--" -

Fig. 5, Comparison of bonding in. (a) three-dimensional
" p-PbF, structure and (b) layered a-PbSnF, structure.



coordination of tin is apparently vacant however it is not
as it is occupled by the tin non-bondlng electron pair Wh:LCh
is stereocactive and therefore occupjies the sixth corner of
tge poiyhedron of coordination, whicms better described as
a psel:do—octahedron rather than a square.pyramid, the tin
(II) hybridization being a distorted sp3d2.

o :
Two lead layers every four are replaced by tin,

ordering occurring as follows: \

[ ' - »

. . . Pb Pb v Pb Pb Pb ., . . ﬂ-PbFZ
' -
& e B g e 3
. F o
. . .-Pb Pb Sn Sn Pb . . .  o-PbSnF,
\( \Ca > ®

resulting in the doubling-.of the_¢ héaramoter;. “

Metal la\yers are separated by a fluorine 1ayer, excepf
in a-PbSnF4 where the fluorine layer, bef:ween the tin layers
has migrated half above the upper tln layer (F/z), half
below the lower tin layer (F/;) -and is replaced v»by two half‘ '

layers of 1lope pairs (E/3). The " layer sequence is as

follows: o g s
,Po F Pb F Pb F Pb' - - B~PbFp,. . .
< ' ;F - ' . h N . . “” Y

e . _ X
\ . ‘ “ N
- 9 .
g a
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[ » N
Pb F Pb.E/ F Sn E/, E/o Sn F F/p 'Pb  a-PbSnFj

<

Ca >

3

I

As there is no bondlng fluorine between the two tin luyera,
but lnstead 1one pairs repelling each other, a-PbsQ§4 is a
layered structu;e and exhibits highly anisotropic pro;;;ties
(2) contrary to PB-PbF; which has no Qisoontinuity in the
fluorine bridges and therefore 'is isotropic (cubic

symmetry). N
*1,2.2 HISTORY OF PbSnF, ~

Noe o
In 1967, Donaldson and Senior (3) first prepared RP?nF4

by the addition of a hot saturated solution“of lead (II) .

nitrate to _an aqueous solution of tin (II) fluoride (30%
w/v) at 90°d under oxygen-free nitrogen until the

precipitaéé just formed. The precipitate was redissolved by

the, addition df a ﬁinimhm: of 1.0N nitric acid and the

. “/ A\
resultant solution cooled. 'The product was filtered off,.

washed with a minimum of cold water, and recrystallized from

\

- 10% (w/V) aqueous solution of t1n (II) ﬁluoride. It is also

mentioned that the same PbSnF, phase was obtainad "in cooled
melts,oﬁ a mixture of, SnF5. and PbF,, but that no analogous

MSnF4,compound could be obtained for M = Mg, Ca, Sr, and Ba.

5.,
In addit1on, it .is reported that, under the identical

conditions as those followed for PbSnF4 prepared by aqueous‘

10
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, reac’tip(n, Iexcvept‘ that hot tin (II) fluoride sc;.wlutioh was
added to the 1lead (II) nitrate solution, a nitrate -~
4. _ . containing phase, Pb,SnNO3F5.2H,0, was obtained. The
2 products obtained were charagterized by I.R., Modssbauer

%egtroscopy and powder X~-ray dif,fraction

In 1975, Dénés et al. (4) repeated the‘ pre;;aration of
PbSnF, under the same conditions as Donaldson. They found
that,j the same produc}t‘ wvas obfained. They also obtained the
same compound: l;y adding ' a ‘cold solution of SnF, to a cold
-V_v,- ‘solution of lead '(II) nitrate ps; wéll as by solid state
regctions .at 250°cC. Also prepared were the isomorphous
co;t\pounds‘ SrsnF4 and Ba{San by solid state _reaction at
.550°C. Thej\‘@roductsewere characterized by X-ray diffraction

and found to be identical fo Donaldson's. The -sSpace group 4

~
A was determirred on a single crystal as being P4/nmm - D4h,'
- No. 129, tetradonal. Although the ¢érystal quality.was too

pbor for a crystal s&ructufe determination, Dénés et. al.
suggested that\fhe PbSnF, structure was closely related to

s+ the flubrite-type structure, perhaps PbFCl type, with order
. < ) v {3
between tin and lead along the c axis. .
b

" In 1978, Réau et al. (5) confirm the preparation of -
- \‘ ¢ ”L
PbSnF, by -.addition of _a solution of ‘lead nitrate to a

' . ]
solution of SnF, in the m%ar rgtio 1Pb(NO3)/4SnFp; they

also confixjm\ the solid state synthesis of PbSnF4 in gold

-

containers as described in (4). Howevér, it is ¢laimed. in__-_

(5) that the prod\kct obtained from aqueous solution has

L o i i ' ( '
. .
11
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orthorhombic Sy‘mmetry, space group C222 or Cmma, in conflict
with eariie‘r findings (3,4). In addition, a sequence of 5
| pha;se transitions is given (Table I) They describe t;lo new
pﬁasés B and_ PbSnF4_. - “
Ir; 1979, Pannetier et al. (6) ;énfirm their earlier-
" findings and Donaldson and Seniors' (3) as being correct and
‘also report the existence of two new phases A and ;-PbSnF;‘
that aré however different from those repoq}:ed be Réau (5)v

(Table I). They alsp showed that some of. th‘éwlov.l symmetry

material reported by R,ééh could be interpreted as a mixture

of phases. Furthermore, their results were further—
- .
confirmed by detailed neutron dd{fraction (7). o \

Howevef, in a new .publication in 1980, Pérez and'his

-~

coworkers (8) reported their. previous findings as being
incorrect and now claim that five phases ©of PbSnF, were
observed, (Table I), with the phase obtained .from solution

Y

N .
being monoclinic instead of orthorhombic.

A summary from the literature of the conditions of the

" reactions in aqueous solutions and their results are ‘given

in Table II. v :
&

12
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|Réau (5)

‘la-tetragonal ————» ﬁ-tetfagonal ———= {-cubic’

. . s ‘“ —
Phase Transitions in PbSnF,; Reported in the Literature.

Yo

»

. R
, -3
. : -

80°C 355°C- 390°C
a-orthorhombic == pB-tetragonal ——=J)-cubic T—= liquid

* ]

Pannetier (6) and Birchall (7)

N

260-290°C 390°C ' “

L 1
b

>420°C

‘¥-cubic —~> Decomposition with
‘ ' loss of SnFs . . [
Pérez (8) ‘ ‘ Lo '
5 J A
go'c 350°C 380°C
a-monoclinic —» f-tetragonal T——=p'-tepragonal ———=J-cubic
“ Jl'_ ¢ L .
< ’ - ‘
a'-monoclinic v . '390°C
A ' J-cubic T—= liquid}
. % >
o ’.
. \ N , ~ ) i
o * ‘ \
. - L o
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Table II °.

.
-

<
y L4
I -

y | \
Y . . D N J
Preparative Conditions of PbSnF4 from Aqueous Solutions

Reported in-the Literature.

conc. ' | , conc. Pb (NO3) 5 HF T('C)\ Product - \ Ref.
SnF 5 Pb(NOj3) 5 SnFy ) . ’
a1 Q > N - & ,
30%w/v | saturated - - 90 Tetragonal 3
30%w/v saturated - No 90/RT Tetragonal 4
.- - 4, | - - ‘Orthorhombic |5
30%w/v | saturated - No JQO/ﬁT Tetragonal |6
. o “ \l . )

- e 1/2 Yes 20 Monoclinic 8

- - “ ca. 1 Yes 20 Monoclinic " 8 -
X Py \ : : -

.

Table II shows that the conditions of preparatiah, althoughs
. o

'similér, are not identical, and all authors do not clearly ~

épecify the conditions,they;use. For example, in (S5) and

(8) the concentrations of Fhe solutions is not specified and
in (5) t—:h‘e temp’eratu:.je is not givgn. In (8), . the-SnF,
solution 2 acidified wi££ HF when in all other reports, no

use of HF is mentioned and we therefore presume it was not

-

used. In (3) and (4), the molar ratio Pb(NOé)z/San is not’

4

. 14
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given but the concentration of the solut{on'is.

- The above éonflicting results induced us to suspect
that poorly defined éreparative, conditions were at the
origi£ of fhe conflict. The-first*gqai of the present study

. was to use well defiged reiétibn conditions in order to get’
;eproducible results. In a. éecond 'step, we "hoped }thap
careful  modifications of these rcon@itioh; could lead to

different .results and we would be able to establish precise .
 ~

\ : . B .
reaction ' parameters, yielding different modifications of
.. : .
PbSnF, ,cbtained under slightly different conditions. This,
in turn, wougq .allow oéne to get reproducible physical
T:' . A . “
properties for this fast ion conductor. ¢
N » L) 1
. ,
% ' N
-
- ‘ L} :
A2 ! "
S . \ ‘ .
%
[
v i , ’
- =
- H?‘ ) v @
} - " N -
OI . . i
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2.1 INSTRUMENTAL °

2.1.1 POWDER X-RAY DIFFRACTION

2.1.1.i PRINCIPLES S o ' S
N §L ' g

In the powder methodjltilizing,x;rays, the sample to be
examined is reduced to a fine powder and placed in a beam of
monochromatlc rays Each tlny particle of the powder,
called a crystalrate, is-a sma11F51ng1e crystal oriented at
random with respect- to, the incideot beam andfwith respect .to
other crystallites. .Eor each.positlop of the detector,

corresponding to a Bragg peak' there'are 'some crystallites

of the powder orierited such that the appropriate (hkl) plane

.are in dlfﬁractlon positions. The® mass of the . powder is

equivalent to a single crystal rotated _.not about one axis,
but apout all p051tlégs : -
The number of different (hkl) reflections obtaifed in a

powder diffraction. experiment depends, in part, on-" the

«

A ]

relative ~magnitudes of the wavel?ngth and the crystal-

lattice parameters as well as the’ crystal lattice eymmetry.

4

/,
.. An X-ray powder pattern is a set of peaks, each of

2

digferent‘intensity and position (d-spacing or Bragg angle,

©), on a length of chart paper. For a given crystalline

16 » .



material the line positions are. essentially fixed and are

characteristic of that subséance‘.

2.1.1.2 INSTRUHENTA-TION

rStructural determination requlres acchrate informatlon

\ '\

about po51tlon and intensxty of Bragg peaks. The powder
method was used for phase 1dent1f1catlon of the .bulk product

and for lattice parameter 'd\etermination. The proatects were
obtained as powders and usually no single crystal large

enough for single crystal diffraction cduld ‘be obtained.
Also, the ‘relative intensities of the Bragg peak's were

strongly  affected by the preferred‘orientétion that the
d Co :

compound typically ekhibits.

A Phlllps PW 105Q-25 dlffraytometer, with a moveable
-~ :

counter was -wused. Monochromatic radiation with CuKa (Ni
, .

filter) (A = 1.54178A) was. the source of X-raYs. The
Philips 'system makes use of: the parafocussing effect
illustrated in %ig. 6.(9). The line. of focus of the X-ray

P

"tube, 'L, and the entrance slit (S;) of fhe counter are
3 ‘ N .

constrained to lie on a ‘circle, the focusing circle, so as
. A

!

- to be equidistant from the samole (P), the surface of which

is tangential to the circle. This ensures that the X-rays

~» diffracted “from thigurface of the sa'unple‘are focussed in-

the detector. / , o, : \ l

) S 17 >
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Fi(j. 6. Geometry of an X-ray powder diffractometer.

i

-

The X-rays are then gffectivé"ly focused on the entrance slit

- «
. -« -~

(Sz) of the count (D).
'I'hgj diffraction pattern is scanned by' rotating the
counter at a constant speed about the center of the surface

of the sample. In order to maintain the geometry of the

'fécusiﬁg circle, " the sample” is geared to rotate about the

#ame axis at half the speed of the counter. chiming speeds

_of "0.5°(8) per minute was used. The de@:ecf:o_r, a XQ/\Coz

*

scintillation counter, outputs through amplification and

. . (*
: 18
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pulse height analyzer, to a pen rec
%

IR

r which plots

count/secoFd, as a measure of sity,versus

diffractometer ®, on a continuous paper . The chart
¢ ]

moves at a steady speed so that the distance paraliel to its.

length brovide a measure of difference ©. '
The diffraction pattern of the-samples were obtained

. with a continuous mq{ion of ' the sample and detector. The

pattern Was stérted qt 3°(8) and covered an range to 50'(9).

A chart paper recorder operating at a spéed,ofvb.S' min/ (26)
] - N ° . .
so that the._distance of 1" on the‘chart p&per correspond to
. . « F 4

one degree 6.

4

3 - B

*- 2.1.1.3 PHASE IDENTIFICATION
Powder X-ray diffracpion is the most powerful- and the

“most cémmonly used technique to iQentify any crystalline

phase, be it pu%e oY iﬁ a mixture. Diffraction patterns are .

a function of the crystal periodicity and show minute
changes in the size and shape of the lattici; An X-ray
powder pattern ;s a one-dimensioﬂal projection of the three-
dimensioﬁal feciprocal lattice. qu. 7 shows typical X-ray
powder patterns obtained at room temperature'of b-PbFz and
the teq;’;gonal and orthorhombic phases of'PbSnF,t. ¥ -PbSnFyg,
stable onif.abo@e 400°C, -erystallizes in theﬂfluorite-tyﬁe
like B-PbF,, spacegroup Fm3m., Tetfagonal distortion to
a-PhSnF4, (P4/nmm) is méﬁnlj’qharacﬁerized by:

\ . ‘: L s ‘

s CERRES T- B -
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i) the splitting of all (hKl) Bragg .peaks with h = 1

N

.~ followed by a transformation of the axes in the (a;bL plane

such thatxat‘= 1/2{ag + bgs) and by = 1/2(ag = be) (fig. 4b).
. .
For example:

(200) o —> (110)¢ and:(004)¢ . .

.ii) the presence of extra peaks at lowg,_anqlas+"suchﬂas

(OQ\\, (002),~u(101) and (003), these are superstructure

reflect;ons whlch are due to. the removal of some absence
b\\
fondltlons when changlng from cubic to tetragonal and from a

oy

F Bravais lattice to a P lattice, and to themdoubling of the

c parameter because of ordering between Pb and Sn hloné‘g.

A 4

The change of h' and k indices for the peaks is due to the
change of orientation of the a and fg axis, which, in

tetragonal are equal to half of the, dlagonal of the face of

the cube. The subsequent distortion to orthorhombic

symmetry, as described by Réau et al. (5), gives\a less

o

dramatic‘change of the powder pattern.‘ The & ahd b axes of
the cell are oriengga as in the cubic phase. Then the'pegks
with h = k # 0 in tetragonal split and tpis splitting can be
takejn as a measure of the orthorhombic disto;rtion. For

example, as shown in fig. 7:°

axes . orthorhombic . '
(110)f ———> (200) ———->" (200), and (020),
change < _distortion
. \"‘; ' ! : 0— ~,, ’ 3
20 '
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e 004 102 " , . 001
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’D_ " 002 L. ) \ ‘ 3 )
15 10 - 8 (kqCu)
Fig. 7. ‘Room temperature x-ray powder pattérns of (a)
B-PbF, (cubic), ) -a~PbSnF, (tetragonal) and (c) o-PbSnF4
: - orthorhombic)
. . ?1
- . % : - *



L : *

-
.

It is- noteworthy that the shoﬁiéer on the (004) peak 6¥ o=
PbSnF,, although clearly. _éhq\wn on fig. 8 -of. (5), is not
accounted for.' For clarity, we hereafter ¢all the PbSnFg
_phase obtained from solution as followg: .

éetragonal a-PbSnf4
orthorhombic o-PbSnF, : )

monoclinic m-PbSnF, RN

t . r

Therefore, any change in the lattice will be reflected

-

by some changes in the powder pattern.’

Since @each crystalline substlance has its own

c

characteristic symmetry and lattice dimensions, powder -

diffraction may be used for its identification. Mixtures of

substances may be identified provided, of courée, that the

\\ - N - . &
patterns of the Qompqﬁent pFases are available for

cémparisan. The powder X-ray method may be uUsed as a check
on pufity provided she impurities are present as a separate
crystalline phase(s).
2.1.1.)4 TEXTURE EFFECTS T

f

Texture effects are observed  only in lpolycrystalline

'samples. In arder to get meaningful peak intensities from"

polycrystalline ~“samples the crystallites must be randomly

oriented. Perfectly randomly oriented samples are hard to
. . . ' )
. . o
22
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get and quasi-impossible in the case where the crystal shape
favors preferred orientation of the crystallites, such as
for\'pﬂalate or neecile shaped crystalliteé. In the case of
plates,v *l';he crystallites tend to stack para}lel to each
other causing texture effects.' Ih, PbSnF4, the c axis is
perpe‘néicﬁlar td the plates. More crystallites, oriented in

the (00l1) direction, give enhanced Bragg peaks in that

_\mrection, while the (ﬁkO) reflections are much weaker.

After grinding, the (00l1) reflections are depressed while

the (10l1) reflections are considérably enhanced with many

other reflgctions/ Howéver, it is apparent. that there is.

still  not complet'le randomization of the crystallites.

.
\I t

2.1.1.5 DETERMINATION OF ACCURATE UNIT CELL PARAMETERS

The“ interplanar spacing-dpy) is a function both of &thhe
plane indi;es (hkl% and the unit cell parameters (a, b, c,
a, B, &). Unit .cell latticg parameters are normally
determined by single cr:ys‘t;al on films (oscill!rbi.on,
Weissehburgv and preqessic_m methods) are’ often accufatg 't‘o
only two or three significant figures. More accurate cell
parameters may be obtained from the powder pattern, provided
the various lines have been assigned Miller indices hkl '-and

their positions have been. measured accurately. Accurate

unit cell parameters are particularly useful in enabling

. complex powder patt:erns to be indexeq, f;or studying effects

23 « S
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of composition on cell ‘parame{ersf and for measuring thermal

‘
‘ot
.

expansion coefficients. : i

v ) a

The exact relation of the interplanar spacing’ and the
unit cell pgrameters depends on the crystal system involved
(Appendix I). The dhkl spacing is determined from the 6

pos1t10ns by the .relationship known as. Bragg s \Law, where

"2dsine = n M.

k2

2.1.1.6 SAMPLE PREPARATION

The most convenient way to prepare a sample for powder
diffraction was to press the powder in the form bf a flat

plate, having been ground and pressed in a plexiglass holder

with a glass slide. . This often induced preferred.

. orientation (i.e. unequal distribution of orientatidns of

crystallites). Too much pressure can cause preferred
orientation, but .as it is sometimes difficult to control,
preferred orientation was always be kept in mind when

assessing reiative peak intensities.

The Product was hand-g;ound by a mortar and pestle to a

-

- fine powder. However, if the grain size of the crystallites

was larger than 1000A, broadening of the peaks did not
occur. Surface roughness ‘can also have a marked- effect on
N s ) * Y

relative peak intensities and position. If too rough, .as>in

the case of a coarse - powder cé\upact the intensity of low
\

angle reflections will be abnormally low. The only way to

‘ 24 : .
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‘ >99%) . These ground state atom

i

-

avoid this was to grind the Spec:unen to a _fine powder.

' \It should be noted that s.xnce the "area of the sample
irradiated by the incident beam varies with the Bragg andie, '
it was impcbrtant. that the sample eho,u\ld be homogeneous_ and
large enough to catch the whole of the 1ncident beam at the
lowest and highest Bragg #hgles to be used. The dlfnenSJ.ons

of the surface used’ in "all experiments was fixed by the

sample holder whose area measured 2cm wide by 1cm high. .

. 2.1.2 ATOMIC ABSORETION SPECTROMETRY
KN _ ]
2.1.2.1 PRINCIPLES- R R

, ¢

‘A solution is aspirated .into a flame and the sample

element is converted to atomic vapor.- The flame th’tan
R

contains atoms of that element. Some are thermally excited

. by the flame, but most remain a;n/the ground state (usually

can absorb radiation given
off i:y a special sourcg; ‘made: from that element. ' .T\he'
wavelengths given off by the "_s_op’rce are the same as those
apsorbed by the .atoms in the flame. The absorption followfs‘
B’e’ei"'s Law. That is, the absorbance is directly
i)roportionai to the“ path length* in the flame and t/o the
concentration of -atomic vapor in the flame‘. Although‘

\difficult to determlne, by holding the path length constant

the concentration of atomc vapor is dlrectly proportional
*y L ! 2 ) g
25 '
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to the concentration of thé analyte in the solution being

aspirated.
" %

f
Y,

In spite of the small ‘fraction of excited atoms
available for emission, with high ;.:emperature flames a large
number of elements can be determined. This occurs beca‘use.
we are in principle measuring the difference b’etweenx zero
and a small but finite signal so the sensitqivity is limiyed
by the sensi:tivity and stability of the detector' and the
stability (noise 1level) of ‘the flame-aspirkation syéte;n.
Detection limits for ot‘:hnis technii;ue are .typicallyiin the ppm

¥

or ppb regions.

*

2.1.2.2 - INSTRUMENTATION N

All studies performed we;'e done on a“ Perkin Elmer
Atomic Absorption Spectr'ometer Model 503. { The requirement
for.: ‘Matomic absorption spectrometry are " light . source, a
c¢ell (the flame)‘, a monochromator, and a detebtgr. '.I."hex
flame is placed k;etweén the source and the monochromator. A
schemétic" diagram of an dtomic absorption épectromet’ei‘ is
illustrated ‘in fig. 8.(10) for a system with & single

&

detector shared by both beanms.
. '

' The soutce beam was alternately directed through the

flame and érounq the flame by the chopper. = After

recombination, the two beams passéed through a monochromator

to a detector and readout system. The difference between: .

LY

[y
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the two beams was integrated over 3 seconds and then

- displayed. < ' g .
. Alternate ’
Mirro%_ _dgugl.e_- b_e:f.T... _\ y
' Flame Monochromator <

Hollow cathode

- F\Q';_L priiilalilidy [::41_ —-J [Powersupply
[—E:v..—_'_J AL g  —— hotodetector

Half-mirror Rotating
Power . |
supply
N

% . Ampliﬁcr
' . Readout .

Slot burner

. mirror
, . \ .

»
~

- .
t

~

Fig. 8. Schematic diagram of the double beam optical atomic

absorption spectrometer. \

“
&Y
RS

The sou,r‘c‘:e used is a hqQllow cathode lamp:' It is a
's.l';airp 1ir;e source that emits specific wavelengths. A premj:x
.chamber burner is used in which the fuel apd suppoft gas are
mixed before entering the bqr"ne}.- head where they .combust.
‘The sample éol,ution is aspirated through a cép 'ary by the
'"yenturi effect" uéing the support gas' for §spiration.

¢

Large droplets of the sample condense and drain out of the:

-

chamber. The remaining fine droplets mix with the gases and.

S .
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enter the flane. '

P

- o

2.1.2.3 INTERFERENCES

-]

There are three broad categOgies' into which »
" dnterferences fall. They are chemical and ‘physical and
spectral.-

'
Ch‘emical interferences include ionﬂization intérference
and .tI‘xe' formation 'o}‘f refractory compounds. . -Ionizationf’\
interfefenc‘:e occurs when'an.' 'appreeiable amount of some *©
' ’elements become ionized by the flame resulting in a decrease
in sensitivity. The format;ién of refractory compourzds,
characterized by their higp meli;ing’. points, resulté in slow,
if any, cpnversion to th: gaseous state. -
Physical interferences are ’usual_lx.r- due to uf'xevaporated_
_droplets in the "flame leading tc,a'.a reduction in signal.

. This is particularly true with viscoqé and deﬁs‘e" solﬁtions.
Frequent aspiration with pure solyent.’\.herlps remove encrusted
sample from burner orifices and the detecﬁion limit is often
set by the matrix cortcventration that can be tolgg:ated. -

$pectrél interferences are closely associated with the
resolving power of the optical system employed. This 1is
pzarticularly serious when the test substance and interferant
s °  have nearly the same wavelength and fail to be résolved by
the monochromator. ' This difficulty _i_s overcome by selecting

. other spectral line or by prior separation. - ™

A
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2.1.2.4 SAMPLE PREPARATION

The sample was studied in solution as no difference in

the chemical forfn is taken as it would be dissociateq to the

- free elemental vapor in the flame. In thé preparation of

standards, the matrix of the analyte was alw,ay's matched with

that of the sample.

In the case’ of PBSnF4, two ‘main factors affect’ the

Ay \ -
method of sample préparation. First, PbSnF, ts insoluble in

‘neutral solution and must be acidified. Alsb, loss of tin’

from agqueous solut.;ton occurs during storage (8): such losses
have been rebqr’t‘ed for - dilute solutions. In dilute

solutions, loss of up to 80% of tin is observed overnight

when glass vessels are used. Acidifying the solutiond

- greatly reduces these losses. No explanation is given in

(8) either for the mechanism “of tin ™Moss or for' why

acidifying prelvents it.

- PR 0 . 2

All samples were pé¥epared by dissolving PbSnF; in a

minimum of 10% (v/v) solution of HCl and then diluting with

1.0M HCl stock solution. The sample size of PbSnF, was

-taken between 100 to 200mg and the appropriate dilletens

made with 1.0M HCl to bring the sample into the linear

~range. Lo o ) )1 2
Standard solutions were prepared K using purchased

1000ppm .stock solutions of Sn and Pb. To each solution the

apprjopriat;e amount of SnF,; or PbF, .was addeq in 't'he ratio

—_— 4

i
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Pb/Sn = 1, in order to have the same mofrix in the sample as
- . _ / “ \ ,‘." N

well as sﬁéndard.
For analysis of Sn, a wavelength of 284.0nm g;ving an
absorption of 0.075 for a loobpm solutiop was used. A

¢Cathodeon Ltd., Type C hollow cathcde lamp was used as the

4

source. The flame was nitrous oxide-acetylene, reducing."

For Pb, the wavelengthswas 180.5nm giving an absorption of

1 0.165 for a 20ppm solutlon. A Perki‘/ Elmer Intensitron
‘ é

hollow cathode lamp ‘was used and the flame was air-

!

acetylene, oxid;zing. Subsequent standard solutions for tin
of 75, 50 ond 2;ppm and lé, 10 and 5 for lead were run.
Linear least squares was performod onathe,;esults from the
v standards, correlation coeféicient calculated ano an
equation Dbest fittiog _the data cbtained. ‘Then, by
:interpolqtion, the ooncentxation in ppm is obtained from the
absorption results. , Error.for standard cu;&es for Pb and Sn
were 0.99908 and 0.99978 respecti#ely. R

:t f . N '

2.1.3 MOSSBAUER SPECTROSCOPY - ' v

, .
- , *
v .

2.1.3.1 PRINCIPLES'
The phenomenon of the emission or absorption of a )
- -ray photon w1thout lpss of energy- due to recoil of the

. .
¢ . . . . - , N

30,
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nucleus and withdut thermal broadening' is "know as the a

}

Méssbauer effect. Its unigpe feature is in the production

of monochromatic X—radlatlon with a very narrowly deflned

[

energy spectrum, so that it can be used to resolVe minute

energy differences. The direct application of the Méssbauer
- h

_effect to chemistry arises from its ability to detect the

slight variations jin the energy of interaction between the —

nucleus and fthe extra-nuclear electrons, variations which
had previously been considered negligiﬁle. ~
- \

2.1.3.2 - INSTRUMENTATION .

The measurement of a Mdssbauer spectrum is almost

-

. exclusively carried out by fgpetitiveiy scanning the whole
velocity range required, thereby accumulating the whole

spectrum simultaneously, and allowing continuous monitoring

of the resolution.. This can be achieved electfqmechanically

by scanning the J;ray energy range of interest by déﬁpler

effect. A schemétié of a Méssbauer spectrometer is shown in
fig. 9. ”

" The major component isﬁ the multichannel’ analyzer
(Tracor Northern TN7200) which can store an aceumulated
total ¥~counts, u;ing binary %@ho}; storage like a computer,
in individual registers or channels.. Each channel is hef%

‘open in turn for a short time interval of fixed 1length,

which is derived from a very stable constant frequencf clock

!
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device. -
'“-“_-—1
. [ .
Servo . Vibrat | —_— :,L b
dmplifier > ibrator ' N\V*- Y elector
. Source )
. l - l : ] I -+
Reference |, Monitored | Absorber | Y
signal A W signal - | . q
| ' . ,
. ‘ | Cryostat | P
Waveform e e —— 4 Puise
- | Qenefator o - s -| amplifier
\ . \ ‘

\/ ¥ Y -
Constant , .
frequency > - Hulhchannd‘ <— Discriminator é

clock - Address - analyser s
control . *

output

Fig. 9. Schematic Mdssbauer. spectrometer.

-

Any - {-counts registered by the detection system du;"ing ~Lthat -

time interval are added’' to the aqcumulaéed total already
. < »

stored in the channel.
v » s Y N

The "timing pulses from the, clock are also used to
Bynchronize- a voltage wayeform, xghich is used as a command
signal ‘to the servo-amplifier controlling an
electromechanical vibrator (fransducér). The l\atter\ moves
the source relat;ive to the absorber. A waveform, using the
Elcint dx.-ibirig system, ‘'with a voltage increasing linearly
with time, imparts a motion wi:th a constant acce’ler{tion in

-~

' S
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which the drive shaft and the source. spend equal time
intervals at each velocity increment. The nultichannel

/
analyzer and the drivé are synchronized sbvtﬁat the velocity

cha linearly from -v to +v. with 'increasing channel
vé::. In this way the source is alﬂrays moving at the

same‘velo‘\:ity wnen a given channel is open. '

For 119gp Moéssbauer spectroscopy, a Harshaw Na(Tl)I
scintillation detector was used. . ‘The pulses are passed
through a disc-riminator which rejects most of the. non-
resonant background radiaticn, and finally fed to the /open
channel  address.

The_ geometric -arrangement of the source, absorber and
detector are important due the angle’' © that the emltted
’x-ray makes with the axis of motion. The 'cos:me-effect'
causes a spread in the apparent Doppler energy thus ca‘using
line b"roadening Adequate separatlon between source and
detector reduces thls effect K

The veloc1ty range requlred to completely encompass .the

energy differences for all spectra acquired Was fixedlat

t8mm/sec.

-

E 2.1.3.3 CHEMICAL INFORMATION — HYPERFINE INTERACTIONS

[ - 4

P &

' A Mossbauer spectrum gives a picture of the nuclear

. energy levels. - Thése are slightly modified by the electric

® <> L]
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"
and magnetic environment of the atom. The total Hamiltonian
©of the interaction between the J~ray and the nucleus can be

described as follows::
’ t " ’ ~ ;
N Ay

e H=Hy +Eg+M; #+Ep + . . .

- ——

where: H is the. total Hamiltonian.

’ Hg o 1ncludes all terms Except hyperfine interactions

E’ is the change in the electric monopole or : o
cOulomblc 1nteractlons between the electronic
and*puclear chacgég, which is caused by a
differénce in the size of the nucleus in its

e ~ | ground and excited states. This caus;c a shift
away from zero velocity, called chemical ‘isomer
shift, §. S , -

M; is the magnetic dipolar interaction between the
magnetic moment of the nucleus and the magnetic

e B field.’ The origin of the latter may be intrinsic

or extrinsic’to the atom. It results in muitiplet

line. structure in the spgctrum .

L3
°

‘Mé is the electric quadrupole lnteracticn'hetween the

S . "nuclear quadrupole and the local electric field -

.6
gradient tensor at the nucleus. This also results
in multiplet-line ctructure'in the spéctrum{‘ S ,i
* o & ) [ N ’ , -
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The i;omer shift gives information on the s vaience
electron density, the oxidation state, and electronega‘tivity
of ‘the ligands. ‘Appe;idix II gives typical ~'Mc">ssbauer data
for different environmentséand oxidation states of tin.

! -

~ 2.1.3.4 SAMPLE PREPARATION S

-
All spectra were taken at room temberature using a

15mCi ca1195n03 b’-ray source supplied by Amershan. The

" isomer shifts were referenced to a standard CaSnO; absorber

at room "cem;;er'afture aé .zero isomer shift\." The sample was
ground and weighed to. éive 50mg Sn in \sample.' This usually
required about 200mg‘ of sample. \This was then placed in a
teflon base and pressed into a thin layer by 'the teflon cap
which was ‘screwed into the base.. In the case Ghere sample
éizeé wer;é _too small to ensure an even layer forming,

charcoal was ground with the samplé. The sample was then

b
placed into the b’-—ray bean, coi/él;:ed with a_ thin, 0.10mm,

-

L)

};;alladium foil and the data acquired.

2.2 SYNTHESIS
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I A
SnF, ~ Omnium Scientific Industrial
. - )
Alfa N\
’ Ozark-Mahoning .
“Pb(N03) 2 ‘ i Sharpe ‘ . s
PbF,. Pfaltz & Bauer, Inc. -
, HF, 48% Mallinckrodt

Certified Atomic Absbrption Standard, 1000ppm

Sn and I:b ) Fisher Scientific Co.

N .

2.2.2 AMBIENT TEMPERATURE REACTIONS

All synthe‘ses of PbSnF, were perfo_i:meé‘ by precipitation
reaction between SnF, and Pb’(No3)2.' All chenicals were uded -
without. further burification and carried out in doubly
disj:ille'd water. The beakers ‘were made Of pyrex or
polytetrafluoréeghylene (teflon) as specified in the 'results‘
section ) ) ' : |
_ A saturated solution (1.7 M) .of Pb(No3’)2 was alwa'ys~
added to a ‘s_olution' of SnFp.%at a rate of 5 nL/min by
burétte. The solution of SnF, always had a final volume of
11,0 mL and its concentration was 1.5 M. - The éan solvent
was a variable mixture of Hy0 and 48% aqueous HF. The molar

ratio Pb(NO3),/SnF, (X) was regulated by the additior of the
‘ appropriate amourtt of t}i\e Pb (N.O3)2 solution to the 8nF;
solutién. A time t(snFy) = O to 100 hours separated the

dissof’iion of S’?Fz to the beqinning of addition of the’

36
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Pb (NO3) 2 aolutic;n For t(SnF;) > 0, the beaker was co‘vereli
with'/ a paraffin sheet to prevent evaporation. For reactions,.
vhere the product wvas left ur;filtered for t(PbsSnFy) =70 to 6
hours, the beaker was also covered with a paraffin sheet.
The . product was filjered immediately after the final
addition of Pb(NO3)p or after the time delay ©(PbSnFy)
fnd-icgtedo. It was then washed - twice with distilled water

"and left to dry. The temperature under which these

reactions was cgrried out was room tempereture in air.

2.2.3 NON-AMBIENT TEMPERATURE REACTIONS

>
All reactions above room temperature were carried out
in a closed systen. A thrée 'necked,'*' round bot'tpmed flask
was fitted w:i.th a condenser and thermometer. 'I'he‘
appropriate amount of water was added to this closed systeﬁl,_’

stirring bar added and cold water circulated through the

(4
condenser to prevent evaporation. The round bottamed flask

" was set inside a heater and the ermtire apparatus mounted on

a stirring plate. Th'én system was allo;vedx‘to equilibrate at
the appropriaf.e tempex;ature. ‘ e

For the feactions ‘arr'ied out' below room temperaiture’,
the a/:;propriate amount of w,atex{ re:quired was. let 1:;: '
equilibrate in a paraffin covered b;eaker~~in- an -ice bath.

Once the required temperature had been reached HF was added

as indicated and followed immédiately by the. pre-weighed
T . Lot

& a
37 ’

2



3

0

SnFy. As saon as the entire SnF, had dissolved 'Pb(NO3)2 , at
the same temperature as the SnF; systen, was adc}éd dropwise

with a funnel. As soon as the final addition of Pb(NO3);

s . N

was complete, the product was filtered immediately, washed

twice with distilled water at the same témperature as the

.

reaction was carried out and left to dry.
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L?/“"'ﬂ (5) and Pérez et al. (6) do not specify the concentratidn of

l <

Senior (3) and Denes et al. (4,7) do no

reaction is 1/2 in agreement with equation (I)

- SCUSSION

3.1 “INTRODUCTION o ‘ o .n

Many parameters of the . agueous reactio

phase of PbSnF, obtalned. ' Examlnatlon of/ he preparatlon :

conditlons descrlbed in (3- tﬂ shows tha Donaldson and

N .
Pb(NO3) /SnF, molar ratio in the re ion mixture, but they
give the cofffentration of y the solni:_lons used saturated
Pb(NO3), and 30% (w/v) SnFj. On the other hand, Réau et al.
the solutions but the{ give x as belng 1/4"in .(5) and 1/2 or
c.a. 1 in (6) This leads us to suspect that, X and/or ‘the

.4
concentration of the Jwo' solu\ﬁ‘ions may be, responsible for

th\e observed c}isa:repanc1es. The 1dea1.mola; ratlci) r the -

- - N . -

. . -

. - E | (, .
Ho0' ‘ ",
Pb (NO + 2Sn 22 > Pbs + %sn2+ + 2No
(NO3) 3 ) P E_Q.E"q n 3
) . T, po ‘ "
- . LS / .
aﬂ "\x . ‘/
. . 39 .
‘/1“ & . - - " ‘
? ‘ " v .
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. preparation for tetragonal a-PbSnF, and orthorhombic

\

3.2 AMBIENT TEMPERATURE REACTIONS.
3.2.1 INFLUENCE OF Pb(NO3),/SnF,; MOLAR RATIO AT FIXED
‘ SOLUTION CONCENTRATIONS ’

&
A Y

Ta

In a first .attempt to find the conditions" of
/ \
o-PbSnF, saturated solution (1.7 M) of Pb(NO;); was added .to
an 11 mL agqueous solution of SnF, (1.5 M) containing c.a. 1 '
mL of 48%’aqueous HF. X was varied from O. 05 t0:.1.00 by
addlng- the approprlw.amount of Pb(N03)2 solution. No
preparatlons were done?beyond X = 1.0 as beyond thisg ratio
Pb,SnNO;Fg. 2H30 qu‘ obte*ined in such amounts as to make
interpretation of which phase° of benF4 uas obtained

impossible.h .The orthorhombic distortion versus X is given

/\gn fig. 10. No trend is observed, the a/b ratio varying

t

-erratically from 1.00 (tetragonal) to 1.03 (orthorhombic).

Even ‘repeats pf sdme pregarations fory glven m&lar ratios
'gave., hlghly 1rreprodu01ble results.
Even though these results do not look encouraging, they

Jead to some" conclusions:

(1) For the first t:;'ime we. obtained o-PbSnF,. However,
}

— 3 14 x
‘contrary to Réau et al. (5), we find a variable orthorhombic

t 4

d‘istorti on.

(;z.).’ Some parameters, that we are not aware of, must’be

¢

important, such that . they are not monitored - and may

Lo -
40 : .
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Fig. 10. Orthorhombic¢ distortion of PbSnF, vérsus X
‘at fixed solution cohcentrations ;

/h o . . * /

. "«A‘summa;y of the conditions.used are shown in Table III

those preparations performed at room temperature.
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Table IIX

'‘Important Parameters Controlling Symmeiry of PbSnF, Obtained

from Solution at Room Temperature.
J

P
%

Description

o~

Hz0 (Veinal = 11.0mL) .

Parameters Range
’ ,
I Pb(NO3) ,/SnF, molar ratjin 0.05 - 1.00
N reaction ﬁixtureﬁ J
)
t (SnFy)* Time between dissolution‘of ’ 0 - 100 hrs.
SnF, in H,0 (and HF where
’ indicated) and beginning'of Z
addition of‘first drop Pb(NO3),.
<Gy
t(P;SnF,;) " | Time between end of ;ddition of | 0 - 6 hrs. |
. | Pb(NO3), and filtration of
pfoduct? ' .
a Py v - .
C(SnFy) Conceﬁtraﬁion)of 8qF2 solutiqn. 1.?M
C(PB(NO3), | Concentration of Pb(NOj) 1.7M
’ solqtion. ‘
\ . -
. . ‘ 8
HF/H,0 _Volume 48% aqueous HF/volume o~ ~ 0.55

P
=




-
. . §
Tabl¥ IIX cont'd
Parameters Description © ey Range
. :
< .

Beaker ' Nature of the beaker used for Glass or,
, reaction. - : . ¢| Teflon
Gas Begassing the water solvent Air

w| ‘ -~
" -and gas blanket over reaction.
Rat? ‘Rate of addition of one 5.dmL/mip.'
. A ; . .o Ad
. "solution into the other. \A
' '
Order « The Pb(NO3)5 solution is added Pb in Sn
to the San“solution. . -
T Temperature of reaction * 0, 25, 75,
Co ) and 90°C
9 ! TR N
s , . ¢
I“. -
] - ' S
?
v ’j ~ ) .
o 43
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3.2.2 INFLUENCE OF HF/H,0 AND THE NATURE OF THE BEAKER

Acidifying the SnF, solution with some HF was reported
in (7) only: This could be a key parameter and its
influence on the nature of the product was investigated,
while monitoring'.\very carefully all other parameters that
could be influential. HF/H;0 was varied from 0 to 0.55 and
the inflg‘gnceﬂef the x;\ature gf the beaker, namely whether.
gl‘ass (pyrex) or teflon (polytetraflugrqgthylene) was used,
was studied. 'X was fixed at 0.20 and t(SnFy) and t(PbSnF,)
= 0. The results gn ig.’ 11-:%5'show _that no erratic
behavior is obtained when the. appropriate preparative ’
corz\ditions are carefully controlled. Fig. 11 shows that
when no HF is uged, alr and b are equal,’ i.e. a-PbSnF, is
ob't‘;a!i'ned, ' ‘ f a f‘
’ However as HF is aiided, a increases and bldecreases

until HF/H,0 = <.a. 0.10 at which poin\e a constant

. difference of .0.095A is obtained which does not chadge upon
/ ‘.

further addition of HF. The average, value of (agtbg)/2

~ falls s%tighf.l%\from 4.223 .to 4.209A, showing that the

~

distortion taking place in the (a,b) plana occurs with a
small lattice contraction in this pla(;.e. H

Fig:' 12 gives the orthorhombic udistortﬂion vs HF/H30.
When HF/H30 = 0, the a/b ratio djstortion iqﬁgls one as
tohere‘ is né orthorhombic distortion, and a-PbSnF, 1is

obtained. ' ~- -
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. s
For HF/H;0 > O o-PbSﬁF4 is obtained and the distortion is

séep to increase uritil HF/H,0 = c.a. 0.10 where a maximum is

reached and maintained at higher ratios. ‘ For 0 < HF{H70 <,
0.10, the size of the'orthérhoﬁbic distortion’ is s¥rongly

dependant on the amount of HF present.
4

. 'Fig. 13 shows that no significant variation of the ¢

»

pafameter occurs, within experimental error. It is
important to note thpt the! accuracy of determininé e is *
0.01 degree which corresponds to * 0.01A. | k .

__ However, the cell volume 'dses fall slightly  to
comﬁensate ' for the slightiy larger, decrease in lb than

increase in a from ca. 203.5A3 to ca. 202.°0A3 as shown in

fig.'lg.

‘\\ .
Also, fig. 15 shows the tetragonal distortion is seen
' ~

to increasd) upon the addition of HF to the SnF, solution

from e¢a, 1.353 to ca. 1.357. _ ,

3
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It iw clear from these results that the 'orthorho‘ngpi‘c
distortion is purely a bidiI’;nsional phenomen\on noccurring in
t}\e (a,b) plane, with no change in the order aiong c. SnF,
is known to hydroiyzet slowly, spoptaneousfy,_ in aque;ms-
solutions (9) and. this hydrolysis- can be reversed upon
addition é;,an excess of HF (Equation II).:

-~ o h

,
Equation II - ’

. | u
'2H20 \__/ZHF |
SnFy — — Sn(OH),

L mzo/ \ZHF -

~

'q ' ,, ~ ! .
Thereffore, when no HF is added, there :is iack‘ of fluoride

ions because hydrolysis leads to loss of HF by evaporation.

One can therefore postulate that the tetragonal fom of

PbSnF4 is formed 'when there are not enough fluoride ions
: e

~-present. As a result, some fluoride ions may be subétituted,

bS( OH™ or '02- ions. ' substitution with oxide would <a]..so
create yacaﬁci?s on the anion sublattice as 2F would be
replaced by one oxygen 'ai:oﬁ. When HF is adcied, more
fluoride ions are available and less substitutic;ri, with OH~
and/or 02~ occurs, and foz; HF/H,0 > 0.10, stoichiométric

PbSnF4 with no substitution of fluoride is obtained.

N\

W/ ) —



] ‘Hydrolysis, giving, free HF, also leaqé to etching, of-
. . .. .
the reaction vessel when pyrex is us‘ed . 'Therefore, -one

could suspéct interference from elements ‘etched from the
glgss, mainly\‘sodgum and silicon. However, the results
shown on fig. 11-15 clearly establish that iQentical resglts
are ‘obtained in both cases. As a consequence, because of
the large number of beakers necessary and ao glass etching
by HF doos not affect the results, pyrox beokero were used

»

in the res¥ of thisastudy. _ N . .

-

© -

3.2.3 INFLUENCE OF t(SnF,) }

[

~In this investié;ation, the same conditions were used ‘as
in thue above study éxcept that only two values of HF/H;0 (0O .
. Aand 0.10) were used andct(San) was varied. The reéults are
shown in fig: 16-22. | A
As cankbe seen on fig. 16, a and b.are equal and
constant for all values of t(San) when HF/H;0 = 0 (data
points not shown), i.e. a-PbSnF4 phase is always obta:lned._
., °On the other hand, for HF/HZO = 0.10, a and b are unequal
; ' for t(SnFp) > 0 as o-PbSnF4 is obtained. However, fof
A t(San) > 0, a decreases regularly while kL is constant, up,
‘to- t(SnFjy) = “40. Ther:x b is seen to inc;ease suddenly and
‘ Becomes'equal to a at around t(SnF,) = 60 min.’
Fig. 17 shows jthat a-PbSnF4 is always “obtained when no

o

HF /is used. L ‘ '



g .
M PR > o v L
i ’ . . P ]

> o .

' 4.300 ‘ — ~ S
S - 4.290 \ HF/H50=0.10 Hp/éc):o ) L

4280 S ' ‘ )

. \ +4.270
14.260

I

e 4250 -

A
=
N
=
P=Y
|

S J \
k1

v a ‘ . '

RS » N S
. . . - . .
. .
- : -
) . " a_n‘ -

o
~
[
(=]
1

¢ \ 'i',!/' )
4.]80 =] ; . 1+
4110 h S ) , ' VR
4.160 3 (23 Vil p “a ' . ¢ ‘ . . . . -~
> M » | . ,
. . ‘- 150 i | " .AIL' 0 T T ? T - T T ] N . ‘U
t S0 20+ . 40 60 ¢ .. %80 100 _-120 SRR =
. § e N A L . .
. ( t(SnFy) (min.) -
" vt ' )
e ! . - ) — ~ .
1 & % M - . N N\ ’ \‘
»- ' , ' ! .ft ‘
v ] ’ “ PR P [ \: . ‘ ’ L]
f e - )5 »
- * «“ . hd .
. E \ - . ”~ s o
L] . ; . i A
Fig. .16. Evolut:.’c':n of the a and-b pammeters of Pl:)SnF40 e
v vershs (San) for HF/HZ,O = 0 and 0 10, WJ.th t(PbSnF4) = SR
- ' x = 0 20. '
- . ‘ - N ) .
. ] ) l ~ . - ' ¢ : ‘\i{
. K y . . L i '
- ‘. - N ) .
' ' : - P A X
. » . « . - . ¢ ( /’ . “\
. Cet o . 53 . . . "
° Fogl ~ . s [
.- 7 . '




‘e
— — — oy o

HF/H70=0 HE/H40=0.10

v o

S ,

> 1010 1 N , '
~ : . i
- 3 3 - u

< 1.005 4 - ,
e L . ! 3
e e a2 2 ) ; . ~
" 1.000 A== ==~ d"‘;"b"'f‘&‘ -===-0 a 8 T8 QEg* ¢
¢ ] L4 ° Y

) o o . - lo
‘. - . »
v [ - .
.
- 0.990- ' ; , . .
& . o
20
?
9 .
. . 4
.
., ° N
. .
-
- ) *
e . 4
- r‘ - -
d d
»
@ ’ 4 v

e . g - N g R ’ . - ) ¥ ':
v Fig. 17. Orthozthmbicdis'tor_tio!)\ of PbSnF,4 versus t(SnFp)
" for HF/H;0 = 0 and 0.10 with t(PbSnFy) =0, X = 0.20.
T , ’ h . ' ' i ) o
14 ) * ) o ' s o' . ’
13 ° ;> . . + ~
\ ’ ) ’ . . : ’ v j'
., t , ’: 54 - ) ‘.'
- A v ce - :, . .
- . Do ’

[P



e .. ¢

;;)%

%

Where HF/HJB = 0.10, brthorhombic distortioﬁ is ogéerved and
decreases until t(San) > 60 min., at which point a-Pb¥nF,

is obtained and MEhaves as if ‘no HF was used We find that -

varying t (SnFj) affects~xhe s direction in addition to the

’(gyg)‘plane. This is shown in fig. 18 where!: for HF/HZO =

0.10 we Seé the c parametetr fall steadily with increasing

t(SnFp). * o X . y
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These changes ina, b and>c for HF/H20 =4 0 and o.io are
o further. illustrated i;( fig. 19 Shd._ZO‘ where, ‘for those
preparations where HF/H;0 = 0, no change in thg cell volume
and just a slight c'han‘ge in the tetragonal distortion is
cbserved. ' In ?he case where HF/H20=KW§.10, significant
changes occur. to both‘ the cell volume and tetragonél
distortion, with d{sconpinuity occurriﬁg' at t(San) - 50
min. From thg‘éeil volume we can see that both o-PbSnF: and
a-PbSnF,, prepax:ed' with HF/H‘ZO = 0.10 and t(SnFy) > 60 min., ~
show a decrease in cell volume with t(8nF;). This is
b&tticuﬁarly-interesting in that'a-PbSpF4 prepared with no
HF‘sﬁoﬁs ne va;iation in any of the unit cell parameters.
‘The effelt of ig?réasing,t(Sntz), at constant HF/HzO, on the
orthbrhomﬁic distortion, seéms opposite to the eﬂfecﬁ of .
: increasing HF/H,0 at constant t{SnFy) in that.as t(snFy) is
increased, a-PbSnF, is obtained. It is doubtful, however,
o whether this a-EbSnF4’is the same as the a~PbSnF, pfepared
for ﬁi‘/Hzo = 0 due to the be‘ﬁavioz"'of the unit cell
parameters, which are not similar. ‘&-

v

As shown on fig. 21, the yield. of'product drastically

\

decreases from cL.a. 80% to 15% for t(_SnF;) increasing from 0

. . to 20 hours.
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The decrease in yield;cén be.explaineq.by'the loss of HF by .

«

_evapotration and etching-.as t(SnF,) increases, which results
in 1less fluoride ions available. Therefore, increasing

t(SnFy) results in cancelling the effect of addition of HF

and makes the reaction of hydrolysis shift to the righﬁ hand

g}de. The decrease of yield can also be explained,at least

in part, based on 1loss of fluorine. Indeed, loss of

-

fluorine upon hydrolysis of SnF; results in Xess SnFj
available and as a result, the yield of Equation II willvbe
lower. 1In ad@ition, i£ has beenoeétapiished that hydrolysis
of Sngz is slowly followed by oxidation ?f\tin (II) to tin
(IV) (Equation III) and, as a result, Ehere is also
defiq;ency of divalent tin in the reaction mixture which

results in a lower yield.

Equation TIT '
. A
‘ H0/0; :
sn2*(aq) + Hy0 + 1720, ————> sni*(aq) + 20H"
, , P
/

H,0 : ol
> 8n05.nH,0

stidt (aq)

A last passibility for the drastic decrease of yielad -

could-be loss of tin by the SnF, as high losses of tin from
aqueous solutions have been reporteé even though these

, experiments were carried out on much more dilute ‘solutions.

-(10)
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Atomic absorption spectroscopy was performe@ on the
samples in the above mentioned study and the results are

given in fig. 22. When HF/Hj0 = 0, corresponding to

a-PbSqu,;, the results show that when t(SnF;) = 0, the ratio.

Pb/Sn is close to one indicating that a-PbSnF,,
stoichiometricb, is° obtained, which is in agreement with
previoﬁs reporgg. As tkSan) approaches 60 min., this ratio
. is seen to fali slightly to Pb/Sn = c.a. 6;95 which
cofresponds to more Sn being incbrporated into 'the lattice
of a-PbSnFy. At t(sSnFp) > 60 min, the Pi;Sn ratio falls
drastically and tﬁen seems to level out at Pb/Sn = c.a.
0.85. The fact that more tin is found in PbsnF4 is not
sﬁrprisinq as the reaction mixture is ricq in Ss (i.e. X =
0.20), ﬁowéver, the higher tin content for t(SnFy) ‘> 0 shows
that there is .probably’ no tin Jloss by the squutions and
oxidation of tin (II) to tin (IV) is negligible.

When HF/ﬁzo = 0.10, corresponding to o-PbSnF4 at
t(SnF,) iﬂ 60 min., Pb/Sn = c.a. 0.91 and as t(SnFp)
increases to 60 min. a steady 1ﬁcrease to Pb/Sn = c.a. 1.0
h.occurs. At t(SnF,) > 60 min. (a-PbSnF4), the Pb/Sn ratio
again begins to’ fall slowly and shows no tendency to level
off at t(SnF,) = 120 min. Here, it can be said that both
fOris of a-PbSnF4 (prepared with HF/H,0 = 0 and 0.10) behave
the séme way, how;ver, they are nof\the same material as

¢

their Pb/Sn.ratios are different,

61 y
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From the above results, there are two conditions which

—_— -

give stoichiogégiic a~-PbSnF, and they are:
1) when t(ShFy) = 0 and HF/H,0 = O
2) when tiSan) = c.a. 60 min. and HF/H50 = 0.10
Stoichiometfic o-PbsnF4 is never obtained whe‘n X = 0.20,
&;th an exc é\ of Sn being incorporated into the o-PbSnF,

e

lattice.

o . ' .0
3.2.4" INFLUENCE OE‘Pb(NO3)2/SnF2,MOLARvRATIO
R I ‘

AND ‘t (SnFy) ‘ .

-

-y

In this study, PbSnF, was prepared by varying X from
0.05 to 0.95, for t(SnF,) = O , 20 and 30 min., HF/H20 = 0
and 0.10, and t(PbSnF,) = 0. The results are shown in fig.

23-29. For HF/H,0 = 0 (data points not shown), a-PbSnF, (a4
- . » ‘

~

-

= by) is obtained for all values of X. -

For HF/H,0= 0.10, o-PbSnF,, with a, and by, being very
weale’éependent‘on X is obtained. For't(San)‘= 20 and 30
min., a strange dependence on X is observed with,. in both |
cases, a larggg difference between a, and by in th? middle
of the diagr&m,‘i.e. for molar ratio élose ;o 0.5. However,
fox; f(San') ‘= 20 min., o=-PbSnFy4 is obtained fog:" all values
of X, wpeﬁ:for t(SnFy3) = 30 min., a a=PbSnF, is obtained for

X < 0.25 and X > 0.65, and o~PbSnF; between these values.

<

-

(r‘
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Fig\ 24 shows the orthorhombic ddsto;ion\versus X.
‘o-PbSnF4 w1th constant orthorhomblc dlstortions equal to
.1a022A are obtalned for t(SnFy) = 0. At t(SnFp) = 20 and 30
min.., the orthorhombic distoi;tion is seen to fall as t(SnFj)
increases from 20 to ‘30 minut;s, with - a-prnf‘4 # gﬁing
o’btained fory X < 0.25 and X > 0.65. The. mea‘ping of the.
results presentgd'in ';fig. 23 and 24 is no& fully understood
A at this point. HoWe)lery 1t is 'probably, not a coincidencs
that thé maximum orthorhombic distortion .occurs for a molar,

i

ratio close to 0.5, i.e. for the exact stoichiometry for

equa?:ion (I). * In adgltlon, close examlnatlon of fig. 24

shows that this maximum shlfts slowly tpWards smaller molar

ratios as t(SnFy) increases. . This is not: surprising as

N pmaximum distortic;ns, are ol:oserved " for higher 'fluorit’ie

concentrations. As t (SnFy) inc;eases,' loss of HF upon

~hyd,roly51s of SnF; results én'constont values .of

' Pb(NO3) 2/ [SnF3lactual obtainec{ for lower values of

Pb(NO?)2/(SnF2)ﬁnltlall (SnF3)injtial being the .’tnitialt

_argoun’t of SnF; in the solution (i.e, at. t(San) = 0), and

s (SnF3) actual being the actual amount of ShF; in the solution
for t(SnF,) > 0, respectively. o ‘

Fig. 25 shows an increase in the c parameter for

t(SnF;) = 0, 20 and 30 min. as X increases.’ Also, as tksan)

increases from 0 to 30 minutes,/ the ¢ pa"rameter decreases

N . .
for a given value of X. The same behavior is observed for

o

the ce€ll volume (fig. 269 excépt‘ that more scatter is

66
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A plot of the yield of the above study for t(SnFj) = 0
and 30 min is shown in fig. 28. Higher yield are obtained
for t(snF2y = 0 than for 30 ‘min.  An interesting -thing

occurs at X = c.a. 0.75 for tiSan) = 30 min.;” the yield is

seen to jump from about 55% to 70%. This corresponds to the-

presence of PbQSnNO3F5 2H,0 which coprecipitates with PbSnF4'

from these reaction- mig:tures very rich in lead. )
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"Fig. 28. '% Yield versus X for t(SnFp) = 0 and 30 nin.
~ with t(PbSnF,) = and '-IF/HZO = 0.10.
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Fig. 29 snows‘the typical X-ray powder pattern obtained
for t(San)\= 30 min., X = 0.80 and HF/H;0.= O. 10. Thoseé
extra peaks that could not be indexed as™ belongxng to a-
PbSnF4‘ are 'ind4xed. as PbZSnNO3F5,2H20. For simplicity,

those peaks ‘duef”to Pb,SnNO3Fg.2H20 are shown in broken

%

'i

lines.'

~
0 -
L)

eeee’ PbySnNO;F5.2H,0

wim=  0-PbSNF,

" M N

I. ‘\"I I\

15 ‘ 10 - . 5'
‘ : A7 e(cuka)

AN
) . "’f;
Fig. 29. .Powder X-ray pattern obtaifed when‘t(San) = 30
min., t(PbSnF4) = 0, HF/HZO = (. 10 and X = 0.80.
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3.2.5 INFLUENCE OF t(PbSnF,) , (/
+
° " In this study, PbSnF, was prepared for X fixed at 0.20,

' 0.50 and 0.70. In all cases t(SnFy) = 0 and reactions ware

done with HF/H30 = 0 and 0.10. Time intervals for t(PbSnF,)

were -0, '2, 4 and' 6 hours. The influence of t(PbSnF,) for
HF/H,0 = 0.10, as shown on fig. 30, reveals that two
separate effects are observed. No change in the a and b

parameters occurs for all vglues of t(PbSnF,). However, at
t(PbSnF,) = 2, 4, and..6 hours the a and b parameters are
lower in all cases in comparison with t(PbSnF,). = 0. A
possible explanation for this is most 'likely due to some
solid/liquid interaction between '0-PbSnF, and the reaction
matrix resulting in an: éxpansion of the ;nit cell in the
(a,b) plane, for t(PbSnF,) = 0.

S The evolution of the a and b'parapeters for HF/H,0 = 0

0, «a-PbSnF4 is

is given in- fig. 31. For t(PbSnFy)
obtained agd the a and b parameters are the same and
constantz_ At t(PﬁénF4) = 2 hours and X'= 0,20, a = cra.
4.24A and ‘b = c.a. 4.20A. . These values become eq&ﬁl to
4.22A at X values above 0.50. For t(PbSnF,) > 2 hours the a
parameter decreases for t(PbSnF4) = 4 and 6 hours, while the
b parameter seems to be constant. Some prepa}ative
condition, not yet specified, seems to influence the préduct ~

for HF/H,0 = 0. : .
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Fig.- 32 shows the -behavicr of the’,orthorhombic
distortiorl; for HF/H,0 =0 and 0.10 with t(PbSnF4) and X.
When HF/H50 = 0.10 the orthorhombic distortion is almost the
same irrespective of t(PbSnF,) and o-ébSnF4 is always
obtained. The distortion is seen to fall slightly from X =
0.20 to X ; 0.70,. with more scattei occurring at X = 0.20.
When HF/H,0 = 0, a-PbSnF, is obtained for t(PbSnFy) = 0, all
values of X and t(PbSnF4) = 2 hours, X = 0.50 and 0.70. All
other preparati;hs yield o;PbSnF4, whose orthorhombic
distortion is considerably smaller than when HF/H,0 = 0.10.
.Tﬁe distoréﬁon is seen"to fall slightly as X iﬁ:reases when
o-PbSnF4 is obtained. ’

The evolution of the ¢ parameter is given in fiqg. 33
for HF/H,0 = 0 and fig. 34 for HF/H,0 = 0.10. GWhen
t (PbSnF,) = 0 and HF/H,0 = 0 the c parameter goes through a

4

maximum at X = 0.50 (fig. 33). At t(PbSnF;) = 2 hours, c is

much smaller and goes through a minimum at X = 0.50. At
t(PbSnFy) = 4 hours, c goes through a maximum, simi;ar toﬁ
‘that observed for t(PbSnFs) = 0 but wi%th lower values. At \

'tEPbSnF4) = 6 hours no change occurs in the c parameter.
Vefy little scatter occurs whigh leads us to believe that
the difierence_inﬁiesults,_glthoggh small, may be real; No
explanation ‘can. be given at this time as {:o why the ¢

parameter behaves in this manner.
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' The evolution of the c¢ parameter when HF/H,0 = 0.10,
shown in fig. 34 reveals even more erratic résulté.
Although straight lines can be drawn through points, their
inter?retation is impossib;é. In all cases the c parameter
increases with increasing X, but on the one hand it is very
small, i.e. t(PbSnFQ = 0 and on the other hand it is
extremep i.e. t(PbSnF4) = 6 hours. Again, the absence of
scatter of expefimental péints for 5 givgn,t(PbSnF4{ suégest
tbey are reél.

The céll, volume, shown in fig. 35, reveals that when

e

~

HF/H0 = 0, 1little change is, observed and cell volumes °

between 203.0A and 204.0A &re obtained. .At HF/H,0 = 0.10.

and for t(PbSnF4) = 0, the cell volumes are slightly smaller

than when no HF is used. For t(PbSnFy) °> 0, much lower cell

~ volumes are obtained and little change occurs irrespective -

P

of t (PbSnF,) and X.

] A study of the X-ray powder patterns reveéls' -new,
unidentifiable peaks that could not be indexed as either
phase . of PbSnF4’or' PbZSnNO3€5.éH20. . Fig 36 shows the two

different X-ray powder patterns; were obtained. 0
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- . - e (CuKa
l6 . i5 14 - 13 12 ( : )
; ) Fié 36. Xrray powder patterns obtalned when (a) t(PbSnF41
, w = 2 hours and, (b) t(PbSnF ) = 6 hours.tor HF/Hzo - 0 and
. R - - IQ' "t(snf’z) = o-
‘ Pb,SnNO3F5.2Hy0 was only obtained for t(PbSnFy) = 4 and 6

- ‘ [

. Hours and for HF/H;0 = 0.10.4 It was never obtained for

HF/H,0 = 0. HF se®ms not to influence the formatign of this

[ , - ’
- | 'new"' phase and seems to. be dependant on t(Pbsgf4) as it is

X . -



observed for t(PbSnF,) > 0 and when HF/H,0 = 0 or 0.10. A 3
. . ‘ _

summary of the products identified by X-ray powder
' »

diffraction when t(I;bSnF,;) is _varied'.is given in Table IV.

The results refer to X = 0.20, 0.50 and 0.70 as no influence ~

due to X was .observed. '

o

Table IV

‘Products Id%ntifjeé by X-ray Powder Diffraction

R ]

t (PbSnF,)| HF_|a-PbSnF,| o-PbSnF, |Pb,SnNOsFs | A | B !
\ hours’ H,0 i 2H,0 :
0 0 X _ .
A R s
0 0:10 X— |— X )
. e
_ 2 0 ot X ) X
2 ‘o0 . T G X 1
.4 0 X X
4 0.10 X X : x |
\ 0 R - - . :
6 0 ' x/ e / X
- - & .
y2 0.10 : N, ‘X e |x
° ' : —

A - corresponds to those - extra peaks shown in ,fig. 36(a)

occurring between 12.80 and 13.25°0 whereas B includes A and

»

. - & . . -
those gccqrring between 15.25 and 16.75°6 as , shown in fig.

< .
——
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36(b). As the peaks of A (12.80 - 13.25 °(8)) are observed

in fig. 36(a), . without the extra peaks. of B (15.'25-.'

16.75°(8)), it seem that A and B are two different phases.

The X-ray powder diffraction file was checked for compéty_@é

-

of Pb~ and/or.j Sn and their mixed oxides, hydroxides,

fluorides and nitrates. No compounds, with Bragg peaks *

corresponding to A or B, could be found. .

A

3.2.6 119gn MGSSBAUER SPECTROSCOPY
. - y
> h ‘I

119gn Méssbauer spectroscopy was used at room

temperafure on several tetragondl and orthbrhomk_)ic samples, -

the 1latter with various values of aﬁhe orthorhombic

distortion. All. samples gave identicad results within

_experimental error. A typical spectrum is shown in fig. 37,

- For all samples, the isomer shift, relative to CaSer3 at
room temperature, is 3.25 (1) mm/s and the gquadrupole

splitting _1.55 mm/s. A small Sn(IV) impurity is clearly

s . . 4 .
visible-at =0mm/s, which is also present in the SnF; used-in

the ‘prebaratiori. ~ These values are characteristic of

divalent tin with a stereocactive 1lone pair of electrons, in

~ agreement “with “structural results (9). These results agre’e

- i,
perfectly with a model of _a non-mobile electron pair, /which
is Yocalized on a non-bonding orbital of tin .(Ii).
Therefore, such énq electron pair is not on a conduction

band, and cannot participate in the conduction mechanism.

-

§

83 ' : /

.
o r—

VA TSy
-

MART RS S



‘ -~

‘o i . i?,\)x . . - .

This agrees with tra\n’sbor{; number measurements done on

isotropic BasSnF4 (3) which gave Ti > 0.99.

-7, 1.000
\ > oo
~ copmf
a ;
c
w -
o
S 0.993
‘o
2. 7
2 ° Sn (IV)
©
v impurity
&~ y )
0.979 t . - .
_-0.986 F ‘
’ + ¢ < ) -~ ‘/ .
- ) ! |- ¢ A ™ { .
L% s : N -
-503 _2.6 . Qoo 2.6 . 503 . .
Velocity (mm/s) " x
Fig. 37. ~119sn Msssbauer.'spectrum - of . a-PbSnF4 at room |
e — temperature. ‘ . . ‘ ':
- . ‘ - ,
f . “ 84 g
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As the Méssbauer parameters are identical for tetragonal and
-orthorhombic PbSnFy anci no change is observed _with the

‘orthorhombicvdis.tortion,wthe first coordination sphere of

Sn(II) does not change. One can coriclude that the bonding

to tir} "and its coo;diriation are basically ‘unchanged upon
symmetry change. It is very' likely that there are only
minor -structural cha;xées between the tetragonal an‘d
orthorhombic forms, for example the M —if‘ --M ( wﬁe_re ‘M = Pb

and Sn) angles may ‘change’,“’vmichf ocﬁ?rs' in' the (33) plane.

Such changes in some Sn - F - Sn ang1‘e§ were shown to be-

responsible for the B tcz" ¥ transitic;n of SnF, (16) and these
lj:eéulted in no measurable ci'xange in Méssbauer parameters
('17), because’ the /tin environment was not §ignificantly'
affected by. the 'trahsit"ionw. '.This is -parti;:ular}y true .;ir;
th? amount of p, contribution to the lone pair, which is th‘Q
major K factor resp?"nsi-blte for the large quadrupolz splitting.
However, as the structure of o-PbSnF,; is not presently

known, no.furf:her interpretation is possible.

-
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©3.3 NON-AMBIENT- TEMPERATURE REACTIONS PP

¢ <

-
L e

_3.3.1 . INFLUENCE OF T = 0°C

’ In this study, reactions between Pb(NO3), and SnFj, were
t(SnFy) were equal to zero and X was varied betwe®n 0.10 and
0.90. The results are.given in fig. 38-43. 1In fig. 38, we
see that the 'a and b parameters for HF/H,0 = 0.10 ‘are

constant with -a = c.a. 4.25% and b =, c.a. 4.15A. . When

"HF/H,0 = 0, the a parameter is constant, but with . lower

b

-values than when HF/H;0= 0.10. The b ~pframeter shows a

diséonti;uity, wigh constant values at around 4.20A for X

VI;eutween 0.10 and 0.50 then a sharp drop to about 4.14A at X

,above 0.60.

¢

' carried out in aqueous solutions at 0°C. Both t(PbSnF,) and-

rys
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- . T ’ / . . ' o T
a function of 'X for HF/H30. = 0 and 0:10. -When HF/H0 =

0.10, ©o-PbSnF; .is obtained with a iairly constant

' . orthorhombic distoxtion. - The average value obtamed is
o %" equal to 1.024A. When-HF%o =0, orthorhombzc dlst&rtlons
> - with much smaller values than those for HF/Hzo = 0.10 are

P ,'obtained, nd they are - seen to 1ncrease slightly as X
, 4 -

.increase b-y ,0.020.&‘ in the orthorhombic distortidn is

-

, approaches 0.50. Between X = 0.50 and x = 0.60, a-dramatic

.t observed. J. e ) - ' N

v
~
o R .
A ~ ’

; The evolution of the ‘c paraneter, cell volumé and

~—
L
o

tetragonal distbrtlon of PbSnF4 are given in flg. 40-42. In

K ( ‘ fi\g. 40; for HE/HZO = ouo, the ¢ parameter decreases

o

- . constantly as X increases uknti'l X = 0.50, Beyond X = 0.50,

little change occurs and constant values are obtained. When

” ~ between X = 0.50 and 0.60, -and from'X = 0.60 to X = 0.90,~¢

- ) . i
is seen to increase linearly from 11.390A to 11.4104.

~

<
- - —

{
{

v * .
- . - R .

“-/

.
B

HF/H29 =’ 0, the -0 parameter remains _u;'xE:hanged, at c.a.®"

e ®,

11.3654, up to X = 0.50. Then a sharp increase occurs -
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The cell volumeL foriﬂF/Hzo = o.io, shown in,fig. 51
reveals 51milar behavior .as above with the cell volpme

falling linearly®as X increases to X = 0.50 and then no

change is observed beyond X.= 0.60. Also, for HF/H,0 = 0,

discontinuity occurs i? the cell volume at X = 0:50. In the\

"case where HF/H,0 = 0.10, the change irff volume.isfdue. to the

'.combination of changes in the b and ¢ parameters. ™™

‘be given, for these results, however it is very apparent from

change 1in c.parameter whereas for HF/H50 = 0 i’ﬁis due to a.

'

‘The tetragonal distortion of PbSnF4‘is given in fig.

. 9 ;
42. No change is observed for HF/H,0 = 0.10 and for HF/H,0

- ,
= 0 a discontinuity at X = 0.50 occurs.. No exp%;nation can

—

the data presentéd that somdthing interesting'is occurring
-
at X = 0. 50. Also, the presence or absence of HF seems to

cause a different effect on the cell parameters of o-PbSnF4

ol

—than in studies carrled out dt\:::m temperature. This may

»

be due to the rate of hydrolysis of SnFj (equfgion II) which

is .temperature -dependant and is much slower aE “low

temperature. )
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The yield versus' X and for HF/H,O = 0 and o.1ofat‘ T
0°C is shown 4n fig. 43, As in prewious studies, higher
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“When HF/H,0 = 0, PbZSnNO3F5,2H20 _appears at X > 0 50.

1 ( ‘ ) - : o .

N ) S 5_

yields are obtained when HF is present. Also, the presencé

of HF. seems to retard ‘the

which, for HF/H0 &+ 0. 10, does not appear until x > 0 70.

It is

interesting to note that for-){_F/Hzp = o, ‘the - yield; is seen

to go'~through a igaximu‘r‘n around. X =\0.50, whereas for HF_"/HZO

= 0-the yield decreases coﬁstant}y for all values of X.

formation of PbZSnNO3F5 2}(20
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3.3.2 INFLUENCE OF T = 75°C + : T
] ,‘ A % . . . . :‘3

. . Results obtained when T = 75°C are given in fig. 44-49, Ty

' v In fig. 44, when HF/H30 = 0, no difference is observed in

. ' the a-and b parameters. For HF/H,0 = 0.10, the a parameter ;
glves constant results whereas. the b parameter is seen to

fall at X > 0.50 by.c.a. 0. 15A and then level of.
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The orthorhombic distortign is “given' in fig. 45, _No~

differences are observed\for HF/H,0 = 0. When HF/H0 = 0.10 .
slightly lower,values are obtained for X < 0.60, however at
X > 0.60, .the orthorhombic distorgtion increases slightly“®e ' -
values above those for HF/H,0 = 0. o -
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- i - ’ N\ a
. No change in the c parameter occurs for HF/H;O = 0.10
as shown 'in fig. 46. However, for HF/HZO = 0, c is higher
- for X less than 0.70, .in comparison with when HF is present,
and then falls as X is further increased‘ , ¢
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Fig. 47 shows the évolution af the cell volume. For
HF/ﬁzq'-'o and 0.10, the cell volumes are fairly‘constapt
belog X = 0.50 However superior values ai'e obtained for
HF/H30 - 0.10. Beyond X = 0.50, the céll vo‘lumgs fall as X
is increésed. For, HF/H,0. =.0, any éhanges {ﬁ"the'belli;Bluiz s
;are due to changes‘in‘the ¢ parameter and for HF/H,0 = 0.10 ;
t‘;he changes ara: due -to :-éhanges in the Db paramet‘er.' No

* explanation "can be given as to why this behavior is

‘ »
@e\rved. \ AU
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Fig. 47. Evolution of the cell volume'of PbSnF, at 75°C for
. HF/H,0 = 0 and 0.10 with t(SnF;) and t(PbSnF;) =-0.
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The tetragonal distortion at 75°C is shewn in fig. 48
and reveals that for HF/H30 - o, higher results are, obtain‘ed
than for HF/H20 = 0.10 when X is less than 0.70. However,

_,at X = 0 70 and greater, the tetragonal distortion becomes o

e

comparable and equal 1rrespec¢ﬁe of ‘whether HF was present. .

Ay

. — k3

1]

.. a0 020 . 00 080 o 00 1.00

b ' -

M

r

Fig. 48. Evolution of the tetragonal distortion of PbSnF.;
at 75°C for HF/H,0 = 0 and 0.10 with t(Snrz) and .
t(PbSnFg) = 0. Lo
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"I'he; yield versus X a£ 75“C’ and Hl"‘/}!zc‘i--= 0 and 010 is
g?wZ;A in fig: 49. Superior yields are "obt‘aii'ned. for HF/H,0 =
1 . - \ ™ ’

0.10 and Pb,SnNO3Fs.2H,0 is observed, when HF is present,

o - . )
. for X > 0.70. Pb,SnNO3F5.2H,0 was never obtained at this
© - . . | : . ‘
temperature wheh no HF' was present. The _yielq decreases as
- '* X increases except for X = 0.10. For X = 0.10 more error’
».c\ * - -

is. associated with both the measuring of the Pb(NO;), and

- the subsequent “weighing of the product. due to smaller

»
i -

samples sizes.:

- . . -

100.0 :
. L
90.0' - _ )
t - N ) ——
.- 0.10 - °
£0.0 - HF/H0 = 0.10
S . : .
> N . 4
004  ge——g - . .
& N / . ’ L3 . he
-4 ¢ . : -
]l)

* 50.0

L o '
'E; L
i ’ " ; 2001 - *
. T ¢ ~0
ow

~ / N . ' N \
30.0 - / N ’ .
/ ~ .
ﬁ - - X (] / ) A\\ . /
20.0 - . ~a. /
) N /4 \Nﬁ ﬂ\N‘ A. ~ a : ’
’ L 4 / o f AS — “_’_ —_— L~
N N . B ' IU.O . B . HF/HZO F—4 o ) )
N T~ . D 0
T 0.0 ; . T — T _
. 0.00 0.20 0.40 0.60 0.80 .00 -
- - ‘ x -
. . - . , .
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/reaction was 90°C.

b are equal and constant for X belp‘a 0.30 andhabovae 0.70.

, / .. - ’ l”_ \ e " _
3.3.4 1INFDUENCE OF T-= 90°C S '

. In this final investigation, -

]

the temperature ,of the

The results are shown in fig. 50~55. As

r

can be seen in fig. 50 a and b are equal &nd constant for

all. values of X whe‘h HF/H20 = 0. For HF/Hzﬁ = 0.10, 2 a(gd

L

0-PbSnF, Is obtained with a

”

For X between 0.30 and 0.70,

values \comparaple to a-PbSnF,4 and b values of c.a. 4.17A.

>
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_ Fig. 50. 'Evolution of the a and. b parameter of Pb&nF4 at

' 90°C for HE/H;0 = 0 and 0.10 with £(SnFz) and t(PbSnFy) = 0.
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. : ’ \
» -— ‘ ) N { ) —
e o o Fig. 51 shows that a—PbSnF4 is obtamed for “all \Lplues 2
of X’ ‘when no HF is, used and for X < 0.30 and X > '0.70 when ;\“
. . HF is used o-PbSnF4, with orthorhombic. dlstortions equal
) . to c.a. 1.01A is obtalned between X = 0.30 and O. 70. ) p
- - ¢ ‘ -
s o “1.020 : ‘ — 2 o L
i 108 . -
N £016 - : ' -
) ‘ HF/H,0 = 0.10 -
. . . ,
-
sy — —
§ HF/H0 = 0
LY | T I i i . ] 1)
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... . - Fig. 51. Orthorhombic di ion- of PbSnFg4 at 90°C for o0
i . HF/H0 = 0 'and 0.10 \'vli h t(SkF;) and t(PbSnF4) =0, :
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| ‘ ' ‘The~c-parameter’is'shpﬂ§/:§)fig. 52 and ‘reveals that

| . . higher Valueé are obtained for’ﬁF/Hzo = 0, however, there is
much écattg;'in.fhese results- and further interpretation is
=) . impossible. : ' -
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The evolution of 4he cell volume ‘is Bhown in fig. 53.
For HF/H:O = 0 the’ cell volume falls slightly as X increases
\and for HF/H,0 :/}10 it “is. seen to go through a 1arge
g minimum centered\at X = 0 50.,) This change is due to the
large decrease of the b parafdeter. o ,
A N ¢
. 205.0 - -
" r — ——— R /’ - ‘
‘/;’.zpq.o 4 HF/H30 = 0" ’ - : .
'f ’ * v -
N
. 203.0 4 \6
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N © 2000
. i 4
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Fig. 53. Evolution of the cell volume of PbSnF4 at 90°C for
HF/Hzo = 0 and 0.10 with t(San) and t(PbSn§4) = 0, -',
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S —The tetragonal distortion shows erratic results ‘ for’
/ ‘ » N ® ‘:‘ Py s : -
A . _both HF/H;0 = 0 and 0.10 in fig. 54. When HF/H3O = 0.107it

goula be argued-that the cell volume goes through a maximum
at X = c.a. 0.50 and that for HF/H,0 = 0 no change 1§
- [ r«:—“-{. .
observed, th;ver, iﬁﬁ%;pretation would be tentative at
N . . P N .
. ‘r’e}'ﬂ " 3 .
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fig. 54. Evolutiop of*the‘tetragona1'¢i§tortioh cell volume
at 90°C for HF/H,0 = 0 _and 0.10 for t(SnFj) ,andE(PbSnFQ-“?, .
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As shown in fig. 55 the yield obtained when -HF is

_ present is superior than when HF is absent. Overall, much

P . , -
" 'lower yields are obtained when compared to preparations’
. T — *

carried out at lower temperatures. Pb,SnNO4Fg.2H0 is
. 2 ! . -
< ‘'observed only when HF/H;0 = 0.10 and”l'or\values of X greater
Voo ) . '
than®0.20. #
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—Thé' results . presented ‘here clarify tl:fe conflicts
rep?rted in the literature‘ z;eg‘arding the symmetry of the
PbSnF, phase obtained upon‘ reaction of lead (II) n-itrate
with stannods fl_uoride in aqueous solutior}s while showing
the reactions to be complex in nature. (}rwo groups (3,4 and
6) ‘reported obtaining tetragonal a-libs;l;;; w;nilﬂe two others
(5 and 8) claimed ﬁorthérhombic or monoclinic Pb‘SnaF4, was

obtained. No evidence of the monoclinic phase has been

found in this work. ’

-

We find that the symmetry of 'PbSnF; prepared at room

temperature to depénd on two factors: excess fluoride ions

present in solution and possible solid/solution reactionsf

between PbSnF, and the reaction mixture. The fluoride ionic
concentration was controlled in two ways: by the additis:n of
aqueous HF or, with HF present, allowing the starmou-s_

fluoride solution to sit, and therefore hydrolyse, prior to

¢y \, -

the addition qf e lead (II) nitrate.

Tetragox:nal PbSnF(,; was obtained in the react:}gns where
no HF was added to the SnF,; solution and no delay fo;:' the
SnF, solution prior to the addition aof Pb(NO3); or the

precipitated 'PbSnF, prior to filtration were taken.

Tetrjlgonal PbSnF,; was obtained when HF was present after 60

minutes had elapsed for the SnF, and when two hours had

elapsed before filtration. In these preparations, it was

. - 107
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i on fhuolar ratio Pb(NO3),/SnF, in the reaction mixture.

v

At room temperature, orthorhombic Pr?.z.‘:nF,; was obtained.
- o, ) -
when HF was present as 1long as the SnF, was reacted

immediately with Pb(NO3)5. This prevented loss of HF from

L ey

solution. A dependance on the.molar ratio Pb (NO3),/SnF, in

] v
the E,aaction mixture was also observed and centered around

‘ratios of 0.50. . °The magni.tude"of the orthorhombic

’

diétortion was found to be variable.
Atomic absorption results show that stoichiometric

3 o-PbSnF4"/ was never:obtained for reactions carried out ‘in

K]

> solutions that were rich in Sn. ‘ Pb/Sn < 1.0 indicates that

Sn was incorporated into the lattice and it is possible that

“

N this would affect the lattice parameters. Stoichiometric

d a-FbSnF,; was ob\t\:a\ineq but it was found that the ratio Pb/Sn
i to be dependant Von'the time the Sr;Fz sat prior to addit:‘;on
£ \'\ of Pb(NO3),>  For a-PbSnF,, Sn was also found to be

- . incorporated into tpe' lattice.

v ' In reactions ;arrieq,’ out at 0, 75 and 90°C, a-I”bSnFAl

¥
was only obtained at 90°C when no HF was present. o-PbSnFy

waii obtained in % -other cases with significant changes

"ocgurring to the b and ¢ parameter. A O _

@

For all timpe'rature, the presence of HF 'in the SnF,

so;utions gave superior yields than when HF was absent.

R T -
. ‘Also, at room temperature and shigher, the presence of HF

‘ encouraged the formation of Pb,SnNO;F5.2H,0, whereas its

¢

.. absence at 0°C retarded it. - .
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absence at 0°C retarded it.

This study is by no means complete. - The presei‘tt
L .

¢

-

_parameters must. be completed. Unidentified interactions

must be found and is”ola:;ed: particularly in the case where
t(PbSnﬂFQ and high temperatures are _cpncérned. - The
ix}flugnce of atmosphere, -order of mixing and concentration
of .solutions should also- be studied. -Bulk density

measurements of' the pure product and elemental analyses for

Pb,-Sn and F are also very important. -

&
The ultimate task is to ba able to see if the presence

E

AC
© of HF, which is seen to-influence the unit cell parameters

: . ™ ‘ .
of both phases of PbSnF4, has any affect gn the
conductivity. "’ o -\ )

. » .
- ~
-
4 ’ »
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-
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Isomer Shifts R’eferenced to CaSn03 = 03
, Lo ‘ Dependance on oxidation state T,
. oL ' '
} T sn® = 1.5 to 2.5mm/s ' - ‘
.7 . " sn2t = 2.5 tpy4.0mm/s - -
; snit = -0.6 to 1.5mm/s : '
. - . - » J\ ) - >
Quadrupolé Splitting ‘Due’ to unequal occupancy of the Sp . \
L orbltals resultlng from covalent o
X - bonding." ¢
: Y .
0 3 ” - =
Sn® and inorganic sﬁi; = < 1.0mm/s
‘ oOfganotin (IV) = 0 to 2.0mm/s
. i . organotin (IV).halides = 3.0 to 4.0mm/s )
DU : ;uégue to electron withdrawing power
| . : _ ) between o;ganic‘ligaﬁds and halides) ,
| - L “ ) ¢ ) ' . v ‘J..
- .- ~ sn?* dominated by!non-bonding electrons )
. Stereocactive: large;(>1.5mm[é) ) 5
?'f - : o E Not, stereoactive: small (0 to 0.5mm/s) _ -
i-‘ ’ | ' - ) v
. - . T 114 - . ' oo
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_magnetically ordered sublattice is present.

’bsu P — M

. All oxddation states of tin are diainagnet:lc,-.

therefore .there . is .no spontaneous internal fleld.

Magnetic splitting is observed only if an external nagnetic

fj‘.e'ld is -applied ‘or. if a transferred field from a '
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