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Abstract

A MBssbauer study of some industrial applications of

organotin compounds

by

.Richard William Clarkson

§echn1que of high dilution MUssbauer spectroscopy using the
Lsotope Sn has been employed to study the nuclear enviromment of
several organotin compounds having important industrial applicationms.
For each compound studied structural and co-ordination information
has been obtained relating to the mode of action of the organotin
compound in it’s application.

Chapters one and two of this thesis describe the theory of the !
M8ssbauer Effect and the instrumentation and computational methods of
recording and processing the Mdssbauer data.

Chapter three provides the main area of study in’ the thesis and is
concerned with the role of organotin compounds in the stabilisation of
PVC. Two types of organotin compound, dialkyltin thioglycollates and
dialkyltin maleates, have been investigated for their effectiveness in
preventing thermal and photochemical degradation of PVC. The resulting
changes in the M8ssbauer parameters following degradation have led to
the identification of the organotin degradation products from which a
degradation/stabilisation mechanism has been suggested.

In chapter four the observation of a room temperature MBssbauer
resonance is used to indicate that dimethylchlorotin acetate has an-
associated structure. A subsequent X-ray crystallographic determination
supports the implications from the MBssbauer data and reveals dimethyl-
chlorotin acetate to be 6 co—ordinate with a polymeric structure.

In chapter five MBssbauer data have been obtained for a series
of trialkyltin derivatives of L-cysteine and L-homocysteine. The tri-
alkyltin moiety has been reported to be a biologically active. species
and the MUssbauer data have revealed the sulphur atom in the cysteine
and homocysteine groups to be a specific site for binding to the tri-
alkyltin moiety.

Finally, in chapter six a simple Debye model of the solid has been
applied to variable temperature MBssbauer data to suggest possible
structures for two bis(trialkyltin)compounds containing two electrdon—
ically different tin sites.
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The work described in this Thesis is a study of organotin
compounds and of the chemical changes undergone by them in some
industrial applications,using Mossbauer spectroscopy. Although the
first organotin compound was prepared by Frankland in 1849, large
scale industrial applicatioﬂs have only become apparent in the
last 10 - 20 vears, and at present some BO,QOO tons of tin are con-
;umed each year. The recent growth in the use of organotin compounds
can be attributed to their intrinsically lower toxicity in comparison
.to organolead and organomercury counterparts, and to the recently
appreciated versatility of organotin compounds in their possible appl-
ications. 66% of the current total usage of organotin compounds is
used for non-biologiéal types of application ( R2SnXp and RSnX 3 deriv-
atives), and the remaining 7,000 - 10,000 tons are reported as being
used as biocides ( RzSnX derivatives) (1).

"ith reference to the non-biological applications of organotin
compounds the largest single application is the stabilisation of PVC,
with some 20,000 tons of chemicals currently being used. PVC is
degraded by both heat (to which it is subjected during processing at
185°¢) and by long term exposure to sunlight producing severe dis-
colouration and embrittlement in the polymer. Dialkyltin compounds are
among the most effective stabilisers available for PVC and additioﬁs
of the stabilisers at 1 - 2% by weight will maintain the clarity of the
PVC and significantly retard degradation. In general, the dialkyltin-
bis(;§gpcty1€hioglycollates) are used in applications that reacuire
good heat stabiliiy, whereas the dialkyltinbis(i§gpcty1maleates) are
used for providing long term stability fto 1light. Di-n-octyliinbis-

(isooctylthioglveollate) and maleate have a low mammalian toxiciiy and
are used in msny countries as stabilisers for PV( food packaging and
drink containers; dimethyltinbis(isooctylthioglycollate) is also used

in some Furopean countries for stabilising food-contact PV( packaging.

1
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used in non-food-contact PVC., In most applicafions up to 607% of the
corresponding monoalkyltin compound, RSnX3, is added to the dialkyltin
stahiliser, RoSnXp, as it has heen found that this combination gives

a synergistic improvement in the stabilising activity. )

A numbeér of dialkyltin compounds have also been found to be effective
curing agents for room—température-vulcanising (RTV) silicones. The
three most commonly used derivatives are dibutvlitin diethanoate,
dibutyltin di-(2 - ethylhexanoate) and dibutyltin dilaurate. If the
organotin catalyst is added to the ligquid silicone at room temperature,
the reactive carboxyvlate groups are able to bring ahout cross- linking
of the silicone and produce a flexible elastomeric solid. The same
dibutyltin compounds catalyse the addition of alcohols to isocyanates,
producing polyurethanes, and are used commercially for this purpose.

The biological applications of organotin compounds are numerous
and are concerned mainly with trialkyltin derivatives for which the
level of toxicity is dependent upon the length of the alkyl chain.
attached to the tin atom.

Triphenyltin compounds are highly toxic fungicides. The first
commercially used fungicide was triphenyltin acetate which was used to
control potato-hlight fungus and sugar-beet fungus. The other most
widely used organotin chemical is triphenyltin hydroxide which shows
similar fungicidal hehaviour. Present day consumption of these two
chemicals in Hurope and Japan alone is estimated at 1,000 tons per year.

Tributyltin derivatives.haQe shown a high antitacterial activity

rarticularly against Gram—- positive Dbacteria which has led to their

Bis(tri-n-butyliin)oxide has smerged as the most affeciive organotin
derivative for the profection of such cellulosic materials as cot*on
textiles; wood, and other cellulose - hased materials which are

susceptible to fungal attack.
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to the closely related area of marine anti-fouling paints. Tributyl-
and triphenyltin derivatives incorporated in a polvmeric network such

as poly(tributyltin methacrylate) have found successful use as additives
in paints for the elimination of marine boring creatures and barnacles
from the hulls of ships. The triorganotin compound is gradually leached
from fhe paint into the sea watér where it acts as a2 toxicant towards
marine growth.

Since the Mossbauer technique using 119sn provides information on
the § - electron density at the tin nucleus it is therefore a direct
method for determining the number of ligands associatgd with the tin
nucleus. Consequently structural, co-ordination and mechanistic inform-
ation about the behaviour of the organotin compoﬁnds can he obtained
using the Mosshauer Effect. Examples of this are given in chapters 3,
4,5 and 6 of this Thesis.

In chapter 1 the theory of the MOsshauer Effect and of hyperfine
interactions is outlined, and in chapter 2 the instrumentation and com-
putational methods of recording and processing the ¥osshauer data are
discussed.

The changes undergone by organotin stabilisers of the type RoSnXo
(where R = butyl or octyl, and X = isooctylthioglycollate or isooctyl-
maleate) during thermal and photochemical degradation of PVC are
discussed in chapter 3. Vossbauer parameters have been obfained for
the compounds incorporated in PVC by conventional hot milling techniques
and also for the compounds after degradation. The organotin products
of the degradation have been conclusively identified and a reaction
scheme has besn proposed for the stabilisation and degrzdation processes

these resulis and in consuliation with the literature.
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In addition the "osshzuer data nave heen used %o deduce information zhout
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o-ordination chemistry of iin in these compounds.

Chapters 4, 5 and 6 ars similariy concerned with the use of the

3
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and the co-ordination number of the tin atom present. In chapter 4
the observation of a room temperature Mossbauer resonance is used to
indicate that dimethylchlorotin acetate has a polvmeric six co-ordin-
ate structure. The implications from the Mgssbauer data are supported
by an X - ray crystallographic study of this compound.

In chapter 5 the use of lossbauer data to provide co-ordination
information on a series of trialkyltin compounds of type R3SnX (where
R = butyl, phenyl, cyclohexyl, neophyl, and X = cysteine, homocysteine)
is discussed.

Finally, in chapter 6 variable temperature Mossbauer spectra for
compounds of the type R3SnSCH2,£2COOSn33 (where ﬁ = butyl or phenyl)
are diséussed. The two tin atoms in the compounds were found to have
different temperature dependent recoilless fractions which were subse-
auently used in calculations involving the Effective Vihrating Mass model

to investigate the co-ordination of the %in atoms.



CHAPTER 1. TEE MOSSRAUER EFFECT AND FYPERFINE INTERATIONS

Contents: Introduction
1.1. The Mossbauer Effect
1.1.1. Nuclear Resonance Ahsorption
1.1.2. Line %idth of y-ray Emission
1.1.3. Recoil Energy Loss and Doppler Broadening
l.1.4. Energy transfer to the lattice and Recoilles
Emission :
1.1.5. Observationlof %he Mosshauer Zffect.
1.é. Hyperfine Interactions
1.2.1. The Isomer Shift
1.2.2. The Quadrupole Splitting
1.2.3., VNagnetic Eyperfine Interaction.



le 1o 'I'NE MOZSnNauEr Hiiect.

The Mosshauer effect is the basis for high resolution nuclear
spectroscopy and arises from resonant absorption of nuclear y- rays
in the energy range 10 - 100 KeV. The lifetimes of the excited nuclear
states which give rise to such¥Y - rays are typically of the order of
10-8s, As a result of the high energies of the?Y -rays, natural line
widths of the order of 10-12 are observed resulting in a high intrinsic
resolution. In early studies ( 2 ), two effects limited the application
of the MOssbauer effect to a number of isotopes as well as limiting the
degree of resolution. Firstly, thermal Doppler broadening greatly in-
creased the effective line width thereby reducing the resolution, aﬁd
secondly the recoil of the emitting nucleus displaces the emission line
from the absorption line so that little overlap occurs and resonance
absorption is not observed.

It was Mosshauer's discovery ( 3 ) that securing the emitting
nuclens in an inert matrix at low temperatures gave a finite probability.
that the recoil momentum of the y- ray would be transferred to the cry-
stal és a whole and not to the single emitting nucleus., This will
occur when the recoil energy of the nucleus ER (= Ej,/mc2) is less than
the energy required to excite the vibrational energy levels in the lattice.
Under these conditions the recoil energy and Doppler broadening associated
with the transition are characterised by the mass and random velocity
of the whole crystal, and are therefore made negligible so that the emit-
ted line has essentially the energy and width defined by the transition
i.e. the emission will be recoilless. This effect therefore makes it
possible to ohtain the full intrinsic resolution associated with the
emitted high energy y - rays.

1.7.1, MNuclear Resonance Absorvotion.

Consider ithe process of resonance absorption in the tin nucleus.
The isotope 179Sn is produced from the radioactive decay process in the

metastable precursor '19MSn prepared by neuiron capture in isotopically

&



Figure 1.1. The process of Recoilless Nuclear Resonance Absorption

in 1198n
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enricnea ' von. A Simplliied energy level diagram is shown in figure
1.1 where, following the normal radioactive decay process, the meta-
stable 119mSn nucleus is seen to produce 95n in an excited state,
119sn*. The excited nucleus then very rapidly decays to the ground
state 119Sn resulting in the emission of a ¥ - ray of energy 23.8KeV.

A second tin nucleus, initially in the ground state, placed in the
path of the emitted photon will, under certain conditions, absorb the
energy of the photon to become an excited tin nucleus. This ground state
nucleus is referred to as the ABSORBER and the original exéited nucleus
as the SOURCE. The process of ahsorption is RESOMANT ABSORPTION in which
both the emission and absorption energy profiles are seen to complefely

overlap.

1.1.2 Line Width  of y-ray Emission

The emitted y-rays are not monoenergetic but have an energy
spread about a mean energy E, (figure 1.2). The distribution has a
certain natural line width (T) and has a Lorentzian line shape which

is defined by the Breit — Wigner equation ( &4 ):-—

(e 2L L (1.1)
" (E - E)2 + (7/2)2
where : I:(E) = intensity of the distribution at energy E
fs = probability of emission from the source
I' = natural line width
E, = transition energy.

The natural line width ( I') is determined from the Heisenberg

Uncertainty Principle:
r =— (1.2)

where T = mean lifetime of the excited state ( = tl/0.693)

The ground state nuclear level has an infinite lifetime and hence
a zero uncertainty in energy whereas the energy of the excited state of
the source cannot be measured sharply. Hence, the natural line width
is proportional to the probability of a transition occurring from an '
excited energy level to a ground state energy level.

Typical values for T are of the order of 1078 - 107 10s,
8



Figure 1.2 Diagram showing the Lorentzian distribution of emitted Y-rays
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In practical resonance spectroscopy the minimum full width at half ﬁeight
(Ty) is used which represents the distribution of y-ray energies of

width Iy at half height. (Iy is defined as twice the natural line width
(= 2I)).

The«.full width at half height also determines the resolution of the
technique. For example, for a m;an life of T = 2.56 x 10 %s then PH =
2.55 x 107° ev.

If the transition energy is 23.8 keV ‘then:

e _Tm_255x100° i
E E  23.8 x 10°

i.e. a resolution of 1 part in 10'2? is theoretically possible.

1.1.3 Recoil Energy Loss and Doppler Broadening

In the discussion of Nuclear Resonance Absorption, it was assumed
that as a result of the transition from the excited nuélear energy
leveis to the ground state energy level, the emitted photon has an energy
EY equal to the transition energy E.. However, by the emission of a
photon momentum conservation demands that the momentum p of the photon
and the momentum P of the recoiling system be equal and opposite. The

recoiling system hence receives an energy Eg given by

PZ pz
RSN T WM T Tt (1.3)
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"B, = B, +ERp. | | (1.4)

Since Ep is small compared to Ey ’ (1.3) becomes

Bp = Eg? (1.5)
2 Mc?

Consequently emission of the y- ray from the source results in a
shift in energy of the emission energy profile of the order Et - Eg .
For resonance ahsorption to occur in another atom, a y- ray of energy
E, = By+ BRis ?equired. The affect of Ep on the emission and
absorption energy distributions is shown in figure 1.3.. Since there is_
an energy difference of 2 ER the probability of resonant absorption
being observed depends on the magnitude of ER . For transition energies
of the order 104 eV, By is significant and overlap of the energy profiles
is poor.

In addition, the emission and absorption energy profiles experience
'Doppler Broadening', Ep,which arises from the random thermal velocities
of the source and absorbe; nuclei.

Figure 1.3 The affect of Thermal Doppler broadening and Recoil on the
energy profiles of the emitting and absorbing atoms.
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LIe emlsson Ol a y = ray ol energy Ky trom an excited nuclear state
of a nucleushhaving a velocity Vx, is represented by:-

Be + 3 M Vx2 = Fg + By + % M(Vx + v)?2 (1.6)
(where v is the velocity of the y -ray)

Since Ey = (Ee - Eg):

- By~ B, = 31 Vx2 + Mv Vx (1.7)
= Ep + Bp (1.7(a))
The kinetic energy of a nucleus in a direction x from recoil is
given by:-
By = $2MVx2 =~ KT (1.8)

and (sz)% = J—ﬁk' (19)
™ :

Substituting for (Vx2)% in 1.7 gives:
Ep = 2./ER. KT | (1.10)

Thus the y-ray distribution is shifted by the magnitude of Ep
and broadened hy twice the mean of the recoil energy and the average
thermal energy. Figure 1.3 shows the effect of Eﬁ_and ED on the
emissioﬁ and absorption spectra. The degree of overlap hetween the
two energy profiles as a result of Doppler broadening is seen to be
small. In order to observe resonance absorption it is necessary there--
fore to eliminate the effects of recoil and Doppler broadening.

1.,1.4 Energv transfer to the Lattice and Recoilless Emission

R.L. Mossbauer in 1958 observed that the recoil energy loss could
be significantly reduced by making fhe effective recoiling mass equal
to the mass of the lattice rather than the mass of the nucleus, and by
cooling the absorber and / of the source to low temperatures whereupon
ZR and Zp hecome negligible and line widths approach the natural width

of the nuclear transition (I ). For practical tin }Ossbauer studies the

source is placed in an inert solid lattice or matrix ( usually harium
or calé¢ium stannate ) and the absorber is cooled to liguid nitrogen

temperatures.

-1



111 LIle DLOSVELID el Ol tne 1atiice The sSolid 1s considered as a
quantum mechanical system in which its  energy is quantised and transitions
within the system occur through Phonon interactions. The Einstein FEnergy
Ee is the minimum energy required to excite the lattice and corresponds
to a single phonon transition. The vibrational -energy of the lattice as
a whole can only change by discrete amounts 0, thy, *ohw ,etc... (hw =
Ee tﬁe Einstein energy) and, aepending on its magnitude, the recoil energy
Fr of a single nucleus can be taken up either by the whole crystal or it
can be transferred to the lattice through phonon interactions thereby
increasing the vibrational energy of the crystal. If the recoil energy
is less than Eg then a zero phonon interaction occurs and no energy:is
transferred to the lattice and the recoil is taken up by the whole crystal.
If the recoil energy is greater than Eg then many phonon iﬁteractions may
be invloved and the energy is transferred to the vibrationalAenergy of
the lattice. Consequently the emitted y- ray suffers energy recoil and
is Doppler broadened.

For many low energy transitions ( E%';105 eV ) in solids at low temp-
eratures there is a finite probability of emission of y-rays without |
recoil energy loss. This probability is termed the recoilless fraction

'f' and is expressed as:-

f = exp [ —tr 2 & ] (1.11)

where <x2> is the mean square vibrational amplitude of the emitting
(or absorbing) nucleus in the solid

A is the wavelength of the photon.
( This expression is obtained by reducing the Familionian operator for
the atom to one term which represents the transition from the initiel
vibrational state L; to the final vibrational state L, ( 5)
i.e. f = constant. | < Lo | eik.x | L; > | 2 (1.12)
where k is the wave vector for the emitited y- photon ( the number of units
of momentum it carries = E¥h/'hc)

X is the co-ordinate vector of the centre of mass of the decaying
nucleus),

12
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displacement must be kept to a minimum to observe the MBssbauer Effect
(since f increases as <X2> decreases ). In the Debye model, the solid
is assumed to be composed of a continuum of oscillator frequencies so

that equation 1.11 becomes:-

6.
VA D/T
_ - 6 E 1 T " "x, dx
£ = exp R {— +(—- f‘x—-‘ (1.13)
K GD 4 GD 3 e” -1

The integral can only be solved under certain conditions i.e. at

absolute zero and at high temperatures when the expression reduces to:-—

(5)

(1) At Absolute zero:

£=exp|-> Fr (1.14)
2 &
(2) At the high temperature limit (where T ):6D)
f = exp r; 6 ER T O (1.15)
2

The relationship between the recoilless fraction 'f' and the temp—
erature has been the subject if numerous investigations and applications,
following early investigations by Boyle et al (6) and Hohenemser (7) on
standard tin sources.

1.1.5 Observation of the MBssbauer Effect

To observe a conventianal MBssbauer spectrum'the source is mounted
on a moving platform and the energy of the emmitted y - ray is shifted
by the Doppler Effect. Having minimised the recoil energy loss and
Doppler broadening the emission and absorption profiles are still,in
general, not coincident in terms of energy due to the difference between
the source and absorber and only when the two profiles completely overlap
will resonance occur. To observe resonance the energy of the emitted
Yy -ray is modified by imparting a range of velocities to the source such

that:-
E = E_+ "t (1.16)

If the Doppler velocity is applied to the source with respect to

13
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i.e. the effective E? is now the line position with the new energy .
according to the above relationship, If a range of velocities is scan-
ned then when the effective emission and absorption ppofiles are exactly
coincident resonance absorption will be at a maximum. At higher oi
lower velocities the resonance will decrease until it is effectively
zero and the two energy profiles are a maximum distance apart, This
sequence of events comprises the Méssbauer spectrum - a plot of absorp-
tion against a series of Doppler velocities between the source and

absorber (figure 1.4)

Figure 1.} The resultant M8ssbhauer spectrum .

Absorp-
tion

Maximum resonance
PH is achieved when
the applied
Doppler velocity
causes the source
and absorber
energy profiles
to be coincident.

-V 0 + V

Velocity (mm s~})
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Having established that nuclear resonance absorption occurs when
the emission and absorption energy profileé.qre exactly coincident it
follows that a single absorption peak will he observed in the spectrum
at zero velocity when the source and absorbeélhuclear energy levels are
identical. Different absorbers will not have the same distribution of
nuclear energy levels and therefore reaquire different Doppler velocities
to achieve resonance absorptione That different ahsorbers give rise to-
different spectra reflects the sensitivity of the MOssbauer technique
to changes in the distribution of the nuclear energy levels as
a result of changes in the extranuclear environment. These changes.arise
from Hyperfine Interactions between the nuclear charge distribution and
the extra-electric and magnetic fields and give rise ‘to the Isomer Shift
(8 ), Quadrupole Splitting ( AEQ), and magnetic zeeman splitting
observed in the MOssbauer spectrum.

1.2.1 The Isomer Shift

The isomer shift arises from the electrostatic interaction between -
the charge distribution of the mucleus and those electrons which have
a finite probability of existing in the nuclear volume i.e. the 's'
electrons. The s - electron density of a,given absorber, in general,
differs from that of the source, so that the interaction energies will
differ and a shift in the energy levels, with respect to those of the
source, is observed. Consequently a Doppler velocity is applied to the
source to achieve resonance absorption (figure 1.5).

The interaction energies, and thus the shift in nuclear energy
levels, can bhe estimated from the difference in the electrostztic inter—
action of a hypothetical point nucleus and a spherical nucleus with a
uniform charge distribution ( 5,8,9). The potential due to the spherical

nuclear charge distribution at a radial distance r from the origin is:

Ty == 76 [_2 + _x2 ] for r <R
R 2 2R° (R is the radius of the

nuclear volume)

)
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distribution between the absorber energy levels with
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for r > R

The difference between the electrostatic interaction of a nucleus
) —_ 2
of finite volume with s-electron demsity l?(o)é] , and the interaction

of a point nucleus of equal charge density is therefore:

r>R
J l?(o)-l r - th)-4ﬂr2-dr (1.17)

(where 4nr2 +dr is the change in nuclear volume).
Evaluating the term (V, - th) under the limits set reduces the

equation to:

, :
SE = 351 Z e2 -Ep(o)s:[ .R2 (1.18)

Since the nuclear excited and ground states do not have the same radii
of equivalent charge distribution the s-electrons will therefore have

a different interaction with the nuclear charge.

i.e. Rex # Rgd
Therefore:
— S PN Zg2 - g2
SE aEgd 5 2 tp(o)s:[ (RZ Rgd) (1.19)

The term (GEex - éEgd) can only be evaluated with respect to a
given source — absorber pair since (6Eex - GEgd) for the absorber will
. differ from the corresponding term for the source.

The term (Rgx - Réd) will be constant in both source and absorber
for a given isotope and thus the only remaining influence on the isomer
shift is the term involving the s-electron denmsity which will be
different in the source and absorber.

From figure 1,5

= ._E - p2
Esource - Eo 5 [f(o)gi ex R é] (1.20)
2T -
Eabsorber = Eo * 5 Z e H(O)J E{ B R;dj - .20
Since the Isomer Shift = § = - Eg
then: 6 = ﬁ Z ez[l_w(o)_l Eb(o):[ ] (Réx - R2 ) (1.22)

Equation 1.22 shows the isomer shift to be dependent upon the s-
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TiEULLUIL UBNSLLY &b Lne nucleus.  Altnougn the eiectrons in the 18,
28,3s... levels will all contribute to [@(o% ‘]2, for tin these inner
shells are not markedly affected by the chemical bonding so that the
principal influence on the isomer shift will be by the outermost
occupied s - orbital.,

In additioﬁ, the isomer shift is sensitive to contributions from
the non - s electrons. p- electrons in the tin isotope will spend a
finite time near to the nucleus thereby changing the 8 - electron
density at the nucleus and resulting in a change in the effective
potential acting on the outermost s - electrons. Such shielding effects
cause: a rearrangement of the spatial distribution of the s - electrbns
and results in a change to the total electron density at the nucleus.

The term ( Hix - Hgd ) represents the difference in nuclear radii
between the excited and ground states of the nucleus and may have positive
or negative values., Since this term-is constant for a given isotope
the isomer shift is directly related to the difference in s - electron
density between the source and absorber. For example, where (sz - B;d )
is positive ( as for '17Sn ) an increase in the s -electron density
results in a more positive isomer shift., Conversely, where the term is
negative ( as for 5Tre ) an increase in the s - electron density at the
absorber nucleus results in a more negative isomer shift.

In 1195n Mossbauer spectroscopy tin compounds having the minimum
8 - electron density (such as stannic oxide, and barium and calcium
stannates) are used as standard sources so that all other tin absorbers
give a zero or positive isomer shift relative to the source.

1.2.2 The tuadrupole Splitting

The quadrupole splitting arises from the interaction of the nuclear

gquadrupole moment with the local electric field gradient. In definin

Db}

the interaction that gave rise to the isomer shift the nucleus was con-
sidered to be spherical with a uniform charge density i.e. the spin
angular momentum (I) = O or % resulting in a zero quadrupole moment.

18
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density is no longer uniform and the nucleus assumes either a prolate
or an oblate shape resulting in a discrete quadrupole moment. The
expression describing the interaction of the quadrupole moment ( M )

with the local electric field gradient is given by ( § j:~
2 Lo 2 273

Eg e‘q Q 3Bpe - I (I+1)f |1 + 7 |2 (1.23)
LI( 2T -1) 3

nuclear quadrupole moment

.asymmetry parameter

where Q
n

( M12 removes the degenerecy from the nuclear energy levels which
have different values for the magnetic quantum number. The levels for
which M1 changes in sign only remain degenerate). For 2TFe and 11.9Sn_,
Ie = 3/2 and Ig = 1/2., Te I = 3/2 level is split into two levels
(My =+ 3/2, +1/2 ) while the I = 1/2 level remains degenerate as
shown in figure 1.6. Both transitions shown in the diagram are allowed
and a characteristic two line spectrum is observed. The separation of
the two peaks is the gquadrupole splitting[:AEQ (=eZQQ /2)] and the
centre of the splitting gives the isomer shift.

In each case where the degeneracy is removed the magnitude of the
.splitting is determined by the interaction of the quadrupole moment
with the Z component of the elctric field gradient (E.F.G).

The E.F.G. arises as-a resultAoffthe nen-sphericalﬁcperge dis-
tribution areeﬁd the nueleus'an&,'By aete;minétibn>of iee‘efigin,
allows the basis for determining the co-ordination about the nucleus
to be derived. It is defined by a 3 x 3 matrix which contains the
resultant combinations of the cartesian axes from the centre of the
nucleus, and which represents the negative gradient of the electric
field from a point charge situated at any point around the nucleus
within the limits set by the resultant cartesian co-ordinates i.e.

Vxx ka Vxz

Vyx Vyy ¥yz where TV, =

2%V
E.F.G. = VE
¢ 2333

Vzx Vzy Vzz

19



- mpwse. mwwve auueiaLLLULL UL LUE LUCLeal quaadrupole moment with the Electric
Field Gradient for Ie=3/2 and Ig=l/2.

////’ y ,MI=:3/2
Ie=3/2 - éEQ
L Ml=:1/2

M =£1/2

I =172 /
g

Absorption

Quadrupole Splitting
Isomer Shift

-1 o +1 -1
Velocity (mms )

The above matrix is ?educed by choosing a principal set of axes
so that the off-diagonal terms are reduced to zero and the tensor
has only three components: Vey, Vi, Vz,. Under such conditions these
three components are not independent and are related by the Laplace equation:
¥ Vg + Uy =0

By convention the Z co-ordinate of the E.F.G. is chosen to coincide

VJDC

with the highest symmetry axis of the molecule or crystal. The

remaining two co-ordinates are evaluated using an asymmetry term, n,

20
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respect to Vz5 i.e.

po= Vo - Ty
Vzz

Thus V3, and  are the only two independent components in equat-
ion 1.23. The principal axes are usually chosen such that the non-
diagonal components are zero and that V,, ;Avyy 2 Vxx , thereby
making Og< n sl. For an axially symmetric field gradient Vi = Vyy
and so = 0, and for cubic or spherical symmetry each of the V34 = O
and the quadrupole interaction is zero.

It is evident that the position of the point charges in the vicinity
of the nucleus, with respect to the three components of the E.F.G. tensor,
dictates the magnitude of the quadrupole splitting. Consequently any
change in the position.or any asymmetry introduced into the geometry of
the arrangement, will be reflected in the contributions from V,, and 7
thereby changing the value for the quadrupole splitting. Vzz and n ,
however, cannot be evaluated quantitatively from measurement of the
quadrupole splitting alone.

The electric field gradient in general has two contributions. Each
electron in the atom makes a contribution to a component of thé E.F.G.
tensor and, if the orbital population is not spherical, the total wvalue
of VZZ will be non-zero because.of this Valence contribution. Thus if
there is an excess of electron density along the Z axis (i.e. electrons

in Py dZZ, ,%kz,or%itals) V;z will be negative in sign, whereas

d
.
if the excess in electron density is in the xy plane(i.e. electrons

in p,p_,d
pX.’py., x5’
Secondly, there is a contribution from the distant charges ( ionic

dx2€y2 orbitals) Von will be positive in sign.

charges) associated with the ligands and is referred to as the Lattice
contribution. This ferm becomes imporiant for an s-state ion where the
valence contribution is negligible.

Pinally to conclude the discussion of electrostatic interactions

the effect of shielding on the quadrupole splitting must be considered.
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The effective field gradient at the nucleus arising from either the
surrounding ions or the outer unfilled valence shells is significantly
modified by the atom’s own inner closed shell electrons. Distribution of
the closed shells, giving rise to a hyperfine interactioh with the nucleus,
may occur resulting in shielding or anti-shielding effects on the effec-
tive field gradient. Corrections for shielding or anti-shielding can

be made by multiplying the uncorrected quadrupole moment by a factor of
1/(1L - R) (5,9). A

(The factor R is the Sternheimer shielding factor).

1.2.3 Magnetic Hyperfine Interaction

The magnetic hyperfine splittings arise from the interaction of the
Nuclear Magnetic Dipole Moment  'u' with the hyperfine magnetic field 'B'
existing at the nucleus. The Hamiltonian representing the interaction

is given by:

K

]

~u.B = -gNu.NI.B (1.24)

where nuclear gyromagnetic ratio
nuclear magneton

nuclear spin angular momentum

gy

The interaction removes the degemeracy of the nuclear spin I to
split each level into (2I + 1) sub-levels (figure 1.7). The shifts
in the nuclear energy levels associated with the loss of degeneracy,
are givgn by the relationship:

Ey = = Uy-B.M (for M_ = I,I-1,I-2......I)
I

T I

- - gelB.M (1.25)

A practical application of the magnetic interaction is obtained
using the 57Fe nucleus. For S7Fe, gNdiffers in sign for the ground and
excited states and the selection rules concerning the allowed MYssbauer
transitions ( AMI = 0,%1 ) apply giving rise to a symmetric six line

spectrum (figure 1.7).

22



_ — ~— v e -

Fe nucleus and the resultant Mdssbauer
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Lo spacings petween the line pairs (1,2), (2,3), (4,5) and (5,6)

are equal since for I =
and for I

Hence M

E =

E =

3/2
1/2
= ( T3/2

'gN-'opN . B. 3/2

- Il/z ) = —%\I oqu.g Bo

Consequently the iron spectrum is used for calibration and linearity

checks.

Finally, the intensities of the lines are dependent upon the angle

6 Dbetween the effective magnetic field, B, and the direction of prbpag-

ation of the radiation.

Bancroft ( 8 ) has shown that the intensities of

the lines are given by the relationships:-

I

I

1z

Ig
15
Ia

3 (1 + cos2g )
4 sin?y (1.26)

1 + cos2g

For the example shown in figure 1.7 in which the six line spectrum

has the magnetic domains randomly orientatéd, the area ratio of the six

lines is 3:2:1:1:2:3%, which results from integrating the above expressions

over all angles.
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2,1.1., Important Criteria for a Mgssbauer Isotope

The Mgssbauer Effect is not observed in many of the nuclei in the
Periodic Table. The criteria which determine in which nuclei the
Mossbauer Effect is observed are listed as follows:-

(i) The source must emit a suitable low energy y-ray which gives
an unsplit emission line. The magnitude of Ey is important since the
smaller EY the greater the recoilless fraction 'f' (equation 1.11).

(ii) The Mossbauer y-ray must be well separated in energy from
other photons in order to reduce background levels in the Mossbauer
spectrum.

(iii) The radioactive decay of the source must prove convenient
for practical experiments. (For example, the parent nuclei for Nickel
Mossbauer Spectroscopy ar961Co and 61Cu, which have half-lives of 17
hours and 3.3 hours respectively and are far too short for routine
experiments).

(iv) The magnitude of the Mossbauer Bffect is proportional to the
area under the absorption curve. In general, for a 'thin' Lorentzian
absorption line and using é single-line source the area is given by:-

A=3% m.f . f 0 on.X (2.1)

o]

recoilless fraction of the absorber and source

where £ , P
a s respectively

o = isotope cross section
n ° . isotope natural abundance
X = absorber thickness

| From the above expression it is apparent that only those isotopes
which have a high natural abundance, large cross section and large
recoilless fractions will give a significant Mmossbauer Effect.

It should »e noted: that the above expression only applies %o thin
absorbers and that where X is large, deviations from the Lorentzian
shape occur resulting in saturation. The effect pf absorber thickness
on the area under the absorption curve is discussed in section 2.1.3.

(v) Finally, having chosen an isotope that gives a large lMossbauer
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sensitive to the chemical enviroment and any changes in the line
positions must be measureable.

2.Y.2. The Source

The decay of ""%n emits a y -ray of energy 23.8KeV (half-life

= 245 d) which has a natural line width ofwo =0,6467 mms}m1 (10).

" is shown in figure Z.1(a)., The source

119

The decay scheme for

used during this investigation was a 15m(¢ Sn isotope im a BaSnO

3
matrix supplied by New England Enterprises. This has a full width at
half-height of 0.8196 mms-j measured against a 0.0005" tin absorber

and an isomer shift of + 2.55mmsf1corresponding to the 8 -tin ariange—

ment in the BaSn0.. lattice.

3
For the purpose of calibration and linearity checks, the magnetic
hyperfine splitting of the ground and first excited state of57Fe was

used. To observe this the 14.4KeV y -ray transition to the ground
57 the 57

state of” 'Fe was used, which is emitted during,decay of ? Co (shown

in figure 2.1 (b) (half-life = 270 d). The 14.4KeV y -ray has a
5706

natural line width u = 0.1940 mns~1(10). The source used was a
isotope in a Palladiuﬁ matrix with an estimated activity of 3mC , having

1, Both sources

a single line with a full width at half-height of 0.22mms"
had an acceptable recoilless fraction at room temperature. Nuclear para-
meters for tin and iron are given in Table 2.1.

2.1.3. The Absorbers

In Chapter 1 the line widths were shown to be related to the half
life of the excited nuclear state by the expression:
T = % .0.6939

H
't1/2
In practice, however, the ohserved line width at half maximum is

influenced by the thickness of the absorher. As the thickness of the
absorber increases the line shape bhegins to deviate from the Lorentzian
shape and saturation effects are observed. On the other hand the

absorber needs to be of finite thickness for resonant absorption to be
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Figure 2.1(,). Nuclear Decay Scheme for 119,

119Sb

38h
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E.C. Sn
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Sn

(b) Muclear Decay Scheme for 57Fe.
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Table 2.1.

for 119811 and 57Fe.

(Data for both nuclei obtained from the M&ssbauer Effect Data Index

1‘975 ) .

119Sn

B = 23,8 KeV
g

7, = -1,04621(6) mm
e

+0,682(8) nm

]

u
= He = -0.651
R =18 519

09

Mdssbauer nuclear parameters and calibration data

5756
E =1 ° KeV
) Lol
Hy = +0.09024(7) nm
u, = =0.15460(16) nm
u
R =& ==%.7132
Wl

T =2.,570 x 10‘8 eV
&Jo—- 006L|-6(Zl') mms-1

Isotopic Abundance =8.58%

T = 4.665(7) x 1077 v

w, = 0.1940(3) mms,'1

Isotopic fbundance = 2,14%

Line positions (symmetrical)
1

E 1,6 +5.312(4) mms_
E 2,5 +3,076(2) —
E 3,k +0.840(2) mas

= =0.2173

o3l o
o O

a9

& = -0.57106
g
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an optimum absorption curve. A quantitative appreciation of the effect
of varying the absorber thickness is obtained by econsidering the area

under the absorption curve. Brooks and Williams ( 411 ) showed that,

in general:

Me) = e oem( ). [T, 0 ¢ T @G0 (22)
where A(t) is the Area under the absorption curve arising from an
absorher of thickness'<4 !
I is a Zero order Bessel function
'I? is a First order Bessel function.

The above expression can be reduced, to a first approximation, to:-
A(‘t) [~ 4 fs 't (1 - Oo25t+ Oa0625t2 + co.oo.o.) (203)
for values of +t << 4,

£ = Lamb - Mossbauer factor for recoilless fraction in the
source,

where t is large ( 210) equation 2.2 must apply.

The absorber thickness is calculated using the equation:-

t = f.n. fa o ao « X (2.4)
where n = no. of resonant nuclei/cm3

g = resonant cross section

£° = absorher recoilless fraction

Xa' = actual absorber thickness

g = relative intensity of the absorption lines.

In practice,. evaluation of the optimum absorber thickness using
equation 2.4 is limited in that fcr many compounds fa is not known. In
addition, the absorption curves are susceptible to deviations from the
'Lorentzian shape due to particle-size effects, crystal orientation effectg)

the Goldanskii - Karyagin effect , and from additional non-resonant
intensities produced by the scattering of higher - energy 7y -rays.

The tin compounds investigated were ohtained as either powders or
liqﬁids or incorvorated in a PVC matrix. The physical state of the
sample determined the amount of tin in the sample which consequently
dictated the length of the run time required %o obtain the Mgssbauer
spectrum. Long run times (of the ordef of 48 hours) were found necessary

for samples of the tin compounds dispersed in the PVC matrix due to the
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. low concentration (4%w/w of the polymer) of the tin and the
absorption of Y - rays by the PVQ. For powder and liquid samples
such és pure dimethylchlorotin acetate and dibutyltinbis(isooctylthio-
glycollate) respectively run times of only four hours were required to
obtain £he Mossbauer spectrum.

Typical t values for the organotin stabilisers dispersed in PVC
(at 1.27 ﬁ/w) can be calculated using equation 2.4:

t = B.n.f. co

where B = 1/2 for a single quadrupole doublet.
f = 0.6 (corresponding to the maximum value where fa = fs - the
recoilless fraction of the source).
o, = 1.403 x 10718 o

2
n = number of resonant atoms/cm

(i) To calculate n:

Weight of stabiliser in PVC sample = 9.96 x 10h39
Weight of 1198n in the stabiliser = 1.59 x 10-43
Weight of 119Sn/cm2 = 6.25 xylo_sg/c_m2

3.16 x 1017atoms/cm2

.’ Number of atoms of 119Sn/cm2

Substituting the vaiue for n into equation 2.4 gives

t = 0.133.

This represents a maximum expected value for a recoilless fraction
of 0.6. 1In general organotin coﬁpounds have recoilless fractions in
the range (0.06 to 0.4) at 80K (5).

Equation 2.3 relates the area under the absorption peaks to the
absorber thickness: |

A(t) « fs.t (L - 0.25 t + 0.0625 t2 L |

A(t) « f .t-0.25f t2+ s ecsecae
s 4 s
Substituting for t gives:
A(t) = fS.(O.133 - 0.0026)

The term fs t2 can be considered negligible and the yvalues calcu-

lated show the area under the absofption peaks (A(t)) to be directly

proportional to the absorber thickness.
31
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in Chapter 1 the Mossbauer spectrum was.defined as a plot of the
number of y-ray photons transmitted through an absorber as a function
of the instantaneous relative Doppler velocity of the source with
respect to the absorber. Servo and power amplifiers drive the source
producing Doppler - shifted y -rays which interact with the absorbers.
The transmitted y -rays then pass through a suitable detector and into
a multichannel analyser where the spectrum is compiled over 512 channels,
each channel represenﬁing a particular y -ray energy corresponding to a
.specificADobpler velocity. Accumulated in the multichannel analysér the
.spectrum is available for computer processing. TFigure 2.2 shows a block
diagram of the Mgssbaugr system used during these investigations.

2.2,1. lMosshauer Drive Svstem and Multichannel Analvser

Throughout this investigation a Northern Scientific ECON seriesIl
1024 multichannel. analyser was used. Two modes of operation were
available: the TIME mode, in which the analyser operates as a multi-
channel gcaler, and the Pulse Height Analysis (P.H.A.) mode. In the
time mode the analyser stores the total count information in each channel
through a preset time interval of 50 - 100us. At the end of the time
interval the address is advanced to the next sequential channel. The
only dead time is that incurred during the channel - advance and this
has been estimated to 5 - 10% of the total scan time. This operating
cycle is repeated over 512 channels and then recycled. ¥When operated
in the P.H.A mode random input pulses are sorted and counted according
to their peak amplitudes. The height of the pulse is directly propor-
tional to the energy of the <y-ray producing the pulse and the resul{—
ing energy spectrum is stored in the 512 channels of the muliichannel
analyser. |

A constant acceleration vibrator was used to scan 2 range of fixed
velocities (% 0—10 mms-1)linearily and repetitiously with the counts
being stored in the multichannel analyser such that the velocity
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channel analyser a square wave was extracted from the 'Most Significant
Bit' (MSB) of the MCA such that its leading edges were 256 and 512.

Since the vibrator is driven by a symmetric triangular waveform the

square wave is then integrated to give the required reference waveform

to drive the vibrator (figure 2.3). The drive or transducer produces a
voltage proportional to the velocity of the vibrator's drive shaft. The
servo amplifier compares this signal to the referehce triangular wave-
form and applies corrections to the drive coil to minimise any differences.
The amplitude of the triangular waveform determines the velocity scan of -
the vibrator and can be changed usingiconventional potentiometer (helipot).
While the vibrator is sweeping continuously over a range of velocities,

the MCA is sweeping continuously through 512 chanﬁels. The two sweeps

are automatically synchronised and the y-rays from a particular velocity
are fed to the same channel in the analyser.

Using this symmetric waveform a mirror image of the spectrum is
obtained since, by the nature of the ﬁaveform, the velocity of the source
will change from 'positive to negative' and from!'negative to positive!'
during a single cycle. This serves a useful purpose in that the
duplicate spectrum can be 'folded over'-with a mirror centre at channel
256 - and computer averaged (figure 2.6). The process of folding the data
also aids the resolution of the spectra and serves as an additional check
on d.c. drift.

2.2.2. Detectors

The detection syvstem employed consists of eithef a proportional
counter or a scintillation counterl(depending on the energy of the
y =-rays involved), a pre-amplifier and a high count - rate amplifier.
Since the vy-ray transition giving rise to the Mossbauer Zffect in iron
compounds occurs at 14.4KeV the proportional counter is prefered as the
low energy y -rays are absorhed totally by the gés filling of the

counter. This has better resolution and better signal/noise ratio than
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The output is folded about channel 256, each channel corresponding
to a fixed velocity.

(Zero velocity is expected at channel 128.5)
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energies on account of the thickness of the NaI(Tl) crystal
employed. The proportional counter used for iron studies‘contains a
mixture of 90% Argon and 10% Methane providing optimum conditioné for
the ionising radiation. The operating voltage is at 2.28XV .

In studies with tin compounds in which the y=ray transition emergy
is 23.8KeV , the sodium iodide - thallium activated  NaI(Tl) crystal
scintillation counter is used since this shows much greater efficiency
than the gas-filled proportional counters at energies greater than 15KeV
(12 ). The main advantage the solid scintillator has over the propor-
tional detector lies in its operation.

Figure 2.4 Typical Resolution Gurves of commonly used y -ray Detectors

50 4
NaI(T1) Scintillator
Resolution
(# .
20 _ Ar - cH, (10%)
Proportional
Counter
10 4
5 4
2 Ge(Ii) Sem?
Semiconductor
1 Detector
50 100 150 200

The scintillation counter operates by producing electron-hole pairs as
a result of ahsorption of the high energy y-ray on the NaI(Tl) crystal.
The energy of the photon israpidly transferred through a large mumber of
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photons'which then activate a photomultiplier. The to%al number of
light pulses emitted by the crystal are proportional to the energy of
the original y -ray.- The resolution of the detector is further
increased by using a NaI(T1) crystal which has a high light output
compared to other crystals.

If a gas-filled proportional counter is used to measure the high
enerngy'—rays the number of ions prqduced in the gas becomes very high
and the counter loses its proportionality due to space-charge effects
in the 'avalanche' electrons and in the limit of high multiplication
the output pulse ﬁeight becomes independent of the primary ionisa£iqn.
Hence a loss of stability and a loss of resolution occurs fof higher
energy radiations.

The scintillation detector used containes a 1 mm ﬁhick'NaI(Tl)
crystal mounted behipd a very thin (2 0.025 mm) aluminised -mylar
window and has an opeiating voltage of 1KV. Figure 2.4 shéws a
comparison of the characteristic resolution obtained with a NaI(Tk)
detector and an Argon - Methane proportional counter (12).

2.2.%3. Crvogenic System

4 CF200 continuous flow cryostat was used to maintain thé low
temperétures (80K) required to record the Mossbauer spectra of the
organotin coﬁpounds used in these studies. The cryostat (figure 2.5)
contains a central chamber at its  base in which a gold-plated sample
probe (figure 2.5(a>) is located, and which is filled with Helium
exchange gas thereby eliminating the problem of cooling inherently
poor thermal conductors.

Temperature control and measurement is achieved using a DTC 2
digital femperature controller and a CLTS carbon resistor located on
the side of the heat exchanger as a sensor which converts ftemperature
into an electrical signal. This signal is fed to the DTC 2 which

indicates the temperature on a four digit display. The measured
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Figure 2.5 .CF200 Continuous Flow Cryostat
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Figure 2.5(a) Sample probe for CF200 Continuous Flow Cryostat
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temperaiure 1S comparet wWiln Ttne adesired itemperature ana an error Signadl
is generated proportional to the temperature difference. The controller
then regulates the amount of power fed to a heater depending on the mag-
nitude of the error signal.

An additional temperature monitor is also carried out using a
calibrated carbon resistor located at the base of the sample holder.
The output, in terms of resistance, is monitored on a digital multimeter
and represents the temperature inside the sample chamber. |

Liquid nitrogen is used to obtain .a temperature of 80K and is drawn
froﬁ a reservoir through a transfer tube to the outer jacket of the cry-
ostat where it is circulated around a heat exchanger. The sample;chamber,
also in contact with the heat exchanger, is first evacuated and then
filled with Helium exchange gas, thereby allowing for efficient cooling
of the sample. |

Powder and liquid samples were studied using the same sample probe.
In the case of powdered samples the absorber is placed in a smmll perspex
disc which is then sealed and secured fo the base of the probe. The liquid
absorbers, however, were injected through a small hole drilled into the
sealed disc such that no air bubbles were present. The hole was then
plugged using perspex wedges and the disc secured to the sample probe.

The discs were secured to the probe by placing them between the base
of the probe and a cover plate which is attached to the. probe by four
brass screws (figure 2.5 (a) ). The cover plate has a central hole
drilled out slightly smaller in diameter than the perspex disc to allow
passage of the Y -rays through to the detector. The probe is positioned
in the cryostat in alignment with the aluminised - mylar windows at its
base. Sample replacement is achieved by removing the probe from the
cryostat, allowing it to reach room - temperature, and then removing the

cover plate retaining the sample disc. -
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Lede LOMPUTEYr FLTTING FTOCESS.

The use of computational facilities is essential for the inter-
pretation of Mossbauer spectra in terms of line position, line widths
and relative intensities. A program based on the work of Lang and
Dale (13 ) on the computer fitting of Mossbauer spectra was used
for the analysis of the Mossbauer data.

As described in section 2.2.1 the constant acceleration vibrator
produced a Doppler velocity which varied from + V to O to =V and
back to +V through one complete cycle of 512 channels, By the nature
of the triangular waveform produced by the transducer the two zero
velocity positions are at mirror positions and at the extremitises of the
source displacement. Consequently the spectrum produced contains the -
mirror image of the data in the first half ( 0-»256 chamnels) of the
multichannel analyser.

2.%.1. Folding Program

The first operation in the fititing process is to fold the data
stored in channels 0—+256 onto the data in channels 256-+512 and to add
the counté stored in the corresponding channels. An accurate determin-
ation of the zero velocity position (expected at channel 128.5) is
ensured in the folding process by scanning 10 half - channels either
gide of exﬁected folding positions to find the best'mirror axis for the
absorption peaks so allowing for small fluctuations in the D.C. level
of the drive system. The best mirror axis is determined by evaluating
the minimum difference hetween the sum of the squares of the mirrored
data points. Figures 2.6 & 2.6.1 (a—»c) shows the sequence of events
in the folding giving rise to zero posiiions at (a) an offset of - 10
(channel 123.5) (b) an offset of - 5 (channel 126 ) and (c¢) an offset
of 0 (channel 128.5).

2.3.2, Fitting Program

A visual inspection of the Mossbauer spectrum determined the type

of fit to the data in the folded spectrum (now in 256 channels). The

L1



Figure 2.6 Data comprising two mirror image spectra

Channel B l
Number

0 128.5 256 384.5 512

Figure 2.6.1 Folded data showing zero position at:

(a) Offset = -10
(channel 123.5)

123.5

(b) Offset = -5
(channel 126)

126

(c) Offset =0
(channel 128.5)

S~ 128 .

n

-
-



options available describing the different types of fitting conditions

are listed as follows:-

Option 1 : the absorption peaks are fitted as individual lines. The

eompufer varies the position, width and depth of each line independently
 to obtain the best fit.

Option 2 : the absorption peaks are fitted as a number of doublets.

The centre, splitting / 2, widthsiand depths estimated from the folded

data are varied until the best fit is obtained. The widths of the

component lines of each doublet are made equal,

Option 3 : the absorption peaks are fitted as individual lines having

the same widths. The computer varies the positions, widths and dépths

of the lines under the restriction that each line is given the same

width, until the best fit is oftained.

Option 4 : the ahsorption peaks are fitted as a number of doublets but

under the same restriction given in Option 3. The centres, splittings/z,

widths , and depths of each doublet are varied until the Eest fit is

obtained.

Using any of these options a non - linear least squares program is
used to fit the data to theoretical Lorentzian line shapes relative to
a constant background which takes into account small variations from
the cosine effect. This program is then used to:-

(i) calculate the line positions, widths and intensities in the
spectrum from the folded data.

(ii) calculate a minimum in the difference between the sum of the
squares of the experimental data points and the theéretical data points
(obtained from a second subroutine in the program). This defines the

x2 value which has the expression:

Ttheoretical )2

2 i=256 experimental
X" = jz 5 ( x5 - %

i=0
(If the difference between the experimental and theoretical data is

large or if the amount of background scatter is great, then XZ will be
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large).

(iii) wuse the least squares analysis to determine the optimum values
of the background counts, baseline curvature and overall intensity of the
final spectrum.

2.3.%3. Calibration of the Mosshauer Spectrum

The amplitude of the symmetric triangular waveform which drives
the vibrator, is determined by the helipot sétting on the servo amplifier
and is related to the velocity range through which the vibrator is
driven. Consequently the 512 channels containing the Mossbauer spectrum
must be calibrated using the velocity range set by the helipot relative
to the amplitude-of the waveform. The calibration constant (defiﬁed in
terms of channels mm-isf?)for a particular helipot is obtained using
the magnetic six-line spectrum of enriched iron as a calibration standard
(figure 2.7).

Figure 2.7 Enriched iron spectrum recorded over 512 channels.

Channel 256 512

Number

= 0 +V 0 1

B



rrom rigure «o( 1T can be Seen thnat ithe data on the ascending arm
of the voltage ramp (O— 256 channels) is the mirror image of the data
on the descending arm of the voltage ramp. The data is thus folded
thereby reducing the amount of data handled and enabling calculation
of the zero velocity ( to within *0.5 channels).

Having folded the data the lines are fitted in their pairs
i.e. (1,6), (2,5), (3,4) as described in Option 2. Using the known
Doppler velocities of the six lines (10 ) and calculated splitting / 2
parameter for each pair, the calibration constant is determined using
the exp;esSion:

C = SPLITTING channels mm ™15~

2 x Doppler Velocity

The positions of the lines have the Doppler velocities:-
5.312 mms_]
3,076 mms_,
0.84 mms

lines (1,6)
lines (2,5)
lines (3,4)

Bowon
1+ 1+ 14

The final value for C is the determined average of the three
results using the above expression.

Calculation of the calibration constant for different velocity
ranges depended upon the helipot being accurately linear. This only
applies if all other features of the velocity drive system remzin
unaltered. The linear calibration of the helipot was checked by
measuring the calibration constant for several helipot settings and
the error in linearity was found to be smaller than the error involved
in setting the helipot. Further a check on the linearity of the
triangular wave is achieved by noting thebdifferences in the positions

of the lines (in channels).

i.e. ( line 2 = line 1)
( line 3 = line 2 )
( 1line 5 - line 4 )
( line 6 = line 5 )

The standard deviation of this data gives an indication of the
linearity. (The difference between line 3 and line 4 is not used since

this represents the difference between the ground and excited energy levels -
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£.3.4. Errors in the )ossbauer System

The major sources of error inherent to the gystem have previously
been quantified (14 ) for compounds having a high concentration of tin.
The sources of the errors and their contributions have been listed as:-
0.09 channels
0.25 channels

0.05 channels
0.11 channels

(1) Fitting error

(2) Error in determining zero velocity
(3) Error in linearity

(4) Brror in calibration

I+ 1+ 1+ 1+

The total contribution from the above errors amounts to ¥ 0.50 channels
(equivalent to * 0,02 mms-f). Although the above sources of error are
present in the high dilution studies of this investigation an increased
contribution is observed as a function of the run time.

As previously discussed long run times of the order of 48 hours
were required for samples of tin compounds dispersed in PVC which added
increased contributions from the D.C. drift levels in the instrumentation
to the error in the zero velocity and linearity. Comparison of the RMS
error /g values for data obtained after long min times with those for
data obtained after only a few hours analysis reflect the increase in the

D.C. drift.

24 hours

i.e«. RMS /o 1.508 for T.

n

RMS /o = 2.998 for T = 48 hours
(g is the standard deviation in the statistics for counting fbr the
respective run times ' T ').

A further estimation of the effect of run times on the error in the
line position and linearity was ohtained from three individual analysis

of dibutyltin dichloride in PVC (at 1.2% w/w ) for run times of 24 and

48 hours.
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(Hours) (channels) Splitting ( mms"1)

24hrs 3,0702 3,05

0.0234
48hrs 3.,0899 3.09

-0,0061
48hrs 3.0940 3,10

-0,0114

1

The above data indicates a maximum increased error of #0.05 mms . in

the line positions for extended run times.
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9.1 Lntroduction

Organotin compounds have proved to be efficient stabilisers against
thermal and photolytic degradation of PVC. The most damaging process
of degradafioﬁ is dehydrochlorination which proceeds by a ' zipper
reaction ' and results in the formation of long chain polyene sequences
in the polymer. Such polyene sequences impart severe discolouration
and brittleness to the PVC. While dehydrochlorination is common to botﬁ
thermal and photolytic degradation, two classes of organotin compound
have emerged as the most effective stabilisers. Organotin mercaptides
of the type stnyz ~ (where R = alkyl and Y = alkylthioglycolléte) are
the most common and most efficient stabilisers against thermal degrédation,
and organotin carboxylates of the same type (Y = alkylmaleate) are the
most efficient stabilisers against photolytic degradation. There is,
however, some dégree of overlap in the use of either class of stabhiliser.

Using Vossbauer spectroscopy it is intended to Ffollow the changes
that occur to the organotin stabilisers during thermal and photolytic
degradatioh of PVC with subsequent identification of the degradation
products. Goldanskii (45 ) recently reported a similar application of
the technique to various polymer systems.

3,2 Literature Review

The subject of heat and light stabilisation with respect to the
mode of action of organotin stabilisers, as well as the processes invol-
ved in the degradation of PVC has been discussed in numerous books and
reviews (16 - 31 ). However, the mechanism of stabilisation is still
not yet fully understood despite the many papers and detailed investiga-
tions into the subject (32 = 40 ). 'With respect to thermal stahilisation
perhans one of the most constructive reports to emerge from the initial
investigations is that by Fryve, Horst and Paliobagis (17). 3=y studying
the reactions bhetween PVC and some organotin stabilisers of the general
type . RZSnYZ

it was shown that neither of the R groups nor the tin atom were permanently

using radioactive labelling of various funciional groups
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auLaCnee L0 Tne poLymer, nhut there was evidence that the chlorine atoms
on the polymer were @o-ordinated.to the‘tin atom of the stebiliser *o
give it an ocﬁahedral geometry. A mechanism for stabilisation was
suggested in which the Y groups were exchanged for the chlorine atoms
to form the dialkylchlorotin ester RZSnGlY or dialkyltin dichloride

(reactions 1 and 2)

i.e. R7CL + RQSnYé — » RY + RZSnClY (1)
2fﬂ+P@ﬂ[——$2§Y+Rﬁm2 (2)

Klemchuk (41) working in part to confirm the stabilisation theory
of Frye et al studied the reactions of allylic and tertiary alkvlchloride
model compounds with dibutyltin dilaurate and dibutyltinbis(dodecylﬁer—
captide). It was concluded that the presence of allylic chlorine atoms
in the PVC maf well be an influencing factor in the degradation process
of the polymer. This work also confirmed the formation of the dibutyl-
chlorotin derivative as a product from reactions with the model compounds.

Ayrey et al (40 ) confirmed that reactions (1) and (2) readily
occured with model compounds at 180°C, and in a later paper (20 ) studied
the reactions of the model compounds t-butylchloride and 3-chlorobutene,
containing tertiary and allylic chlorine atoms respectively with various
" organotin mercaptides, thioglycollates and carﬁoxylates to confirm
Klemchuk's conclusions on the nature of the process leading to degrada-
tion of the polymer.

Many workers, however, have concluded that the organotin stabiliser
reacts with the liberated hydrogenchloride to form dialkyltin dichloride.
Stapfer and Grannick ( 43 ) studied the process of degradation in PV(
containing anti-oxidant stabilisers., It was recognised that dibutyltin-
bis(;ggpctylﬁhioglycollate) functioned as a potent anti-oxidant which,
when present at 2% by weight of the polymer, imparted the hesi long-term
stability to the unplasticised PVC, and it was concluded that after
dehydrqchlorination the stabiliser formed dibutyltin dichloride prior to

degradation of the polymer.
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Poller (i) studied the interactions between FVC and an isotopic-
elly lebelled stabiliser, Bu,Sn(>’SBu),, during degradation end concluded
that the dominant reaction in the stabilisation process was the absorption
of hydrogen chloride to form dibutyltin dichloride.

In a later review (45) Poller suggested that the stabiliser performed
two roles:-

(1) during an induction period, the stabiliser functions in a pre-
ventative way by exchanging allylic chlorine atoms present in the polymer
with the thioglycollate groups, and

(ii) during the main degradation process it serves to remove the
liberated hydrogen chléride, forming dibutyltin dichloride and a thiol
which then adds to the double bonds in the polymer.

Wirth and Andreas (26) in an extensive review of the process of
stabilisation also concluded that the main factor in both thermal and light
degradation is the Prqgénce of labile allylic chlorine atoms which act as
initial sites for the dehydrochlorination process. |

Finally, Ayrey and his co-workers (46) suggested that chlorine atom
initiators are generated in the induction period preceding decompositiocne
The organotin stabilisers delay the decompositionm of the PVC by exchange
of X groups (in R,SnX, where X = OGOR , SR ) for =1lylic chlorine atoms,
and generation of HX compounds which add to the double bonds formed. The
scavenging role of the stabiliser for chlorine atoms was considered and a
mecna.n;x_sm suggested involving chlorine atoms absorbed by the stabiliser
resulting in the formation of dibutyltin dichloride,

3e¢3 OCbJjectives

The mein 2ims of this study were to follow the reactions undergons
by two tyves of commercial organotin stabilisers during thermal and U.V.
degradation of PVC using Méssbauer spectroscopy, to identifly the degradation

products, and to propose a reaction mechanism to account for the observed
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Suggest structures for the stabilisers and their degradation products

and to account for any changes in structure or co-ordination arising
from the degradation process. ‘Finalll;y' an attempt was to be made to use
the information from the above study to prepare and investigate some
novel organotin compounds as potential thermal stebilisers and similarly
follow their reactions during degrada'tion and to identify the degradation
productse.

Tl Thei‘mal Stabilisers

3elrelo Results and Discussion

- (a) PVC Stebilisation
PVGC sheets containing the organotin stabilisers to be studied
were prepared using conventional hot milling techniques at Lankro
Chemicals Ltd. An intimate mix of PVC powder and stabiliser (at the
required concentration) was continually passed between two rollers heated
at 185°C to produce uniform and clear sheetso. The contact time between the
PVC mix and the rollers was kept as small as possible to reduce the
possibility of thermal and mechanical degradation occuring to the PVC (32,33).
To determine whether degradation had occured during the rolling
Mossbaver parameters of the stabiliser in solvent cast sheets of PVC were
compared with the parameters obtained for the stabiliser in the rolled sheets.
The solwvent cast sheets of PVC and stabiliser were prepared by
slow evaporation of the solvent from a dispersion of the PVC and stabiliser
in either dichloromethane or tetrahydrofuran.
In initial studies MOssbauer parameters were obtained for dibutyl-
tinbis(isooctylthiogiycolliate)[1] , dioctyltinbis(iscoctylthioglycollate)
[2] , and aibutyltinbis(gs_ooctylmaleate) [3] , present at 4% by weight of
the polymer. Mdssbauer parameters were zlso obtained for the above compounds
in PVC af'ter heating the polymer in an oven in an a2ir atmosphere for one

hour at 185°C. The results are given in Tables 3.1 and 3.2. For compé:cison
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Table 3.1 égwms M&ssbauer mmwmsmdmwm for @MmqupﬁmnvwmﬂMmoooﬁwwﬁrwomH%oowwm&mmv in PVC
(at 4% w/w ) at 80K, (Alkyl = Bu or Oct),

. Isomer Quadrupole Full width at
Sample Shift* Splitting half mmwm:¢
(mms™1) (+0.05) (mms™1) (+0.05) (mms™1)
Dibutyltinbis(isooctylthioglycollate) in PVC 1.43 2.26 1.07
(milled, unaged)
bwdﬁa%HewﬁdwmAwmoooﬁwwwzwomH%oowpmwmv in PVC 1.48 232 0.90
(solvent cast from dichloromethane)
Dibutyltinbis(isooctylthioglycollate) in PVC . 1.45 2.83 0.95
(thermally aged for 1 hour at 1850c)
uwoo&%H¢M5deAwmooo&%H&sMomH%oowwmamv wm PVC 1.50 2.27 0.99
(milled, unaged)
Dioctyltinbis(iscoctylthioglycollate) in PVC 1.46 2.70 0.94

thermally aged for 1 hour at 185%
( y ag

* Relative to CaSnO3
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Teble 3.2 117

Sn Mdssbauer parameters for dibutyltinbis(isooctylmaleate) in PVC

(at 4% w/w) at 80K,

Sample

’

Isomer Quadrupole
Shift Splitting
(mms-1)(+0.05) (mms=1)(+0.05)

Full Width at
half height
(mms™1)

- Dibutyltinbis(isooctylmaleate) in PVC
(milled, unaged)

Dibutyltinbis(isooctylmaleate} in PVC
(solvent cast from tetrahydrofuran)

Dibutyltinbis(isooctylmaleate) in PVC
(thermally aged for 1 hour at 185°C)

1.39 3.34
1.36 3434
1.39 3.18

1.05

0.98

0.98




Table 3.3 wams 3mmmdm¢mu parameters for compounds of general formula RoSnYo and RoSnClY,

(R = Bu, Oct; Y = jisooctylthioglycollate, isooctylmaleate) in the pure state or

dispersed in PVC (at 4% w/w) at 80K.

Isomer Quadrupole Full Width at
Sample Shift Splitting half height
(mms~1) (+0,02) (mms=1)(+0.02) (mms=1)
u»wswwwwwsdwmAMMMboe%H&ruomwgooHHmwmv. Pure 1.39 2.20 0.88
6Moo&%wﬁwudwmAMMMbo¢%H&wwomH%ooHHmdmv. Pure 1.49 2.36 0.96
Dibutylchlorotinisooctylthioglycollate. Pure 1.44 2,88 1.14
Dibutylchlorotinisooctylthioglycollate in FVC 1.43 +0.05” 2.85 +0.05 0.95
Dioctylchlorotinisooctylthioglycollate. Pure 1.47 2.94 1.04
Dibutyltinbis(isococtylmaleate). Pure 1.44 3462 1.14
Dibutylchlorotinisdoctymaleate. Pure 1.49 3.54 1,16
Dibutychlorotinisooctylmaleate in PVC 1.40 +0.05 3.16 Ho.om. 0.97
Dibutyltin dichloride. Pure 1,64 3.47 0.97
Dibutyltin dichloride, Pure. 1,62 3.45
Ref (10 ).
Dibutyltin dichloride in PVC 1l.54¢%c.o5 3.09fo0.05 1.00
(solvent cast from dichloromethane)
Dioctyltin dichloride, Pure 1.75 3.73 1.03
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Table 3.4 1195n MBssbauer parameters for dibutyltinbis(isooctylthioglycollate) and dibutyltinbis

—————— e

(isooctylmaleate) in PVC (at 1.2% and 2% w/w respectively) at 80K.

Isomer Quadrupole Full Width at
Sample Shift Splitting half height
(mms™")(+0.05) (mms=1) (+0.05) (mms=1)
UHGS¢%H¢HSdeAwmoooe%H¢:Homw%ooHHm¢mv in PVC 1.45 2.29 1.07
(milled, unaged)
Dibutyltinbis(isooctylthioglycollate) in PVC 1.48 2,32 0.90
(solvent cast from dichloromethane)
quﬁﬁkwﬁwndeApmoooﬁﬁwdswomuwoowwwemv in PVC 1.47 2.86 1,08
(thermally aged for 1 hour at 185 °C)
Dibutyltinbis(isooctylmaleate) in PVC 1.42 3.36 0.94
(milled, unaged)
Dibutyltinbis(isooctylmaleate) in PVC 1.36 3.34 0.98
(solvent cast from tetrahydrofuran)
Dibutyltinbis(isooctylmaleate) in PVC 1.39 3,18 0.98

(thermally aged for 1 hour at 185 °C)
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compounds in the pure state, and for the model compounds dibutylchlorotin-

isooctylthioglycollate [l;.] s dibutylchlorotinisococtylmaleate [5], and
dibutyltin dichloride 6], (in the pure. state and dispersed in PVC)
considered to be the thermal degradation products in PVC in the literature.

The results indicate that for both types of stabiliser the mé:in
degradation product is the dialkylchlorotinthioglycollate / maleate and
not dialkyltin dichloride as suggested by other workers. On the basis of
these results a more detailed investigation was carried out on the PVC
containing either aibutyltinbis(i_s_ooctylthioglycoilate) [1], or aibutyl-
tinbis (iscoctylmaleate) [3] s at the commercially used levels of 1.;2%
and 2% by weight of the polymer respectively. These results are given
in Teble 3.4 and can be seen to be indist:inguishable from the results
obtained on the thermal degradation of PVC containing the stebilisers
at 4% by weight of the polymere

Comparison of the Mdssbauer data for the freshly milled sample of
PVC conteining stebiliser [1], (AFy = 2.29mms™!) with that for the pure
stabiliser (AEQ = 2.,20mms"1) shows a small change in the quadrupole
splitting which is probably due to a small degree of degradation during
the initial hot milling process as concluded by Harrison et al (47).

The quadrupole splitting for the solvent cast sample of FVC con-
taining stabiliser [1], (AEQ-—- 2032mms-1) is significantly higher than
that of the pure stabiliser indicating possible co-ordination of the
dichloromethane to the tin. This result cannot therefore be used to
support the above suggestion of minor degradation in the PVC,

The similarity between the data for the pure stebiliser and that of
the stabiliser in the milled sample clearly indicates that there is no
significant structural change in the stabiliser which might have arisen
as a result of co-ordination between chlorinme atoms on the polyﬁer and
the tin atoms of the stabiliser, as suggested by other workers (17).

Prolonged degradation of the PVC sheet containing stabiliser [1]
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Table 3.5 1195n MOssbauer parameters for @wﬁﬁ&%u&»b&wwAwmooo¢%H¢:womH%oowwmamv in PVC at

mow at various aging times.

Sample / time

Isomer
Shift

Quadrupole
Splitting

Full Width at
half height

(mmg—1)(+0.05) (wms™1)(+0.05) (mms—1)

uwdsﬁﬁwdwsdwmAMMMbo&%H¢SMomH%00HHm&mV

in PVC (at 1.2% w/w ).

Thermally aged for:-—

5Mins 1.48 2.38 1.13

10 1.45 2,42 1.14
15 1.46 2.41 1.11
30 1.47 2.56 1.27
50 1.48 2,90 1.00
70 » 1.47 2.84 0.99
g5 " 2.86 1.08

1.47
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resulted in extensive discolouration of the polymer. The Mdssbauer parameters
for the degraded polymer and stabiliser compare exactly with those recorded’
for a sample of PVC containing dibutylchlorotinisooctylthioglycollate [AJ
indicating the degradation product in the PVC to be the dibutylchlorotin-
isooctylthioglycollate as concluded in the initial studies.

Further studies of the progressive aging for short periods in the
range 5 - 85 mi%iutes indicate a gradual increase in the apparent quad- 27
rupole splitting from that of the unaged stabiliserlzyj to that of the
dibutylchlorotiniggpctylthioglycollate[ﬂ:L The change in the apparent
quadrupole splitting is also accompanied by a line broadening effect
(Table 3.5). It is apparent that durihg the course of thermal degradation
both the unchanged stabiliser [1 | and the dibutylchlorotin ester [4 | are
present in the Mossbauer spectra and hence the increase in the apparent
quadrupole splitting and the line broadening can be attributed to unre-
solved Méssbauer quadrupole doublets. Fitting the data at 10, 15 and 30
minutes using two doublets with parameters corresponding to the two

components gave the following results:-

Component 1 Isomer Shift = I.ASmms‘l'
4 Guadrupole Splitting = 2.26mms™1

Full Width at half height = 1.07mms-1l

Component 2 Isomer Shift = 1.47mms™1
Ouadrupole Splitting = 2.88mms™1

Full Width at half height = 1.08mms™1

The parameters obtained for the two components compare exactly
with those recorded for dibutyltinbis(iggoctylthioglycollate) and
dibutylchlorotingggoctylthioglycollaﬁe and therefore confirm the
orescence of the two components in the spectra. Figure 5.1 shows the -
_ Yossbauer spectrum of thermally degraded PVC containing dibutyliinbis-
(isooctylthioglycollate) at 1.2 hy weight after heating at 185°¢ for
30 minutes. The two componentsof the computer fit are shown corresponding
to (4) dibutylchlorotinisooctylthioglycollate [4 |and (B) dibutyltinbis-
(isooctylthioglycollate) (1]
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FIG 31

ABSORPTION

-40 -30 -20 -+0 00 10 20 30 40
VELOCITY (mmisec)

MoOssbauer Spectra of thermally degraded PVC containing

Bu,Sn(I0TG), stabiliser at1-2), after heating at 185°C for
30minutes. The two components of the computer fit are
shown corresporiding to(A) Bu,SnCl (I0TG) and (B)Bu,Sn(I0TG),
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apparent quadrupole splitting with thermal aging time and corresponds
to the change to the dibutylchlorotinisooctylthioglycollate as degrad-
ation occurs. There is no indication that fﬁrther degradation occurs
at 185°C to form dibutyltin dichloride [ﬁ:} By fitting the data in
Table 3.5 as two quadrupole doublets corresponding to dibutyltinbis-
(isooctylthioglycollate) and dibutylchlorotinisooctylthioglycollate the
relative areas due to the two componenté under the absorption peaks

could be determined.

i.e. Area = PFull Widths at half height (I},) x Depth

Background counts
and since: Total Area = ( Area (1) + Area (2) )

where Area (1) = Area due to dibutyltinbis(isooctylthioglycollate)
Area (2) = Area due to dibutylchlorotinisooctylthioglycollate

it is possible to estimate the percentage content of dibutylchlorotiniggr
octylthioglycollate []:I in the PVC during its degradation. Figure3.3
shows the change in percentage content of [4 ]in the PVC with thermal
degradation time., However, from these results the rate of conversion
to dibutylchlorotinisooctylthioglycollate cannot he accurately determined
as the technique is relatively insensitive to small contributions in
unresolved spectra. From Table 3.5 it is evident that com?lete conver-
sion to the chlorotin‘ester [4]has taken place after 50 minutes of
aging by which time a rapid discolouring of the PVC is observed. The
optical density of PVC samples stabilised with dibutyltinbis(iggpctylt-
hioglycollate) [?:]was measured using a M.E.L. Radiological Densitometer
and the change in optical density (arbitrary units) with thermal aging
time is shown in Figure 3.4. The rapid increase obhserved after 50
minutes is coincident with complete conversion of the stahiliser [}:Ifo
tﬁe dibutylchlorotinisooctylthioglycollate.

From these results it is evident that the final oroduct is dibutyl-

chlorotinisooctylthioglycollate and not dibutyltin dichloride as concluded
by other workers (43-47).Further, in support of these results iellor(48 )
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degraded PVC suhsequent analysis identified it as dibutylchlorotiniso-
octylthioglycollate.

The MOssbauer results on the thermal degradation of PVC stabilised
with dioctyltinbis(isooctylthioglycollate) [2] (Table 3.1) and dibutyl-
tinbis(iscoctylmaleate) [3 ] (Table 3.4) show clearly that in hoth cases
the degradation product ié also the dialkylchlorotin ester. Figure 3.5
shows comparative Mossbhauer spectra of dibutyltinbis(iggoctylmaleate) [3]
in (4) its pure state, (B) in the PVC after milling, and (C) of the
thermal degradation product [5 | in the PVC after aging for one hour at
1859¢.

After extensive degradation of each sample it was not possihle to
detect any dibutyltin dichloride in the polymer matrix. This result
supports the recent work of Parker and Carman (49) who have shown that
dialkyltin mercaptides in solution undergo~a ligand-exchange reaction
with dialkyltin dichlorides to form the mixed halo mercapto derivatives
RoSnCL(SR’) . This reaction also serves to remove any dialkyltin
dichloride which may also act as a Lewis acid catalyst for the degrada-
tion of- the PVC.

In a study of the effectiveness of various organotin stabilisers -
Troitskii et al (50) concluded that in the abégénce of stabilisers the 67
thermal degradation of PVC proceeds by a mq}ggg}ﬁfjion§c_mechanism in
which the hydrogen chloride released has an autocatalytic effgct on the
degradation process. Conversely if the hydrogen chloride is removed
upon foméion degradation proceeds mainly by a molecular mechanism
complicated by radical reactions. Further, considering the reviews hy
Poller (45 ) and Ayrey (20) which suggest that initiation of degradation takes
place at allylic chlorine sites then clearly the process of degradation/
stabilisation is very much more complex than initial investigations into

the mechanism indicated.
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On the basis of the above results and the work reviewed a reaction
scheme is proposed for the stabilisation and degradation of the PVC.
Degradation is initiated at allylic chlorine sites during the milling
procesé, as indicated by our results, by release of proportionate amounts
of hydrogen chloride. Replacement of the thioglycollate or maleate
groups on the stabilisers by chlorine atoms from the hydrogen chloride
occurs with resultant formation of the thiol or maleic acid. Further
degradation of the PVC during the milling is prevented by addition of
the thiol or maleic acid across the double bond:

'("CHQ('ZH-);,-CH=CH—?H-(]3H— release of HCL du¢ —iC Hz—((ZH)[-‘—CH=C H—C H==CH—

ct Cl H o thermal enda = cl
mechanical degradation
+ BUzsan in the milling process. -+ HCl + BuSny,
‘*CHZ?H#\—CH'CH"?H-(':H jrrest of degradation ~+CHy CHir—~CH=CH-CH=CH—
a Y H by sddition of thiol or ()
maleic acid zcross the -+ H-Y
double bond.
+ BUZS'n Y + BuZSnY2 + B”ZS,"Y + BUZSnY2
ct . ' Cl

(where Y = isooctylthioglycollate, isococtylmaleate).

Since there are reported to be'relatively few allylic chlorine atoms
on the polymer (41,45)on1y small amounts of hydrogen chloride are released
during initial degradation. Consequently reaction with the hvdrogen
chloride resulis in only small depletion of the stahiliser.

On thermally aging the polymer further degradation cccurs involv-
ing rapid debletion of the stabiliser znd subseauent formation of the
dihutylchlorotin ester. Ragkvaev et al (51 ) suggest %that the degradation

proceeds hy a nolecular mechanism complicated by radical reactions:
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~+CH=CHiy CH—CH— —G—CH=CH+n_(’:H‘—"(|:H;

c N Ci--—H Transition

tate

—(—CH=CH)ﬁ‘C @ 4+ H
cl

Production ofHCL results in rapid stahtiliser depletion and subsequent

formation of the dibutvlchlorotin ester:

+CH=CHFHCH—CHgmrtCH—CHz5  + PBJZC%[’\Y +  KBu,SnY,
cl Y

ACH=CHigRiCH—CHlp | + (P+KMBuSHY  + (m-KIHC
Y ) cl

After thermally aging the polymer for 50 minutes all the stabiliser
has heen converted to the dibutylchlorctin ester. Further dehvdro-
chlorination results in extensive degradation and discolouration of
the polwvmer due %o the formaiion of long chain polvene seouences. The
hvdrogen chloride is reported fto have an autocatalytic effect on the
degradation process causing further dehvdrochlorination of the polimer
(51 ). ™roitskii et al (50) suggest the degradation to nroceed hv hoth
a molecular and an iénic mechanism:
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\4 /) fodlecular:

~+CH=CH} cIH—'CH-z-)n;et':H—cI;H;— +  Ho

Cl H
. -

~CH=CHjzt CH—CH5}—CH=CH}—
| £
a
L
H—Cl Transition
= 4 State
)
-(-CH=CH}n—+1€(|3H—CH2)r-r-‘- -+ 2Hcl
Y
(ii) 1Ionic:
—(CH=CH)n—{(.;.H—CH§}Hf(':H-—-CHE)—CH2—(|JH— -+ HCl -

Y a ct

HCH=CHirtCH—CHICH—CH—CHyCH—
Y of ol

H
I
Cl

—(-CH=CH}#\(}3H—CH?;QH—CHZ—CHT?H—- ~+  [owd]
a
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Troitskii to stahilise the carhonium ion and provides an intermediate
stage in the formation of more hydrogen chloride. The reaction is said
to proceed further by deprotonation by the _[?lHC:[' ion with the

subsequent formation of 2 moles of hydrogen chloride and a carbanion:

ACH=CHir-CH—CH— +  [arcl]
H " Cl

+CH=CH—CH—CH— —— 2 HCl
. 1 *
cl -

(b) Co-ordination Chemistry

The }0ssbauer data in Tables 3,1 - 3.5 have given conclusive
evidence for the nature of the.thermal degradation products. In add-
ition the changes in the quadrupole splitting during degradation of the
PV indicate significant éhanges in co-ordination around the *in atom.

The structures of the thioglycollate stabilisers have been little
studied although Stapfer and Herber (52 ) have recorded Yosshauer and
infrared- data for these compounds. It was concluded that dibutvltin-
bis(isooctylthioglycollate) [ 1] adopts either a cis - or a trans -

trigonal bipyramidal configuration depending upon the method of preparation

i.e.
s~ cr-b-ocyt 2 ]
- ~ 7 —~C—=CHxS u
Bug | 2 CgHz0—-C—H3 l
SSSn-s_ 8w $s?n—-s\
Bu-" t CH Bu~ CH
Q§C/’ 2 Q§C/ 2
/ Vs
Cgty0 Cq Hq70
cis~ trans-
]
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monodentate.

Hutton and Burley (53) have also prepared and recorded the infrared
spectrum of dibutyltinbis(i§gpctylthioglycollate) [}:Iand concluded
that the reaction between dibutyltin dichloride and isooctylthiogly-
coldate under anhyvdrous conditions gives almost entirely dibutvlchloro-
tinisooctylthioglycollate [ﬁ:land not as suggested hy Stapfer and Herber,

the trans - igomer of dibutyltin bis(isooctylthioglycollate). This

e

<
1

becomes sign%gicant on comparison of the Mossbauer data for tﬁe dibutyl-
tinbis(isooctylthioglycollate) prepared under different conditions by
Stapfer and Herber and could explain the difference in the observed
guadrupole splittings.
The MOssbauer data (Tables 3.1, 3.2 and 3.3) for dibutyl- and
dioctyltinbis(isooctylthioglycollates) [1 1, [2]( &F, = 2.20mms™1 and

2.27 - 2,37mms~1 respectively) are indicative of four- co-ordinate

structures:

0 .

1l
R~ _ 5~CH5C—0CqH = 1]
| /Sn\ 2 8 Fom = ggt Ezj[
R S-CHzC-0Cqty

0

(v, =170 cm™ )
Infrared data also supports this éuggestion since'the carbonyl

an unco-ordinated

0]
-+
H
)
-
o]
jay
'—J.
o]
[1s]
:ﬂ)
[»]
D
2
o
{D
3
ke
4
]
ct
t—
-
>
&}
Q
3
1
—
‘J-
0]
ok
o4
w3
H-
(¢}
¥
[
O
L))

carhonyl group. Vo evidence is found in the infrared spectrum for =
co-ordinated carhonyl group.
The higher quadrupole splitting ( AEQ= 2.88mms‘1) observed for

dibutvlchlorotinisooctvlithioglveollate [?:]is indicative of the tin

bheing five - co-ordinate with a trigonal bipyramidal structure:

3



c|1
Bus..
'f:sn—-s\
Bu~ 1 CH,
N
J/
CgH170
3]

Infrared data again supports this structure showing a co-ordinated

_ -1
(vc=0 = 1700cm” " )

carbonyl stretching frequency at I’ZOOcm'l.

For the maleate stabiliser [3] the quadrupole splitting of pure
dibutyltinbis(isooctylmaleate) [ 3] ( o, = 3.62mms™1) is indicative of
six co-ordinated tin sites associated intérmolecularly through the

carbonyl groups:

0 g
Bu lCl;‘H Bu |
CH
A =]
C3H170/C§0 3 (v, =1Th0ca", 1660cn” )

Infrared data shows both unco-ordinated ( Ve.o = 1740cm™1) and
co-ordinated ( Vsoo = 1660cm™1) bands present. Studies of‘dialkyltin
acetylacetonates and oxinates show similar values for the aquadrupole
splitting and these have similarily been assigned trans - octahedral
structures(5L4,55).

A significant difference is observed in the guadrupole stlitting

-1

for the pure dibutyltinbis(isooctylmaleate) [}__I ( 8B, = %.62mms~%) and

for the maleate in PVC after milling ( AEQ = 3.36mms=1), The para-

h



meters tor the maleate in PVC from a solvent cast sample ( AP}Q=
3.34mms-1) are in close agreemeﬁt with those of the milled sample and
suggests that the difference is not due to degradation but rather that ‘
dispersion in the PVC affects the steric arrangement of the ligands
around the tin atom. Indeed, the change in quadrupole splitting on
incorporation into the polymer suggests a change in the O - Sn - O

bond angle which would occur on going from the inter-molecular associated

unit to an intra-molecular un-associated complex:

| Bu
0 VaNIPaN .
08H1 7O—C—-CH=CH—-C Sn C-CH=CH- C—OCgH17
NN
Bu

[
It is also noteworthy that for dibutylchlorotinisococtylmaleate [ﬁi]

a significant change in the quadrupole splitting is ohserved bhetween
that of the pure compound and when dispersed in PV( suggesting =
structural change. Honnick and Zuckerman (56 ) have recently discussed
the structures of ‘the diorganotin halide carboxylates and suggested that
the origin of certain changes in infrared spéctroscopic properties in
passing from a pure compound to a solution in an inert solvent might be
a change from a polymeric penta - co-ordinated structure (A) to a mono-

meric penta - co-ordinated structure(B):.

-0 0-5fr-0 ,0—Sn—0 0O- al
N 2 NV Bud
C g ¢ o ¢ 500
] | ! By X \
(“:H 0= 9
CH ‘ CH=CH-C~0CgHy
C
7N
08H17O 0

(54] [53)
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The Mossbauer parameters for both types of stahiliser in the PVC
give no evidence of any co-ordinative interactions hetween the éhlorine
atoms on the polymer and the tin. atoms of the tvpe suggested by Frye
et al (17 ). For dibutyl - and dioctyltinbis(iggoctylthioglycollate)
[},2:]th§‘magnitudes of the quadrupole splittings suggest the tin atoms
on both stabilisers in the PVC to be four- co-ordinate. The parameters
for dibutyltinbis(iscoctymaleate) [3.]y however, show the tin atom to be
six co-ordinate in both the pure state and when dispersed in PVC; a
structural change is apparent on incorporation into the polymer.

The main degradation product from each stabiliser was identifiéd
as the mixed chloride-ester. The formation of the dialkylchlorotiniso
octylthioglycollate supports, in part, the ligand-exchange theory of
Parker énd Carman (49) and similaf;ay the formation of the dibutylch-

R
lorotinisooctylmaleate supports the work of Cohen and Dillard (57 ) on
the ligand-exchange reactions of organotin carboxylates.

Degradation of the PVC is suggested to occur at 'defect’ allylic
chlorine sites and is clearly a complex process involving radical, and
ionic-molecular mechanisims. The presence of hydrogen chloride in the
polymer appears to»contribute to two processes:-

(i) a non - autocatalytic effect in which the hydrogen chloride
brings ahout slight degradation of the polymer by a molecular/radical
process initiated at the allylic chlorine sites. The stabiliser reacts
with the liberated hydrogen chloride to form the dialkylchlorotin ester.

(ii) an autocatalytic process in which the hydrogen chloride which
is released brings ahout exiensive degradation of the polymer by 2 mole-
cular - ionic process. it this stage all the sfahiliser appears to have
been converted to the chlorotin ester.

The formation of the dialkylchlorotin ester is seen to occur a3
early as 15 minutes into the degradation process.

3 " .
Finally, comparison of the Mossbauer parameters for the hot - milled
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collates) or dibutyltinbis(isooctylmaleate) indicates only slight

degradation occuring during the initial hot - milling process.

3.5 Photochemical Stabilisers

3.5.,1 Introduction

Following studies of the reactions occuring in the PVC matrix by
organotin stabilisers during thermal degradation of the polymer, a
similar study was undertaken of the reactions undergone by the stabilisers
dibutyltinbis(isooctylthioglycallate) [ 1 | and dibutyltinbis(iscoctyl-
maleate) [}:Iduring U.V. - induced degradation of the stabilised polymer
in air at 25°C. Of the two classes of stabiliser used, the maleate is
reported to be an excellent light stabiliser whereas the thioglycollate
stabiliser is of limited efficiency (16,26,28,46,58-62),

34,562 Resulfs and Discussion

Samples of PVC sheet containing the stabilisers E}:Ior [B:I(present
at 1.2%w A or 2%w /wof the polymer, respectively) were subjected to
irradiation with ulira - violet light ( > 290 nm) in a commercial erno—
test" apparatus, in which the samples are rotated about a central dis-
charge lamp at the axis of the apparatus, in an atmosphere of air at
approximately 25°C for various intervals of time. The derived losshauer
parameters for the samples and for other reference organotin compounds
are given in Tables 3.6, 3.7, 3.8 and 3.9.

The results for the thioglycollate stabiliser (Table 3.6) show that
after 400 hours exposure it is converted into two degradation products,
as indicated by the asymmetry and broad line widthsin the Mossbauer
spectrum (fig 3.6 ).; Fitting the data under Option 4 (see section

2.3) gave the final parameters of the two components 1o be:-

Component 1: Isomer Shift = 1.43%mms~1
Guadrupole Splitting = 2.838mms—1
Full Vidth at half-height = 1.30gms~!



Table 3,6 119sn MOssbauer parameters for Dibutyltinbis(isooctylthioglycollate) in PVC

(at 1.2% w/w ) at 80K against Exposure Time in the Xenotest apparatus.

Exposure Isomer Quadrupole Full Width at Relative
Time Shift Splitting half height % Stannic oxychloride
(hours) (mms—1) (+0.05) (mms=1) (+0.05) (mms—1) (+ 5%)
0 1.43 2.26 1.07 0
1,00 (1) 1.43 2.88 1.30 _ 21
(1i) 0.42 0.93 1.30
1000 (1) 1.46 2.89 1.20 24
(i1) 0.31 0.64 1.20
3288 (i) 1.35 2.77 1.38 48
(ii) 0.39 0.79 1.38
4320 (1) 1.49 2.78 1.23 55
(ii) 0.40 0.69 1.23

(i) Corresponds to dibutylchlorotinisooctylthioglycollate.

(ii) Corresponds to stannic oxychloride.
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Table 3.7 11°9Sn MOssbauer parameters for &chlgb,cwmhHmooo&wwﬁcwomwzoowumemv in PVC (at 1.2%)

after 404 hours exposure in the Xenotest apparatus and showing the effect of artificially

increasing the starting parameters for the stannic oxychloride component by 5%

and 74% chlorotin mmﬁo&.

w | ’ Iy  Depth
Isamer adrupole |[Full Width at o Area|= -
Sample Shift Splitting | half height |x* value| ..\ Packeroumnd comts
— + - + — ~J/0
(mms—*)(#0.05) { (mms™") (+0.05) (mms™") STanic —hioTotin
oxychloride ester
(A) Control run (typical parameters |[(1) 0.42 0.93 1.30
fitted as two doublets con- 2985 21% 79%
taining 21% stannic oxychloride |[(2) 1.43 2.88 1.33
and 79% chlorotin ester)
(B) Run containing artificially (1) 0.44 0.94 1.37
increased starting parameters 29081 22% 78%
of 26% stannic oxychloride (2) 1.43 2.89 1.31

(1) corresponds to the stannic oxychloride component
(2) corresponds to the dibutylchlorotinisooctylthioglycollate component
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Xenotest apparatus.

Exposure Isomer Quadrupole Full Width at
Time Shift Splitting half Eeight
(hours) (oms=1)(+0.05) (mms=1) (+0.05) (mms™")
0 1.38 3435 1.04
404 1.45 3.35 1.02
1000 1.44 3435 0.99
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Table 3.9 Sn Méssbauer parameters of some reference orgenotin compounds.
. Isomer Quadrupole Full Width at
Sample Shift Splitting mmwmlmmwwrw
AaamlHVAHb.omv Asam|HVAHb.omv (mms—1)
Dibutyltinbis(isooctylthioglycollate) in PVC 1.45 2,29 1,07
mmd 1.2%w/w) (milled, unaged)
Dibutylchlorotinisooctylthioglycollate in PVC 1.43 2.85 0.95
UMdc*%H&MmdwmAwmooow%wamwom&mv in PVC 1.42 3.36 0.94
(at %w/w) (milled, unaged) :
Dibutylchorotinisooctylmaleate in PVC. 1.40 3,16 0.97
Pure Stannic Oxide -0.01+0.02 Unresolved 1,30
Dibutylchlorotinisooctylthioglycollate + (1) 1.50 2.96 0.88
stannic oxide solvent cast in PVC ’ Awwv 0.05 0.53 0.88
Pure Stannic Oxychloride 0.25 0.73 1.12

Ref (10 )

(1) Corresponds to dibutylchlorotinisooctylthioglycollate.

(ii) Corresponds to stannic oxide.

&1
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 Quadrupole Splitting = 0.93mms™1
Full Width at half-height = 1.30mms—1

Component 1 was conclusively identified as dibutylchlorotiniso-
octylthioglycollatelz:j,and component 2 was considered at first to be
stannic oxide although a small isomer shift (O.Admms‘l) had been measured.
To ensure that this was not a computer-fitting artifact a simulation
experiment was carried out using a 1l:1 mixture of pure stannic oxide and
dibutylchlorotinisooctylthioglycollate[4 T in PVC (at a total of 2% w/w ),
solvent cast from dichloromethane and showed the stannic oxide to have
a zero isomer‘shift and a small quadrupole splitting ( AEQ - O.53mms‘1).
These parameters are typical for stannic oxide (10 ) and do not compare
with those observed for the second component, Component 2 was finally
identified as heing stannic oxychloride, SnOClzf ,[:ij on comparison
of the Mossbauer data with those previously recorded for this compound
(66 ). TFigure 3.6 shows the Mossbauer spectra for dibutyliinbis(iso-
octylthioglycollate) (1), in PVC after 4320 hours exposure. The two
components of the computer fit are shown and correspond to\(A) dibutyl-
chlorotinisooctylthioglycollate [ 4] and (B) stannic oxychloride. [ 7]

The proportion of the latter component is seen to increase with increas-

ing exposure time up td 4320 hours after which the PVC is seen to be
considerably discoloured and brittle and found to contain approximately

55% stannic oxychloride. Owing to the poor quality of data and the long
run times involved large error limits of the order + 5% must be assigned

to the percentage concentration values for stannic oxychloride. These

error limits were estimated by determining the effect of artificially
increasing the area under the z2bsorption peak due to the stannic oxychloride
component, and simultianeously reducing the arsa due fto the chlorotin ester
for the starting pafameters, and refitting the experimental data. In most
cases the x2 vélues were not significantiy altered, but the fitting

routine converged on parameters which approached the initial completed fits.

i.e Since Area = Ty , Depth
Rackground Counts
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Figure 3.6
ABSORPTION
|

-40 -30 -20 10 00 10 20 30 40
VELOCITY (mm/sec)
Mossbauer Spectra of UV, degraded PVC containing
Bu,Sn(IOTG), stabiliser at 127 after 4320 hours exposure
' The two components of the computer fit are shown
corresponding to (A) Bu,SnCI(IOTG) and (B)SnOCI,
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vrien 4rulilClally lncreasing\ Ly. lepth/ror stannic oxychloride and
reducing( Ty . Depth)for dibutylchlorotinisooctylthioglycollate by equal
amounts produces the required increase / reduction in areas.

The results are shown in Table 3.7 and confirm that for an increase /
reduction in Area of 5% for stannic oxychloride and dibutylchlorotiniso-
octvlthioglycollate respectively in the starting parameters no change
occurs to the final values for the isomer shift, quadrupole splitting,
and full width at half height parameters on comparison with the original
data. |

The results for the maleate stabiliser [ 3 | given in Table 3.8 confirm
that this stabiliser is more effective in preventing photochemical_ﬁegrad—
ation of the polymer . No degradation appears to have occured after 1000
hours exposure and, furthermore, the Mossbauer parameters for the maleate
stabiliser present in the exﬁosed polymer are indistinguishable from those
of the maleate in the unexposed sample.

The difference in the hehaviour of the two compounds must lie in the
nature of the processes involved in the photochemically - induced degrad-
ation of the polymer. The mechanism of photochemical degradation is
clearly very complex and is still not yet fully understood. Several
workers(58,59,60) have proposed that degradation is initiated by the
action of peroxides and free - radicals ~ produced from U.V. absorp-
tion. Stabilisation is considered. to involve prevention of the formation
of such peroxides and free-radicals by the use of "quencging” agents
capable of taking part in an energy transfer process with the polymer
after absorption of U.V. light (63-65)oAbsorption of 7.V, 1light promotes
excited triplet energyv levels in both the polvmer and stabiliser across
which energy transfer is possible only if the excited energy levels of
the stahiliser are of lower enerzy than those of the polymer ( fig. 3.7);
After energy transfer the pblymer returns to the ground state energy level

leaving the excited stabiliser to return to the ground state by normal

fluorespence/phosphorescence processes. At this stage, no bond clezvage
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nes TAKENl PLACE ana the sTtanlllser 18 acting as a quenching agent.

' Similar energv transfer processes have been suggested between other
polymer systems and organic quenching agents (59,64565)

Figure 3.7 Energy level diagram showing process of U.V.-stabilisation

of PVC containing either the thioglycollate or maleate
stabilisers.

Energy

}

Energy
€ [} Transfer

———— Energy
Ee \ NN\~ —4
Transfer
Eo A
Excitation
Absorption of : - fluorescence/
UV light . phosphores—
cence
o]
ground state
energy level
Thioglycollate PVC ' Maleate

(Acceptor) } (Donor) (Acceptor)

Since efficient stabilisation is not achieved with the thiogly-
collate [1 | stabiliser this suggests that the excited energy levels of
the stabiliser are higher in energy than fhose of the polimer.
Consequently energy transfer does not occur énd the stabiliser itselfl
undergoes degradation %o form stannic oxychloride and dibutylchlorotin-
isooctylthioglycollate. The formation of these products indicates at

least two complimentary processes occurring as a result of U.V. degrad-
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ation oI noTn tThe stabiliser and the polymer:

(1) the formation of dibutylchlorotinisooctylthioglycollate in
relatively higher concentrations at early exposure fimes suggests that
dehydrochlorination of the polymer is the first stage in the degradation
process and is complemented by:

(2) elimination / oxidation of the alkyl groups to form stannic
oxychloride arising from peroxide oxidation.

The two processes are probably further enhanced by the prescence
of chlorine atoms, and molecular oxygen in the polymer providing comp-
lementary mechanisms for the formation of the two products.

3e5e3 Conclusions

The Mossbauer results show dibutyltinbis(i§2pctylmaleate) to be
a more effective stabiliser against U.V. degradation than dibﬁtyltinbis-
(iggoctylthioglycollate). The mechanism by which stabilisation occurs
is reported to involve energy transfer from the excited energy levels
of the polymer (doner) to the excited enersy levels of the stabilisef
(acceptor), followed hy de-activation to the ground state energy levels.
4 necessary requirement for stabilisation is that the excited energy
levels of the acceptor he of lower energy than those of the donor.

Dibutyltinbis(isooctylthioglycollate) in PVC degrades rapidly during
U.V. exposure to form dibﬁtylchlorotiniggoctylthioglycollate aﬁd stannic
oxychloride. The proportion of the latter component is seen to increase
with increased exposure time to appfoximately 557 after 4320 hours in
the Xenotest apparatus. Stannic oxychloride is probably formed as a
result of reaction of hydrogen chloride, chlorine atoms and peroxides
released in the polymer with dibutylchlorotinisooctylthioglycollate.

3.6 Dilution Studies

3.6.1 TIntrcduction

In section 3.4.1 the significant change in the quadrupole spliiting
on passing from pure dibutyltinbis(isooctylmaleate) to a dilute disper-

sion of the stahiliser in PVC was atitributed to a change in the co-ord-
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LilaLiull allu @ LELLC arTangement ol the maleate groups around the tin atom.

A similar change in the quadrupole splitting of dibutyltin dichlori@e

is observed on dispersion in PVC at 1.2% by weight as shown in Table 3.3.
On the bhasis of the reported distorted octahedral, associated

structures of dimethyl- and diethyltin dichloride (67,68) and of the

similarity between‘the Mossbauer parameters for dibutvltin dichloride

and the above two compounds ( 5 ) it is suggested that pure dibutyltin

dichloride similarly has the associated six-~co-ordinate structure

shown in figure 3.8(a). The magnitﬁde of the quadrupole splitting for

dibutyltin dichloride on dispersion in PVC by solvent casting is typical

of five-co-ordinate tin (figure 3.8(b)) suggesting a change in structure

and co-ordination occurs.

Figure 3.8. Suggested structures for Dibutyltin dichloride:

"(a) Pure (4B = 3.45 mas™" )

Bu Bu
Cl Cl <
/\n/\n/
/S\C/'S\/

~Cl l Cl
Bu Bu

(b) Dispersed in PVC at 1.2% w/w.

(AEQr- 3.09 mms‘1; D.QeS. AE.= 3.07 mms ™! )

Q .
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J.Des HESULTS and liscussion

To confirm the proposed change in structure from octahedral to a
penta-co-ordinate state (figure 3.8(B)) on dispersion in PVC it was
decided to attempt to calculate the theoretical partial quadrupole
splitting values for the possible structures (figﬁre 3.8(a) and 3.8(h)).
Using the additive model proposed by Bancroft et al ( 69) for the five-
co-ordinate structure shown in figure 3.8 (b) gives:-

- 7 (alkyl)tP® 4+ 8 (GL )tP2 4 (c1)the

7

AEQ (calc)

where (alkyl)tbe = -1,13mms-1
(cg)tba = +0.00mms-1
(c1)tPe = +0.20mms™1

gives AEQ (calc) = 3.07mms-1

The isomer having the above partial quadrupole splitting can be
distinguished from the other possible stuctures / #somers shown in
figure 3.9(70),

Further, by extrapolating from this model using a series of partial
quadrupole splittings of five-co-ordinate tin compounds, Bancroft showed
that it is possible to calculate the partial quadrupole splitting for
the octahedral polymeric structure 'RZSnLA' Applying the model to the
six-co-ordinate form of dibutvltin dichloride gives a partizl quadrupole
splitting of 5.36mms‘1. This value while being significantly different
from the calculated value for the 5-co-ordinate dimer, is also different
to the observed splitting for the polymeric dibutyltin dichloride showing
the limitations to the extrapolation.

Table 3.10 gives the Mossbauer data for dihutylitin dichloride 2t
various concentrations in the PVC. At a concentration of 1.2% it is
suggested that the dibutyliin dichloride is present as a five-co-ordinate
dimer. Pure dibutyliin dichloride, on the other hand, has an associated
octahedral structure. On increasing the concentration of dibutvyltin

dichloride in the polymer six-co-ordinate tin species are formed, the
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Figure 3.9. Other structures/isomers for Dibutyltin dichloride

and their calculated partial quadrupole splittings.

(a) Tetrahedral

Ped.s.= 2,74 o Z|
.BT
Sn\
s\ o
Cl
(b) Trigonal bipyramidal
(1)  Dp.qes. = 2.53 mms™
i
Bu
\,Sn—Cl
o4 A
~Bu
-] Bu
(i1i) peQes. = Le36 mms
Bu Bu

cl
0—Sn ‘/ > Sn—Cl

.

Bu - Bu




Table 3010 19

Sn Mdssbauer parameters for mwd.squ?u.b dichloride in PVC at various concentrations at 80K,
" Concentration Isomer Quadrupole Full Width at Relative %
in PVC Shift Splitting Half-height Concentration of
(mms=1)(+0.05) (mms—1) (+0.05) (mms—1) Dimeric units

1.2 % 1.54 3,09 1,00 100

10 % 1.54 3.09 1.04 100

15 % 1.55 3,07 1.02 65

20 %. . 1.55 3.21 1.05 50

30 % 1.57 3.25 1,02 49

50 % : 1.60 3.28 1.12 44

75 % 1.59 3,28 1.12 38
Pure dibutyltin 1.62+0,02 3.45+0,02 0.99 -
dichloride. .
Dibutyltin dichloride 1.53 3,00 1.04 -

in Polystyrene ( at
1.2 %w/w)

90,



3.154

Fig 3.10 Variation of Isomer Shift and @:mmwccowo Splitting with concentration
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concentraticn Ol which 1S seen t0 increase relative to the concentration
of the five-co-ordinate species as shown in figure 3.10., The graph
shows that at a concentration of dihutyltin dichloride of 20% w/w

the concentration of the six-co-ordinate species is significant to cause
an appreciable change to the quadrupole splitting. The values for the
anadrupole splittings above the 20¢. concentration represent an averaged
value arising from the splittings of both five - and six - co-ordinate
forms of dibutyltin dichloride in the polymer.

In an attempt to estimate the relative cbncentration of the dimeric
units at the respective concentrations the data were fitted as two
doublets with parameters forbboth the five-co-ordinate and six-co-ordinate
species. The results are shown in Table 3.9. In each case the validity
of the fit was ensured by comparing the x2 value of the 4-line fit with
that of the 2-line fit. C

In addition, to eliminate the possiﬁiity that co-ordination from
the chlorine groups on the polymer is responsible for the change in
co-ordination a dispersion of dibutyltin dichloride (at 1.2% by weight)
in an "inert'" polymer matrix (polystyrene) was prepared and the 170sshauer
parameters recorded. The results are givén in Table 3.10 and clearly
agree with those observed for dibutyliin dichloride in PVC.

Finally, it should be noted that a similar 'dilution effect' is
observed for dioctyltin dichloride on dispersion in PVC at 2% by weight
as shown in Table 3.4.

3.6.3 Conclusions

The magnitude of the quadrupole splitting for pure dibutyltin

dichloride ( AE . = B.ABmms‘l) is typical of a six-co-ordinate tin

compound with an associated structure, shown in figure 3.8(a). O0On
dispersion in PV at 1.2 hy weight a reduction in the gquadrupole

splitting is observed to a2 value representative of a five-co-ordinate

tin compound ( AE. = 3.09mms™1). Partial guadrupole splitting calcula-

Q

tions confirm the suggestion of the five-co-ordinate dimer present in
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PVC and shown in figure 3.8(b),
The relative concentration of the dimeric units inm PVC is seen to

decrease with increased concentration of the dibutyltin dichloride.

3.7 Other Organotin Stabilisers

3e7¢1 Introduction

The results of the above investigation into the use of organotin
compounds as stabilisers a.gainsﬁ thermal and UeV.- induced degradation
of PVC confirmed the generalisation made by Wirth and Andreas (2g) that
compounds having sulphur-containing groups are the most efficient thermal
stabilisers and that compounds having oxygen-containing groups derived
from maleic acid, although weaker in their thermostabilising eff‘iciéncy,
are excellent U.V. stabilisers. As a further investigation of the
validity of this generalisation a series of organotin(IV) compounds
and two organotin(II) compounds were prepared with the aim of invest-
igating their po‘cential as thermal stabilisers and identifying their
degradation products.

The orgenotin(IV) compounds were of the general formula RZSqY

2

52 and —OUOC11H25

(where R = Me, Bu, Oct; and Y= -SCHZCH(NHZ)COOCZH
(laurate)). Dimethyl- and dibutyltin dilaurate are commercially used
stabilisers although their degradation products have not been conclusively
identified,

The two organotin(II) compounds prepared were stamnous stearate,
a commercial"!.y used stebiliser in clear PVC food packaging materials,
and stannous cysteinate, a new compound, which has been found to be

relatively air stable (71) and consequently considered %o be a potentiel

thermal stabiliser.
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30762 Results and Discussion

(a) Organotin(IV) Compounds

The MYssbauer results for the organotin(IV) compounds in FVG
(at 1.6% w/w ) and their thermal degradation products are given in
Table 3.11; the results for the corresponding pure compounds are given
in Tablé 3412+ The magnitudes of the quadrupole splittings for both of
the dilaurate compounds (_AEQ= 3.3 mms~ for R = Me and Bu) in the
pure state are typical of six co-ordinate tin compounds and,on the
basis of the previous interpretation of the results for dibutyltinbis-
(isooctylmaleate), suggest both compounds to be associated. On dispersion
in PVC the quadrupole splittings are seen to be reduced (AEQ = 3,20 'mms-'1
and 3024 mm.?f"1 for R = Me and Bu respectively), as a result of the

dilution effect (section 3.6). After prolonged thermal aging at 185°C
further reduction in the quadrupole splittings is observed (AE( = 2.98 mms™
and 2,86 mms™' for R = Me and Bu respectively) suggesting the formation of
a five co-ordinate tin species. On the basis of the results of the previous
studies it is reasonable to suggest the degradation products to be the
dialkylchlorotinlaurates although attempts to synthesise these two compounds
were: unsuccessful,

The MSssbauer data for the dialkyltinbis(ethylcysteinates) in the
pure state are typical of four co-ordinate tin compounds (AEQ = 2,32 mms™
and 2,28 mms-1 for R = Bu and Oct respectively). Infrared data (Table
3013) gi\%es evidence of unco-ordinated carbonyl and primary amine groups
in ths two compounds and further support the suggestions from the Mdssbauer
data, On dispersion by hot milling in PVC (at 1.6% w/w ) a yellow
discolouration is observed which is accompanied by z small chenge in the

' and 2.357 mos™! for R = Bu 2nd Oct

quadrupole splitting (L\EQ = 2,12 mms~
respectively) for both compounds suggesting partial degradation occurring
during the milling process. The discolouration increased with progressive

aging and after 60 minmutes of heating a significant change in the quad=-

rupole splitting is observed which for the dioctyltinbis(ethyleysteinate)
LS



Table 3.11 Aammw gmmmwamH parameters for organotin compounds of the type wmmb%m»

(R = Me, Bu, Oct; Y = mammoiﬁwvaooommm. or laurate) in PVC (at 1.6% w/w) at 80K,
Isomer Quadrupole Full Width at
Compound Shift Splitting Half-height
ABEmIHVAHb.omv AEEmIHVAHb.OmV (mms—1)
Dimethyltin dilaurate 1.26 3.20 0.93
in PVC (unaged)
Dimethyltin dilaurate 1.43 2.98 1.04
in PVC aged for 75 mins,.
Dibutyltin dilaurate 1.42 3.24 0.87
in PVC (unaged) ,
Dibutyltin dilaurate 1.49 2.86 1.30
in PVC aged 120 mins.,
Dibutyltinbis(ethylcysteinate) 1.45 2.12 1.07
in PVC (unaged)
Dibutyltinbis(ethylcysteinate) 1.55 3.11 _ 1.05
in PVC aged 7% mins.
Dioctyltinbis(ethylcysteinate) 1.42 2.37 1.07
in PVC (unaged) .
UMOOﬁ%H&HS@MmAm&:%uo%m&m»dﬂ&mv 1.58 2.98 1,02

in PVC aged 60 mins.
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Table 3012 11961 Mossbauer persmeters for pure organotin(IV) compounds of the type

wmmb@m (R = Me,Bu, Oct; Y = mommomAzmmvoooommm. or laurate ) and for Stannous

Stearate and Stannous Cysteinate at 80K

Isomer Quadrupole Full Width at
Compound Shift Splitting mmwmlmmwmzﬁ
AEBmIHVAHO.omV ABBmIHVAHb.omv (mms—1)
Dimethyltin dilaurate 1.30 3.43 1.04
Dibutyltin dilaurate 1.36 3.43 1.12
Dibutyltinbis(ethylcysteinate) 1.39 2.32 1.17
Dibutylchlorotinbis=— 1.35 2.78 1.36
(ethylcysteinate)
Dioctyltinbis(ethylcysteinate) 1.35 2.28 1.21
Dioctylchlorotinbis- 1.43 2.84 1.37
(ethyleysteinate)
Stannous Stearate (1) 3.50 1.77 1.14
(2) 0.04 Unresolved 1.33
Stannous Cysteinate (1) 3.15 1.84 . 1.04
AWV 0.30 Unresolved 1.59

AHV Corresponds to parameters for the parent component.
(2) Corresponds to parameters for the Sn0p component.

(3) Corresponds to parameters for the Sn0C1, component.

96



Table 3,13 Infrared data for organotin(IV) compounds of the type R, SnY

2

(R = Ms, Bu, Oct; Y = mnmmnmAzmmvoooomm,

5

, or laurate).

Compound c=0 str NH, str n-H bend
(cm—1) (em-1) (em=1)
Dimethyltin dilaurate 1581 - -
Dibutyltin dilaurate 1600 - -
Dibutyltinbis(ethylcysteinate) 1724 3333 1575
Dibutylchlorotinethylcysteinate 1724 3278 1550,1575
Dioctyltinbis(ethylcysteinate) 1725 3278 1575
Upooa%HoSHOHoaMSm&S%Ho%mamwwm&m 1725 wmmo 155041575
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- \u-uQ = o vuuus ) UULLTIUULIUS LW WlE LOITHETlon O The chLorotin esteXr.
The quadrupole splitting for the dibutyltinbis(ethyleysteinate)
in aged PVC (AEQ = 3°11mms-1) does not correlate with the data for the
dibutylchlorotinethylcysteinate but corresponds to the data previously
observed for dibutyltin dichloride at low concentration in PVC (Table
3410),

(b) Organotin(II) Compounds

Table 3.12 gives the Mossbauer parameters for the parent compounds
stammous stearate and stannous cysteinate. The high value observed for
the isomer shift for both compounds is typical of tin(II) compounds
and allows for easy identification of any tin(IV) species present in
the spectrum. The data shows that for >both compounds an impurity is
present which for stannous stearate has an isomer shif't which corresponds
to stammic oxide (8 = O.O'4mms—1), and for stannous cysteinate has parameters
which correspond to those previocusly observed for stamnic oxychloride
(Table 3.9).

The stannic oxide impurity evidently arises from air oxidation of
stannous stearate. The stannic oxychloride impurity, however, must be
formed by a more complex mechanism involving the starting meaterials
(stannous chloride and cysteine) and :'méluding the reported fact that
stannous cysteinate is relatively air stable at room temperature having

the ‘cage’ structure (71):
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‘'‘able 5.l4 shows the lMossbauer data for the two organotin(II)
compounds incorporated in PVC and their thermal degradation products.

For hoth compounds thermally aging the PVC increases the relative
concentration of the impurity component until after 30 minutes all the
stannous stearate is converted to stannic oxide, and .after 45 minutes
all the stannous cysteinate is converted to stannic oxychloride.

Tables 3.14 and 3;15 show the change in concentration of the impurity
component with thermal aging time for stannous stearate and stannous
cysteinate respectively. In each case the relative concentration was
estimated by fitting the data as. three lines‘comprising the quadrupole
" doublet of the stearate and a hroad single line representing the imﬁurity
component and determining the proportionate area due to the impurity
component.

Finally, it should be noted that during the milling of both compounds
in the PYC all clarity is lost and opaque white sheets are produced.

3.7.3 Conclusions

For the organotin(IV) compounds studied, only the two dilaurate
esters ( which are commercially used stabilisers ) efficiently retard
colour developement in the PVC during progressive aging. The two ethyl-
cysteinate compounds imparted a yellow colouration to the PVC after
milling which was retained for up to 30 minutes of aging before further
discolouration occurred. The Mossbauer data for the degradation products
of each of the organotin(IV) stabilisers (with the exception of dibutyl
- tinbis(ethylcysteinate) ) indicated a change in co-ordiantion to the
five-co-ordinate dialkyichlorotin estef ('.RZSnCIY)n The quadrupole
splitting for the degradation product of dibutyltinbis(ethvlcvsteinate),
however, is comparable to that observed for dihutyliin dichloride in PVC
at 1.2% w/w .

The organotin(II) compounds similarily showed little potential
as thermal stahilisers. Different degradation products were identified
for the two compounds. Stannous stearate was converted to stannic oxide
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Pable 3ol 19

Sn Mssbauer parameters for organotin(II) compounds Stannous Stearate and

Stannous Cysteinate in PVC (at 1.6% w/w) at 80K,

Isomer Quadrupole Full Width at Relative
Compound Shift Splitting Half Maximum % Sn04 /
(mms—1) (+0.05) (mms=1)(+0.05) (mms—1) SnOCT, (+5%)

Stannous Stearate (1) 3.14 1.96 1.11
in PVC (solvent cast
from dichloromethane) (2) o.08 Unresolved 1.33 T0%
Stannous Stearate in (1) 3.42 1.56 1.12
PVC (milled) (2) o0.06 Unresolved 1.30 96%
Stannous Stearate in 0.08 Unremolved 1.32 100%
PVC aged 30 mins
Stannous Cysteinate (1) 3.22 1.88 0.90 ,
in PVC (milled) (3) 0.29 0.69 0.95 20%
Stannous Cysteinate 0.53 0.36 0.88 100%

(1) Corresponds to Stannous Stearate or Stannous Cysteinate.

(2) Corresponds to WQHOM

(3) Corresponds to stannic oxychloride.
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Table 3.15 Sn M8ssbauer parameters for Stannous Cysteinate in PVC (at 1.6% w/w)
at various aging times at 80K.
Time Isomer Shift Quadrupole Full Width at mmwm¢w<m Relative
(mins) (+0.08) Splitting £0.08 Half-Height Depth % SnOCI,
(+5%)
0 (1) 3.22 1.88 0.90 4.2
(2) 0.29 0.69 0.95 1.0 20%
15mins (1) 3,19 1.83 0.98 3,27
(2) 0.36 0.67 0.99 1.0 24%
30mins (1) 3,32 1.27 1.10 1.15
(2) 0.46 0.72 0.92 1.0 40%
45mins 0.53 0.36 0.88 1.0 100%

(1) Corresponds to parameters for the Stannous cysteinate component.

Amv Corresponds to parameters for the Stannic Oxychloride component.

101



after milling in the PV(C, whereas stannous cysteinate was found to be
converted to stannic oxychloride. For both stabilisers all clarity was
seen to be lost on incorporation into PVC,

3,8 FExperimental

Table 3.16 lists the organotin compounds investigated as thermal
and/or photochemical stabilisers in poly(vinyl chloride), their relative
concentrations in the polymer, and the corresponding degradation products
as identified from the M8ssbauer studies. Samples of PVC containing the
compounds listed were prepared by conventional hot milling techniques.
Thermal degradation of »the”above samples was achieved by placing the
PVC sheets in an oven in an air atmosphere 1850(¢ for varying periods of
time. Solvent cast samples were prepared by allowing a thin film of a
solution of PVC and the appropriate stabiliser in an organic solvent
(dichloromethane for the thioglwcollate stabiliseré and THF for the
maleate stahilisers) to evaporate at room temperature.

The thioglycollate/méleate series of compounds and samples of PVC
containing those compounds were supplied by Lankro Chemicals Ltd. The
ethylcysteinate and laurate series and the organotin(II) compounds
were prepared in collaboration with the International Tin Research
Insiitute,

Dimethyl- and Dibutvl-tin dilaurates: a 1:2 mixture of the dialkyltin

oxide and lauric acid in methylbenzene was heated under reflux for two
hours in a Dean and Stark apparatus. On removal of the solvent a low-
melting solid (dibutyltin dilaurate) or a white crystalline solid (dim-

ethyltin dilaurate) was obiained.

Dibutvltinbis(ethvlcvsteinate): L - cysteine ethvl ester hyvdrcchloride

(4.89g, 0.0286mol) in water (SOcmB) was added to sodium hydrogen carbonate
(4.42g, 0.052 mol) in water (5Ccmd). Didutyltin dichloride ( 4g, 0.13 mol)
in diethyvlether (1000m5) was added slowly to the aqueous solution. The

two solutions were then thoroughly mixed in a separating funnel and the
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Table 3.16 Organotin compounds investigated as stabilisers in PVC, their respective

concentrations mmﬁwsm the investigation and their identified degradation products.

Compound (Pure)

Concentration

in PVC (w/w)

Degradation Product

Dibutyltinbis(isooctylthioglycollate)
UHOO¢%H¢M5deAmmw00¢wuﬁwwomwwoowwmemv
Dibutyltinbis(isooctylmaleate)
Dimethyltin dilaurate

Dibutyltin dilaurate
Dibutyltinbig(ethylcysteinate)
Dioctyltinbis(ethylcysteinate)
Stannous Stearate

Stannous Cysteinate

Dibutyltin Dichloride
Dibutylchlordiinisooctylthioglycollate
Dioctylchlorotinisooctylthioglycollate
Dibutylchlorotinisooctylmaleate
Dioctylchlorotinethylcysteinate
Dibutylchlorotinethylcysteinate

4%, 1. 2%
4%
4%, 2%
1.6%
1.6%
1.6%
1.6%
1.6%
1.6%
1.2%

Dibutylchlorotinisooctylthioglycollate
Dioctylchlorotinisooctylthioglycollate
Dibutylchlorotinisooctylmaleate
Dimethylchlorotin laurate
Dibutylchlorotin laurate

Dibutyltin dichloride
Dioctylchlorotin ethyl cysteinate
Stannic Oxide

Tin oxide chloride
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ether layer collected and dried over anhydrous magnesium sulphate.
On removal.of the solvent, a clear oil dibutyltinbis(ethylcysteinate)
was obtained. (Found: C,%9.96; H, 7.07, ¥,5.00; S, 11.3%9,
G18H38N50h§28n.;equires €,40.83; H, 7.18; W, 5.29; 5, 12.20 %.)

Dibutvlchlorotinethylcysteinate: Dibutyltin oxide (6.69g, 0.026 mol)

was added to L - cysteine ethyl ester hydrochloride ( 4.89g, 0.026 mol)

in dry methanol (ISOcmB), with stirring, over two hours. On removal of
the solvent under vacuum a clear oil (dibutylchlorotinethylcysteinate)

was obtained which slowly crystallised at room temperature. (Found:
c,37.17; H, 6.50; ¥,3.27; Cl, 8.73%; S,7.87. _ 013H28CIN02$Sn requires;
C,37.50; H,6.72; N,3.36; Cl1,8.41; S,7.68 %). |

Dioctvltinbis(ethylcvsteinate): was prepared by a similar method fo

- the dibutyltin derivative giving a clear viscous oil. (Found: (,48.16;
H,8.30; N,4.19; S,9.50. CZ6H54$éOhSZSn requires: (,48.67; H,8.42;
M,4.36;5 5,9.98 %).

Dioctvlchlorotinethvlcysteinate: was prepared by a similar method to

the diﬁutylchlorotin derivative giving a dark viscous oil., (Found:

¢,47.45; H,8.35; N,2.59; Cl,6.06; S,6.33, ClNOZSSn requires:

CoqH,
€,47.72; H,8.33; 11,2.65; (C1,6.62; S,6.06 %).

Stannous Stearate: was prepared by the method described by Caldwell

et al (72 ). M.pt. 59-62°¢c (lit. m.pt. 65.5%). (Found: C,52.86;
H,8.55. 03437004§n ‘requires: C,61.72; H,10.60 %).

Stannous Cvsteinate: Anhydrous stannous chloride (10g,0.052 mol) in

water (50cm3) containing three drops of dilute hydrochloric acid as
stabiliser was added to L - cysteine (6.40g, 0.052mol) in water (5Ccm?),
with constant stirring. The resulting solution was neuntralised %o
pH 7.0 using sodium hydrogen carbonate resulfing in the precipitation
of a white solid (stannous cysteinate). The solid was filtered and
successively washed with water, acetone and ether. rm.pt. 190% (decomp).
(Found: 0,14.17; E,2.02; i,5.14:; $,12.58. °3H5N°288n‘ requires:
C515406; H,2.09; N,5.85; 5,13.39 %),
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CHAPTER 4. X-ray Crystallographic Structure of Dimethyvlchiorotin

Acetate and.room - temperature Mossbauer Studies

Contents: 4.1 Introdution
4.2 Expefimental
a) Preparative
b) Data Collection and Reduction
4.3 Results and Discussion

4.4 Conclusions
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4.1, Introduction

As an extension of the studies of the changes occurring to organotin
stabilisers during thermal degradation of PVC, the structure, in the
solid-state, of dimethylchlorotin acetate, a simple analogue tq the
chlorotin carboxylates encountered in the above studies, was investigated
by Mossbauer spectroscopy and }f-ray crystallography.

The structure, in the solid siate, of these compounds has not prev-
iously been investigated and the Mossbauer guadrupole splitting parameter
measured at 80K , which agrees with the previously published value
( M= 3.56 mms=1) (56 ), suggests that the tin atom is five - or six -
co-ordinate. The Mosshauer spectrum has also heen xecorded at 3061( ’
and this has previously been taken as evidence for a polymeric structure
(73-75)fHowever, this cannot be taken as conclusive, as a number of unass-
ociated compounds have given absorption at room temperature (75 ). Con-
sequently in order to determine the exact tin co-ordination, a single
crystal X -ray analysis was undertaken.

4.2, Experimental

a) Preparative.

Dimethylchlorotin acetate was prépared by the addittron of equivalent
amounts ¢0.009 mol ) of dimethyltin dichloride and triphenyltin acetate to
1500m3 chloroform. Complete dissolution was achieved upon boiling and
reduction of the volume of the solution to 75cm’ led to'the formation of
colourless crystals upon cooling. Subsequent analysis confirmed the
crystals to be dimethylchlorotin acetate. (found:C ,19.60; H,3.66;
clL ,14.43KH+H901023n requires (C,19.71; H,3.69; 0€1,14.573m.pt.179- 181°C

lit.value 185°c( 76) ). '

b) Data collection and reduction.

A crystal, approximate dimensions 0,16 x 0.40 x 0.48 mm  was
selected and mounted with the gz - axis coincident with the rotation axis
(@ ) of a Stoe - Stadi - 2 two circle diffractometer. With monochromated

Mo - Kee radiation and using the background - @ scan - background technique,
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958 unique reflgctions were measﬁred, of which 842 had I > 3.00(I)

and were considered to be observed. (The net intemsity I = T - B, where
T = scan count, B = mean‘background over the scan width; o(I) = (T +
B.c2/2t)%, where ¢ = scan time, tl= time for background measurement

at end of scan). Corrections fof Lorentz and polarisation effects were
applied to the data, but nolcorrections for absorption were made.

Crystal Data

C4H901028n , Mr 243-3, orthorhombic, Pna21, a = 9.315(3), b = 11.061(3),
¢ =7.656(2) &, U = 788.78 &3, 7 = 4, D_= 2.05, D_=2.07 mgm >,
L(Mo-Kay = 3.247 mm ©, F(000) = 464.

Structure Determination and Refinement

Systematic absences could not distinguish between space groups Pna21

and Pnma. Pnma would require the molecule to have mirror symmetry (Z = 4)
and subsequent analysis. confirméd.the non-centrosymmetiic. space_group:.as
being correct, with occupation of the four general positions. The x and
y co—ordinates of the tin atom were readily located using the Patterson
function and the remaining atoms were located from successive electron
density syntheses. The methyl hydrogens were located but given ideal
geometry (C - H 1.08 £) and a c§mmon isotropic temperature factor.
Scattering factors were calculated using an analytical approximation

(77) and the weigﬁting scheme adopted was W = 1.0000 / (U(Fo)~+-

0.0075 (Fo)z). Full matrix refinement with anisotropic température factors
applied to all non~hydrogen atoms gave the final R = 0.040 and Rf= 0.044.

4.3 Results and Discussion

Mdssbauer parameters and R8 value (the ratio of the normalised areas at

0
300K and 80K ) for dimethylchlorotin .acetate are given in Table 4.l1.(The

R,~ value has been used for suggesting a polymeric structure (for R802

80
0.03 (74)) and is defined as the ratio of the normalised areas under the
absorption peak at temperature 'T' and at 80K. The area under the absorp-

tion peak is defined by the expression (11):-

107



Area = J-;) (x) dx =" ,} T I‘H a(eo) n
where 73 (x) is the probability of resonance absorption
T is the Full Width a2t Half Maximum

H
o'(eo) is the cross section at maximum absorption
n is the absorber thickness

The normalised area is thus: 7Ty a(eo) n

‘Background counts

Hence: RSO = Area under the absorption peak at temperature T )
Area: under the absorption peak at 80K

The magnitude of the quadrupole splitting (AZEIQ = 3.56 mms—1) suggests
the tin atom to be five or six co-ordinate, and the calaulated R8Ovalue
(= 0.032) is significant indicating a polymeric structure (7. ). Similar
organotin carboxylates of known six co-ordinate structures.have gquadru-—
pole splittings in the range (AEQ= 36— 3.9 e )(69).
The crystal structure of dimethylchlorotin acetate is shown in
figure L..1 in which MeZCISn units are seen to be linked together via
acetate bridges to give polymeric chains running along the a - direction.
Tables 42 and 4.3 give the final positional parameters énd bond
distances and bond angles respectively , and Table 4.4 gives the mean plane
data. The thermal parameters and observed and calculated structure factors
for dimethylchlorotin acetate are listed in Tebles 4.5 and L.6 respectively.
From the mean plane data the acetate ligands can be seen to be
effectively planar and orismtated such that the 0(1), 0(2), ¢(1), c(2),
mean plane is almost coincident ﬁi‘th the ‘b:Ln and chlorine atoms and bisects
the C(3)-Sn-C(4) anglé. (8n, €1, €(2), C(3), (&), lie -0.56, -0.030,
1,982, 1.951 A respectively out of the meen plane). The resulting co-
- ordination @bout the tin is best described as distorted trigonal oipyramidal
with the chlorine and ‘«r:vo methyl carbon atoms forming a trigonal arrangs-
ment about the metal. 0(2) and 0(1' ) occupy the axial positions such that
the 0(2)-Sn -0(4!) bond angle is 170.1(2)° (Table 4.3), and the Sn-0(2),

o(1') distances are 2.165(6) and 2.392(7) & respectively.While these
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Projection down the ¢ axis showing the polymeric nature of

dimethyichiorotin acetate.
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tin-oxygen distances fall within the range of reported values (78 - 81) ’
they are significantly different and it is of note that the longer
distance is associated with the oxygen atom involved in an additional
tin - oxygen interaction. Although the Sn-0(1) distance of 2.782(7) &
is considerably larger than the sum of the covalent radii (2.13 &)

it is well within the sum of the van der Waals’ radii (3.70 & ) and dis-
tortions about the tin can be attributed to a weak yet significant
Sn=-0(1) interaction. Thﬁs the metal atom is found to be 0,173 A out of -
the C(1), C(3), C(4), plane and in a direction away from 0(1') and
toward 0(1) md 0(2). In addition the angular distortions about the

tin viz C(3)=Sn~C(4) 140.9(6)°, 0O(1' )-Sn-0(2) 170.1(2)*are such as to
facilitate a Sn-0(1) interaction. Thus while 0(2) is monodentate with
respect to tin, 0(1) interacts with both Sn and Sd' , thereby increasing
the overall co-ordination number for tin to six.

t

Lol Conclusions

X~ ray crystallographic data confirm dimethylchlorotin acetate
to have a distorted & - co-ordinate. polymeric structure. The reéults
of the crystallographic data in this instance lené weight to the use of
the observation of a room temperature Méssbauer resonance to assign
associated structures. It should be noted, however, that where the value
for the quadrupole splitting suggests an uncertainty in assigning the
co-ordination to the tin atom, such structural assignﬁents cannot be

made without the support of other data, such as crystallographic data.
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TABLE 4.1

119mgy, MOSSBAUER DATA

OF DIMETHYLCHLOROTIN ACETATE

Rgo =

—

. Quadrupole .
Isomer Shift b Full Width at
Temperature 5(mm s—1)a mvwwﬁﬁaumu. Half Heisht
(K) £0.02 mm s-1 | ABq(mm s w~ T (mm mlmv
+0.02 mm s
80 1.38 3.56 1.12
300 1.34 3.70 0.87

at 80 K)

a Relative to BaSnOgj

0.032 (Ratio of total normalised area at 300 K to total normalised area
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TABLE 4.2.
5

FRACTIONAL POSITIONAL PARAMETERS (x 107 for Sn; x 10# for remaining

atoms) with e.s.d.'s for non-hydrogen atoms in parentheses

Atom x ¥ 2

Sn 57335(5) 32330(4) 0 -
c1 7536(3) 4750(2) -89(14)
0(1) 2751(9) 3105(9) -11(27)
0(2) 4179(6) 4687(5) -65(38)
c1) 2941(10) 1251(7) ~150(25)
c(?2) 1666(11) 5072(9) -54(53)
c(3) 5480(34) 2778(15) 1530(29)
c(4) 5316(31) 2553(17) ~2600(26)
H(21) 2047 5789 -197
H(22) 1149 | 4972 © 1200
H(23) 906 4873 -1080
H(31) 4610 2304 3163
H(32) 6148 2138 1841
H(33) 6115 3243 3501
H(41) 4421 ‘ 2060 -%3145
H(42) 5952 2933 -3644
H(43) 5972 1947 -1835
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TABLE 4.3,

BOND DISTANCES () awD ancres (°)

Symmetry Code

none x, y, z; (') 0.5 +x, 0.5 -y, 25 (') -0.5+x, 0.5-y, 2

Bond Distances ()

Sn-01 12.375(2) Sn-C(4) 2.163(18)
Sn-0(1) 2.782(7) 0(1)-c(1) 1.262(10)
Sn-0(1') 2.392(7) 0(2)~-c(1) 1.260(9)
Sn-0(2') 2.165(6) c(1)=-c(2) 1.511(12)
Sn-C(3)  2,015(21)
Bond Angles (°)
€1-Sn-0(1) 137.9(2) 0(2)-Sn-C(3)  97.4(11)
€1-Sn-0(1"') 83.2(2) 0(2)-Sn-c(4) 96.7(10)
€1-Sn-0(2) 87.0(2) c(3)-sn-Cc(4) 140.9(6)
~ 01-Sn-C(3) 106.7(7) Sn-0(1)-Sn''  144.7(1)
C1-Sn-C(4) 110.3(7) Sn-0(1)-c(1) 79.0(7)
0(1)~-Sn-0(1") 138;9(2) Sn''-0(1)-C(1) 136.2(7)
0(1)~-sn-0(2) 50.9(2) Sn-0(2)~C(1) 108.4(7)
0(1)-Sn-c(3) 82.7(10) 0(1)-c(1)~0(2) 121.3(6)
0(1)~-sn-c(4) 78.5(10) 0(1)-c(1)-c(2) 119.5(8)
0(1')-Sn=0(2) 170.1(2) 0(2)-c(1)-c(2) 118.0(8)

0(1')-8n-C(3) 86.6(10)
0(1')-Sn=C(4) 85.6(9)
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TADULY de4,

Foquations of least scuares planes referred to orthogonal axes with

distances (X) of relevent atoms from the planes in sguares brackets

and e.s.d.'s in parentheses

Plane A c1, ¢(3), c(4)

- 0.7569X + 0.6534Y - 0.0120Z + 1.8795 = 0,0000
(¢ , 0.000; C(3), 0.000; c(4), 0.000; Sn, 0.173;
o(2), 2.321; o(1), 2.184; 0(1'}), 2.216 )

Plane B 0(1), o(2), c(1), c(2)

- 6.0082X - 0.0172Y - 0.9998Z + 0.0500 = 0.0000
( o(1), - 0.022; 0(2), - 0.022; c(1), 0.062;
c(2), -0.018; Sn, - 0.056; C , - 0.030;
c(3), - 1.982; ¢(4), 1.951; Sn'', 0.011;
c ', 0.094; c(3''), - 1.933; c(4''), 1.99 )
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TABLY

4-30

Dimethylchlorotin acetate

Final

}
thermal parameters ( x 10%) with e.s.d.'s in parentheses

(a)

Sn

c1

0(1)
0(2)
c(1)
c(2)
c(3)
c(4)

Anisotropic temperature factors (22) of the form:
exp| 212 (v, 1h2a*2 + U22k2'b*2 +T, 1%2c%2 4 2u  hleab* +

3
2U, ;hla*c* + 2U23klb*c*)]

13

L4 Yoo 553 o3 Y3 T
346(4)  357(3)  403(3)  33(1)  -19(9) 27(6)
469(12)  500(9)  757(22)  145(8) 21(31) -72(30)
440(34)  416(24) 803(52) -21(24)  378(67) 99(65)
421(32) 375(23)  644(49) -27(19)  -1(90) 18(88)
359(33)  475(31)  277(61) 0(27) -89(51) 6(43)

518(51)  516(42)  894(77) 196(77) 162(153)  164(121)
625(97)  480(81)  454(70)  83(69)  76(57)  -111(62)

598(89)  401(52)  401(61)  73(62) -80(59) 138(50)

(b) TFinal overall isotropic temperature factor (£2) for the hydrogen

atoms

o [

U=Oo

of the form:

~Usin% / }\.2]
304(72)
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TABLE 4.6 Observed and Calculated Structure Factors for

Dimethylchlorotin Acetate
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5.1 Introduction

Triorganotin compounds R,SnX are reported to be biologically active

3

due to the interaction of the RSSn moiety with certain proteins (82-86).
Both sulphur {as in a thiol) and nitrogen (as in a histidine residue)
atoms have been identified as important active binding sites to the RBSn
moiety (87-89). Davies and Smith (1),in a review of organotin chemistry,
report triphenyltin compounds to have a high fungicidal activity, trineo-
phyl- and tricyclohexyltin compounds to be active against mites, and -
tributyltin compounds to inhibit oxidative phosphorylation. It is also
suggested that the biological activity is dependent on the effectiveness
of the interaction at the active site which involves co-ordination to an
amino-acid. To investigate this interaction and determine the co-ordinationm
about the tin atom a. series of novel triorganotin derivatives of the
sulph-hydryl- containing amino-acids, cysteine and homocysteine,
RBSnS(CHZ)nCH(M{Z).COOH (where n=1 or 2, and R= butyl, phenyl, neophyl,

or cyclohexyl) have been prepared and studied by MSssbauer spectroscopye.-

5e2. Results and Discussion

The M8ssbauer data for the organotin derivatives of the type RBSnx
(where R = butyl, phenyl, neophyl, cyclohexyl, and X = cysteine,
homocysteine) a.i'e given in Table 5.1. The quadrupole splittings for the
compounds (AEQ =134 - 1.77 mms"1) are typical of 4 - co-ordinate tin
compounds containing tin-sulphur bonds.

A further indication of the co-ordination number of the tin atom is
given by *he value of the ratio (p) of the quadrupole splitting (AEQ) to
the isomer shift (8). This ratio was defined by Herber (90) who suggested
that for values of p in the renge O0-== 1,9 the tin atom can be considerec
to be 4 - co-ordinate whereas for values greater than 2.1 .the tin atom
can be considered tp be 5 - or 6 - co-ordinate, The values of p given in
Table 5.1 are seen to be no greater than 1.4 and all the compounds can

therefore be considered to be 4 - co-ordinate.
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as broad guidelines to structure. On considering the structure of the
cysteine and homocysteine ligands further co-ordination from either the
amino- or carboxylic acid groﬁp is possible although steric crowding from
the R-groups is 1ikely/to inhibit further association. Several 5-
co—ordinate stfuctures have been suggested, on the basis of‘infrared,
N.M.R. and mass épectrbscopic studies, for some organotin derivatives of
L- cysteine and L- cysteine ethyl ester (85). Infrared data of the
compounds listed in Table 5.1, however, give éarbonyl stretching frequen-
cies of 1630 cm.—1 which have been reported (for trimethyltin glycinate
(91)) as being indicative of non-co—ordinating éarbonyl groups.

Further Maddock and Platt (92) used quadrupole splitting dafa
gﬁpirically to discuss intermolecular association in organotin compounds.
, - 2.25 - 2.56 mus 1)

It was suggested that compounds of the type Ph_SnX (AE
I

3 Q

3SnX (AEQ = 2,24 - 2.65 mms—l) (X = CI, Br, I) are isostructural

having tetrahedral éeometry and that (neophy1)3Sn(OCOCH3)(AEQ = 2.45 mms-l)

and Ph3Sn(0COCH(CH2 CH3)C4H9)(AEQ = 2.26 mms_l) are also tetrahedral.

?nd Neophyl

It was also suggested that the tetrahedral structures found for“the
trineophyl- and tripenyltin halides and carboxylates were due tc possible
’steric crowding from the bulky phenyl and neophyl groups and thereby
prevénting intermoleéular association via halid or éarbo%ylate bridges.

‘The quadrupole splittings values given in Table 5.1 also suggest a
steric interaction of the R group with cysteine and homocysteine 1igand§
Qﬂich result in changés in geometry around the tin nucleus. 1In general
as the size of the R-group increases so the quadrupolé splitting
increases.

The isomer shift data in Table 5.1 reflects a typical trend for the

electron- withdrawing effects of the R group on the tin nucleus. Since

tat

the isomer shift is a direct measure of the 's' - electron density
around the tin nucleus then any observed changes in the isomer shift
~values must be a result of electron - releasing effects from the attached

ligands. Table 5.2 gives the trend observed in the isomer shift for the
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Table 5.1 Mossbauer data for triorganotin compounds R,SnY at 80K.

Hmm.amu.. @cmmgwoum Full Width at .\u
Compound Shift Splitting Half Height values
(mms=1) (+0.02) (mms™1) (10.02) (™) ) pw ov
Triphenyltincysteinate 1.24 1.34 C.% \.0%
Tricylohexyltincysteinate 1.44 1,68 0.490 l.16
Trineophyltincysteinate 1.37 1.77 {.0% 34
Tributyltinhomocysteinate 1.35 1.54 | .okl 14
Triphenyltinhomocysteinate 1.28 1.48 1.2 115" o
Tricyclohexyltinhomocysteinate 1.45 1,63 \. 08 1 o
Trineophyltinhomocysteinate 1.35 1.70 t.o3 (Y




Table 5,2 Some trends in the Isomer Shift AEBva for gompounds of the type R5SnY

Y=
~SCHCRGHCOOK - c1 - OH -NCS ~0COCH2CH3 ~0C0(CHg),;CH3
R NHp
Phenyl 1.28 1.34 1.18 1.35 1.33 1.30
Neophyl 1.35 1.39 1.13 - - -
Butyl 1.35 1.46 1.36 1.60 1.46 1.40
Cyclohexyl 1.44 1.64 1.46 1.68 1.69 -
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compounds RzSn (SCHoCHoCH(NH2 )COOH ) (where R= butyl, phenyl, neophyl,
and cyclohexyl) and compares this trend with other values reported for
compounds of the general formula R3zSnY ( 5). The isomer shift values
for the compounds of general formula‘R3SnY support the trend observed
in Table 5.1 and are found to cor;elate with the expected electron-
withdrawing properties of the R-groups in the order:

Phenyl > Neophylz Butyl > Cyclohexyvl.

5.3 Conclusions

The organotin derivatives of cysteine and homocysteiﬁe are found
to be 4- co-ordinate involving tin-sulphur bonds on the hasis of Mgssbauer
and infrared data. The effects of the R-groups on the structures af the
organotin compounds studied by Maddock and Platt support the suggestion
that the size of the R group sterically influences the positioning of the
ligands around the nucdleus and prevents intermolecular association occurring.

The formation of the tin-sulphur linkage supports the suggestions
(88 ) that sulphur acts as an important active site for binding the R3Sn
moiety. That no further association occurs via the amino- or carhoxvlic
acid groups also suggests the sulvhur to be a specific hinding site in
biological systems.

Finally, the trend observed in the isomer shift values is found to
correlate with the electron- withdrawing properties of the R groups:

i.e., Phenyl > Neophvl 2 Butyl > Cvclohexyl.
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The Mossbauer spectra of two trialkyltin compounds (3 - mefcap—
topropionato)bis(tributyltin) (BuBSnSCHZCHZCOOSnBUB) (1) andf
3 - mercaptopropionato)bis(triphenyltin)(F%SSASCHXCﬂlgcoggpgny ) were
recorded at 80K and for both compounds showed two resolved quadfupole

i

doubiets (figures 6.1 and 6.2). The inner and outer doublets afe

' repreéentative of the two tin atoms in (1) and (2) being;differ%nt
electronié environments. In addition the spectra show the outei doublet
to have a greater area under‘the absorption peak relative to th% inner
doublet implying that the tin atoms have different recoilless fracﬁions.
Several workersbgq3~102) have reported a relationship between
the recoilless fraction and the effective vibrating mass of the molecule
using the Debye model of solids. On the basis of the initial Mossbauer
observations at 80K which showed two distinct tin sites in both compounds
it was decided to investigate the co-ordination at both sites and to
relate the interpretation to the recoilless fraction at both sites using
the model developed by Herber and Leahy. Mossbauer data were recorded

over the ranges 20 - 140K (for R = butyl) and 80 - 200K (for R = phenyl).

6.2 Results.and Discussion

Figure 6.1 (a - g) shows the Yariable temperature Mossbauer
spéctra over range 20 — 140K for the tributyltin compound (1). At a
température of 20K the inner and outer doublets are seen to have approxi-
matel& equal areas undér the absorption peaks indicating the recoilless
fractions to be the same for bofh tin sites. At higher temperatures
up to 140K thgvarea under the absorption peaks of the inner doublets are
seen to diminish relative to those of the outer doublet. At 140K no
appreciable absorption is observed due to the inner doublet suggesting
that the recoilles fraction of the tin species giving rise to that
absorption is reduced to a value approaching zero. The observation of
an absorption curve at 140K which has a quadrupole splitting correspond-

ing to the outer doublet suggests that one of the tin species still has
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a significant recoilless fraction and therefore a higher co-ordination
number.

Tahle 6.1 gives the MOsshauer data and the calculated areas under
the absorption peaks over the temperature range 20 - 140 X for the
tributyltin compound ( 1 ). The Mossbauer spectra were fitted to
Lorentzian line shapes using Option 4 (section 2.3.2). The values for
the individual areas were obtained by evaluating the expression:

Area = rH x ( Backeround counts - Counts at absorption vpeak )

x 100
Background Counts

for each absorption peak,
(rH = Txperimental full width of the absorption line at half height)

The ouadrupole splitting for the outer doublet ( AR, = 3.58mms'1)

Q
is typical of a 5 co-ordinate tin species and compares with the

Mosshauer data obtained by other workers for organotin carboxylates ( 56 ).
The quadrupole splitting for the inner doublet ( AEQ = 1.80mms'1) is
typical of a 4 co-ordinate tin species and agrees with parameters

reported for tetrahedral trialkyltin thiolates( 87').

The Mossbauer results for the triphenyltin compound ( 2 ) obtained
over a temperature range of 80 - 200 X show the same trend observed for
the tributyltin compound. The results afe given in Table 6.2 and the
MOssbauer spectra recorded over the temperature range are shown in
Figure 6.2 ( a -f ).

The observations from the MMossbauer data are further supported by
the work of Barbieri et al (98 ) who report variable temperaturé
rosshauer data on the trimethvltin anélog of compounds ( 1 ) and ( 2 ).

A Structure is also suggested on the hasis of their results in which
4 co-crdinate fin-thiolate and intermolecularly associated 5 co-ordinate

tin-carboxvlate species ars shown.
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In the above structure two types of molecular association involving
the tin atoms are evident. Hazony and Ferber (103 ) report that
acoustical and optical modes of vibration can be identified in the model
of a molecular sclid made up of monomeric molecular units in which the
intermolecular bonding forces are weaker than the intramolecular bonding
forces.

The mean displacement after the passage of a standing wave is
dependent upon the effective Vibrating mass and the magnitude of the
inter - and intra - molecular force constants. It is not possible,
however, to accurately identify the effective vibrating mass at the two
tin sites, although on considering the above structure and the implica-
tions from the Mossbauer data it is reasonable to suggest that the two
masses may be different. Consequently the optical and acoustical modes
of vibration will also have different frequencies of vibration(10k), Further
it is evident that since the effective vibrating masses and the force
constants at the Ttwo tin sites are different then the recocilless fractions
' £t of the tin 2toms will z2lso be different,

5,2.1, The Zffactive Vihrating Mass Model

Herher and Leahy have reported 2 model which relates the temperature
dependence of the recoilless fraction 'f' to the structure and honding
in organotin compounds (102 ). The recoilless fraction has been

defined by the ecuation:
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b, <x>

However, since the lattice vibrations arise from thermal
excitations in the solid ) then application of the simple Debye model
of the solid defines the temperature dependence of the recoilless

fraction of the absorber, f‘a, in the Debye - Waller relationship :
2 9/T
- -2E z
fa—exp{ s 25 1+l;.(6> ijx . dx (6.1)
0 e -1

where: E., = E (M
2

opp 18 the effective recoilling mass )

2nKT

At the high temperature limit i.e. T > 8/2:

f = exp '—% ER- + .6.5..' T (6.2)
a K@ K8
318 m
and hence ar 6
—_a = -
e _ngem (603)

Since the area (A) under the czbsorption peaks is-proportional to
the recoilless fraction then it is more convenient to follow the temperature
dependence of the area (AI,) under the resonance curve.

Since for small absorber thicknesses Ae t (11)

ad  t=mn.f. 0 (section 2.2)

then A(T) « fa.(T)

. dIndA . . . . .
Therefore evaluating = will give 2 linear relationship

with a gradient = AE'R which, from (6.3), becomes:
Ko 2
m
dind -3 . E 6
= 2 a2 6ol
dT Meff" C”. L{6m



Sm is a characteristic temperature which, for an ideal monatomic

isotropic cubic solid, is equivalent to the Debye temperature, GD + Hence

(6+4) becomes:
Ak -5 . E (6.5)

A 3
aT Mo« C° . K63

Hazpny and Herber (103) further suggest that where there is a distinct

separation between the inter - and intra - moleecular vibrationa; modes,
the dominant contribution to 1nf (and hence 1nA ) is from the inter-
molecular or acoustical vibrations since, in general, these will be
excited at the lowest thermal excitation energies. However in most cases
the distinction between the inter- and intra- molecular vibra.tions' is not
clear and it is not obvious which value to assign Mef’f in (6.5).
Consequently in applying the Debye approximation, which considers only
the acoustical branches in a monatomic, isotropic solid, the value for

M PP is taken to be the relative moiecular mass of the molecule, and will
yield different Debye temperatures for the two tin sites.

Figures 6.3 and 6.4 show a linear change in InA with temperature
for both organotin compounds (1) and (2) respectively. The two slocpes
labelled (a) and (b) on the graphs represent the variation of the
individual areas arising from the Mdssbauer resonances of the two tin
sites with temperature. Substituting for the gradients of the two lines
in (6.5) produces a value for 8, for the two tin sites. In addition,
equation (6.5) also yields a more significant value for the term M felz) ,
which is a measure of the intermolecular bonding strengthsat the two tin
sitese Table 6.3 summarises the data from the two graphs ané gives velues
for &, and Meffsg obtained for the two tin sites in the tributyl- and

triphenyl- tin compounds,

662.,2 Evaluation of GD for (3-mercaptoprovionato Yois (tributyl‘cin) .

From figure 6.3: G—1 = - 0,9 x 10-'2

-2
G2 = -1.3 x 10 ~
vwhere G1 and Gz are the gradients of the slopes representing the areas
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Figure 6.3 Temperature Dependence of the Areas under
‘the Inner and Outer pair of Resonance
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under the lMOssbauer resonances for the tin-carboxylate and tin-thiolate
sites respectively.

M_pp for (3-mercaptopropionato)bis(tributyltin) = 684
-1

K = 1,381 x 10722 JK

Substituting in (6.5) gives: »
o 3 -1

for G, : -0.9 x 1072 = —JX(214-Z10)X1.6><120 >
931.5 x 10° x 1.381 x 1022 x 68 x -

9

Rearranging gives:

; 2 . 276 x 107"
D "7092 X 10-14
= 59.1 K
_ _ 3 -19
Similarily for G, : 1.3 x 1072 = 22X (24x6‘°)><1°5><123 .
93145 x 107 x 1381 x 1077 x 684 x 67
Rearranging gives : eD = 49,1 K

The calculated Debye temperatures. of the two tin. sites in both
compounds given in Table 6.3 show similar behaviour. In both cases the
tin-carboxylate species are seen to have the larger 63 values which
further supports the suggestion that these tin atoms have the higher
co—ordination.

Further since the term Me ffeg represents the intermolecular
force constant parameter, then the larger values obtained for the tin-
thiolate units imply stronger bonding forces bet}re'en the atoms.

It should be noted, however, that the above implications can only
be taken as approximations for the following reasons:

(i) in applying the Debye model the value used for M off was the
total moleculer mass since the effective vibrating mass of the two tin
sites cannot be accurately defined,

(ii) the Debye model is also limited in its application since

only acoustical modes of vibration are considered.
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6.3 Conclusions

Variable temperature Mdssbauer data have identified two tin sites
having different co-ordination numbers in both the trialkyltin compounds
studiede In both cases a 4 co-ordinate tin-thiolate species and a2 5 co=-
ordinate tin-carboxylate species are identified. On the basis of a
recently reported study (98) it is suggested that the tin-carboxylate
species forms an intermolecularly associated chain with other tin-
carbd:qylate units.,

Application of a simple Debye model of the solid to the variable
temperature Mdssbauer data confirms a linear temperature dependence of
the recoilless fraction over the ranges 20 - 140 K (for R = butyl); and
80 - 200 K (for R = phenyl). Two different Debye temperatures are obtained
for hoth compounds suggesting two different modes of vibration and
further supports the suggestion that the two tin sites have different

co=ordination numbers and different recoilless fractionse.
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