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Rotational tunneling of methyl groups in partially deuterated tetramethyltin compounds,
(CH;), Sn(CD;), _, with x = 1 and 3, and in various isotopic mixtures,
[(CH,)Sn].[Sn(CD,),], _ ., x=0.027, 0.20, and 0.50, and

[CH,Sn(CDj3);], [Sn(CD,), ], _ . x = 0.10, respectively, has been studied using the inelastic
neutron-scattering (INS) technique. Compared with the INS spectrum of fully protonated
tetramethyltin, (CH,),Sn, the spectra obtained in the present study show remarkable shifts
and broadenings or splittings of tunnel lines. The interpretation of the INS results is based on
the assumption that all partially deuterated compounds and isotopically mixed systems have
the same crystal structure as pure (CH,),Sn. Combining the INS results with a detailed
discussion of the crystal structure, all features can be explained in terms of both the intra- and
intermolecular interactions of methyl groups. The overall decrease of tunnel splittings with
deuteration is explained by the reduction of the lattice parameter and the increased octopole
moment of the CD, groups. The interaction between different molecules is mediated by a

subset of methyl group pairs only.

1. INTRODUCTION

The dynamics of molecular systems has been the subject
of increasing interest over the past years and numerous stud-
ies have been reported. In particular, the rotational motions
of simple, highly symmetric molecules and ions such as the
ammonium ion, NH2, and the methane molecule, CH,, was
and is intensively studied.!™* On the other hand, the methyl
group attached to an organic or metal organic radical has
attracted increasing interest because of the simple one-di-
mensional character of its rotation and because of the large
variety and chemical variability of compounds containing
methyl groups. The quantum character of this dynamics at
low temperature was the most fascinating aspect of these
studies.

The rotational dynamics is fully determined by the rota-
tional potential of the molecule.The rotational potential a
methyl group experiences in the solid state results from both
intra- and intermolecular interactions. In some cases, the
potential barriers may be rather low. A characteristic energy
for rotational potentials is the tunnel splitting of the methyl
groups, which is very sensitive to the potential strength and
thus to changes of the intra- and intermolecular interactions.
The inelastic neutron-scattering technique (INS) allows the
direct observation of rotational tunneling transition of a
methyl group at low temperature.>® Other experimental
techniques were also applied intensively to study methyl
group rotation, e.g., infrared spectroscopy, FIR,” '"H-NMR

*) Part of Dr.-Ing. Dissertation of Da Zhang, D17, Technische Hochschule
Darmstadt, Germany.
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line-shape investigations [second moment M, ( (*H) 1,** and
measurements of the spin-lattice relaxation of 'H-
NMR [T, ('H)]."%12 Because of their “spherical” shape, re-
sulting from the high molecular symmetry, and the system-
atic increase of the intramolecular distances with exchange
of the central atom M, the tetramethyl compounds of the
group-1Va, (CH;) M, M = C, S8i, Ge, Sn, and Pb, have been
a favored subject for the study of the rotational dynamics of
the CH, groups and for the overall rotation of the mole-
cule.”'%!®* Miiller-Warmuth and coworkers'"'*!* studied
the tunnel splittings of methyl groups in (CH;) M, M == Si,
Ge, Sn, and Pb by INS and T, ("H) at low temperatures.

In the case of (CH,),Sn, the INS spectrum shows two
tunnel peaks with an intensity ratio of 1:3. It is known from
the crystal structure!®!® that the tetramethyltin molecule in
the solid state is distorted from its gas phase symmetry 43m.
The site symmetry of the molecule in the lattice is a threefold
axis. Thus the tunneling transitions can be assigned to crys-
tallographically inequivalent methyl groups within one mol-
ecule. A finite width of the strong tunneling transitions was
tentatively attributed to coupling effects.

Analogously to (CH,),Sn the tunnel spectrum of
(CH,),Pb shows two splittings, too, with the same intensity
ratio. It was interpreted with the same model used for
(CH,) ,Sn, despite the lack of knowledge of the crystal struc-
ture of tetramethyl lead.'® However, the assumption of iso-
morphism for (CH,),M, M = Sn, Pb, is a rather safe one
and it is implicitly proved by the general shape of the tunnel-
ing spectrum.

Up to now, the studies”!""!* of rotational potentials of
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1766 Zhang, Prager, and Weiss: Rotational tunneling in tetramethyltin

methyl groups in (CH;),M compounds have focused main-
ly on systematic changes of their properties, such as packing
or intramolecular contributions to the potential strength
with the change of the center atom M. Especially the tor-
sional frequencies of the methyl group and the energy barrier
to methyl group reorientation were related with change of
the molecular diameter and the bond length d(M~C). For a
long time it was assumed that the intermolecular van der
Waals interactions CH,<«»CH, are almost negligible. The in-
tramolecular methyl-methyl interaction was taken as the
very dominant part of the rotational potential of the methy!
group.'!

In this context an interesting experiment was reported
by Prager and Langel.'” The authors embedded molecules
(CH;),Sn in a matrix of rare gases, Ar and Kr, respectively.
The tremendous effect of such an isolation experiment is
obvious from the INS spectrum: (1) the four methyl groups
within one molecule now become equivalent—only one tun-
nel peak appears; and (2) the rotational potential is drasti-
cally reduced—the tunnel splitting is now at Av, = 72.0
eV, which has to be compared with pure (CHj;),Sn,
hv, = 1.72 ueV and 13.3 ueV. Thus, clearly, the intermole-
cular interactions contribute to the rotational potential com-
parably to the intramolecular ones.

The experimental evidence on tunneling motions in
compounds (CH,) M, M = Si, Ge,Sn, and Pb available up
to now suggested the “pseudo” matrix experiments we re-
port here: INS on partially deuterated tetramethyltin, that
is, on (CH;),Sn(CDy),_,, n=1, 3, and on mixtures
[(CH;),Sn], [Sn(CD;),]; _ ., x=0.027, 0.20, 0.50,and
[ (CH3Sn{CD3);], [Sn(CDs),4]; _ »» x =0.10, respective-
ly. Depending on the deuteration—partial deuteration or so-
lution—the intra-and intermolecular contributions to the
rotational potential are modified differently. Thus an analy-
sis of the response of the system on deuteration can yield a
detailed insight into the interaction in tetramethyl metal
compounds. Tetramethyltin is particularly suitable for such
experiments since: v

(a) All tunnel splittings of methyl groups are in the
range of the high-resolution backscattering spectrometer
(6E =0.4 ueV).

(b) The crystal structure of (CH,),Sn is roughly
known, which is necessary for a more thorough interpreta-
tion of the INS spectrum. This is especially valid if there are
crystallographically different methyl groups present. '8!
It can be assumed safely, that the systems
(CH;),S8n(CDj3), _, and [(CH,;),Sn], [Sn(CH,), 1, _,
crystallize within the (CH;),Sn structure.

{c) The reduced molecular symmetry of (CH,),Sn in
the solid state, 3m, in contrast to the 43m symmetry of the
isolated molecule, yields an especially rich tunnel spectrum
that contains sensitive information on intra- and intermole-
cular contributions to the rotational potential.

(d) Because of the different incoherent neutron-scatter-
ing cross sections of hydrogen and deuterium the CD,
groups will not mask the INS of the CH; groups. CD; groups
act as dilution.

(e) Besides the diluting effects, CD, groups modify the
rotational potential of neighboring CH; groups due to their

strong octopole moment and smaller diameter’ > The
changes are rather tiny and all features of the tunneling spec-
tra will be kept in the energy range accessible to the
spectrometer used.

Il. EXPERIMENTAL
A. Sample preparation

The partially and fully deuterated tetramethyltin com-
pounds, (CH;),Sn(CD;),_,,n =0, 1, and 3, were synthe-
sized by Grignard reactions using methyl iodide-d; (Al-
drich) and tin (IV) tetrachloride, methyltin tribromide, and
trimethyltin bromide, respectively. The technique described
in the literature®® was applied with some small modifica-
tions.”’

All obtained partially and fully deuterated tetramethyl-
tin compounds were purified by repeated distillations using a -
Micro spinning band column. The purity of the compounds
was monitored by measuring the mass densities before and
after distillation. The distillation was repeated until the mass
densities remained constant.

Because there exist different values of the mass density
of (CH,;),Sn in the literature, the mass densities of
(CH;),Sn, (CH;);SnCD,, and CH;Sn(CD;); were mea-
sured in the temperature range 15< *C< 60, respectively;
the results are shown in Fig. 1. The mass densities
plgem™ %Y for these three compounds can be described asa -
function of temperature by

p=4- BT/C. (1)

For (CH,),Sn: 4/gcm™* = 1.33730; B/gcm® °C~!
—1.814X10-%. For (CH,);SnCD;: A /gcm—>

138 .

gcm”

\\L
!
§ . N
126f—— ; AN :
o OSACD) L \
N
'

- e: (CHy)35nCD,
=: (CHy), Sn |
12— :
L ‘ ‘ |
o ]
’ 20 30 L0 50 60 -

T/°C

FIG. 1. Mass densities of (CH,),Sn, (CH,),8nCD,, and CH,Sn(CD,),
measured by precision mass density instrument (Heraeus Paar DMA 02C)
in the temperature range 15< 7 /°C<60.77

J. Chem. Phys., Vol. 94, No. 3, 1 February 1991



Zhang, Prager, and Weiss: Rotational tunneling in tetramethyliin 1767

= 1.359 34; B/gem™*°C™'=1.853x10°. For
CH,Sn(CD,);: A/gem™> =1.40540; B/gem~* °C~"
= 1.935X 1073, At T=25°C p,, are given explicitly as
p[(CH,),Sn] =1.29174 gem~3, p[(CH,),SnCD,]
= 1.31281 gem~3, and p[CH;Sn(CD;),]
= 1.356 74 gcm~*. The preparation of trimethyltin bro-
mide, (CH,),SnBr is described elsewhere.!® The prepara-
tion of methyltin tribromide was carried out as follows:*®
KOH was dissolved in a 100-ml EtOH/H,O mixture.
SnCl,*2H,0 was given to the alkaline solution under stir-
ring. After cooling the solution was filtered. CH;I was added
to the filtrate and a stream of CO, was conducted through
the solution over night. Methyl stannic acid, CH,SnOOH,
precipitated as a white powder and was separated from the
solvent. The crude solid was mixed without further purifica-
tion with HBr. After extraction with chloroform, the pro-
duct,CH,SnBr,, was recrystallized from CHCL,, mp: 53°C
(Ref. 28: 53°C).

B. Inelastic neutron-scattering experiment

The high-resolution INS spectra have been measured at
the backscattering spectrometer IN10 of the Institute Laue—
Langevin (ILL), Grenoble. An energy range |E | <14.6 ueV
was covered with a resolution 8E = 0.4 peV full width at
half maximum. All INS measurements were carried out at
T=4K.

The following samples were studied: 1. tetramethyltin-
d;, (CH,),SnCD,; II. tetramethyltin-d,, CH;Sn(CD,),;
TII. mixture [CH,Sn(CD3);15.10 [Sn{CD;),1060; IV. mix-
ture  [(CH;)Snlog7 [Sn(CD;3)4l0973; V.  mixture
[(CH3),Sn]o2 [Sn(CD3)4]0.50; VI mixture
[ (CH;),Sn].50 [Sn(CD3)4los0; VII (CH;),Sn, given for
comparison.

Ill. RESULTS

The high-resolution ISN spectra of the six sample (I-
VI) studied in this paper are shown in Figs. 2-7, where the
scattering function is S(Q,@), Q is the momentum transfer

SIQ W} (arb.units)

Energy Transfer [ueV]

FIG. 2. INS spectrum of (CH;);SnCD;, sample I, as measured with the
backscattering spectrometer IN10 at ILL. Scattering function S(Q,w) in
arbitrary units is given as a function of momentum transfer of the neutrons
Q, and #w is the energy change of neutrons. The instrument resolution is
SE=: 0.4 peV. The solid line represents the best fit with a model of six in-
elastic Gaussians and a & function at zero energy transfer convoluted with
the instrumental resolution. Sample temperature 7= 4 K.

oL

S(Q,w) (arb.units)

Energy Transfer [peV]

FIG. 3. INS spectrum of CH;8n(CD;) ;, sample I1. Instrumental setup and
coordinates as in Fig. 2. Fitted spectrum: 4 G + elastic line.

of the neutrons, and #w is the energy change of neutrons, is
fitted as a function of transferred energy. For comparison,
the INS spectrum of (CH,),Sn!* is reproduced in Fig. 8.
The spectra have a common gross structure, namely, one
tunnel transition at about 1.8 eV and another around 11.5
peV with three times the intensity but varying fine structure.
This means that the main tunneling properties of the CH,
groups in (CH,),Sn are preserved in the partially deuterated
materials (CH,), Sn(CD,),_, as well as in the mixtures
[(CH,),Sn], [Sn{CD;),], _ .. The measured spectra were
fitted by a set of Gaussians convoluted with the experimen-
tally determined resolution function. The tunnel lines shift
and broaden or even split up by deuteration. In Table I the
tunnel splittings Av, ,, their linewidths I, and the intensities
of the individual components are presented. The description
of some speciral features is not always unique: e.g., sample 11
could equally well be described at large energy transfer by a
doublet line symmetric to 10.5 peV but with reduced
linewidths. To assist the discussion we show the scattering

S{Q,w) (arb.units)

Enengy Transfer [peV]

FIG. 4. INS spectrum of isotopic mixture: [CH,Sn(CD;)slo36
X [Sn(CD;) 4]0, sample IIL. Instrumental setup and coordinates as in
Fig. 2. Fitted spectrum: 4 G + elastic line.

J. Chem. Phys., Vol. 94, No. 3, 1 February 1831
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S{Q,w) {arb.units)

-10 -5 0 5 10
Energy Transfer [peV]

FIG. 5. INS spectrum of isotopic mixture: [(CH,),Snlqgy
X [Sn(CD;),]0.973, sample IV. Instrumental setup and coordinates in Fig.
2. Fitted spectrum: 4 G + elastic line.

functions fitted to the data in the form of a line diagram in
Fig. 9.

IV. DISCUSSION

To begin with, we have to remember the crystal struc-
ture and symmetry properties of teframethyltin in some de-
tail.

The isolated molecule (CH;),Sn i is a regular tetrahe-
dron with symmetry 43m. By electron diffraction, > all
intramolecular carbon-tin distances have been shown to be
equal, namely, d(Sn—C‘* ) = 214.4 pm, n = 1 to 4. The
molecular symmetry is proved to be unchanged in the liquid
state by IR- and Raman spectroscopy studies.?!+3?

' However, this high molecular symmetry is not main-
tained in the solid state. The unit cell of (CH;),Sn'*'® is
shown in Fig. 10 in simplification, that is, only carbon atoms
are drawn. Each tetrahedron represents one molecule. The
positions of the hydrogen atoms are, unfortunately, not ac-
curately known. The structure essentially shows a cubic
packing of tetrahedra within the unit cell. The space group is
T —Pa3 with Z = 8 molecules per unit cell (Snl,-type struc-

v
=
=2
£
&l
3
o
7]
P o o
i i
-10 -5
Energy Transfer [HeV]
FIG. 6. INS spectrum of isotopic mixture, [(CH;),Snls50

X [Sn(CD;),]o.505 sample V. Instrumental setup and coordinates as in Fig.
2. Fitted spectrum: 6 G -+ elastic line.

z

=

3

v

=

3

gl ..

vy .. . .
1 1 . 1 |
-10 -5 0 5 10

Energy Transfer {peV]
FIG. 7. INS . spectrum of isotopic mixture: .[{CH,),Sn]qyso

X [Sn(CD;),]o.s0, sample VI. Instrumental setup and coordinates as in
Fig. 2. Fitted spectrum: 6 G + elastic line.

ture) at 7= 158 K.'° the lattice constantis @ = 1119.8 pm.
In this unit cell each tetrahedron is distorted due to a local
threefold axis at the molecular centers of mass. One of the
four carbon atoms, C'*?, shown as full circles, is located on
this axis while the three others (open circles) are off axis,
equivalent by symmetry. Two different Sn—C bond lengths
result from this symmetry, d(Sn—C‘"’) = 210.8 pm with
weight 1, and d(Sn—~C” ) = 214.6 pm, 1 = 2, 3, and 4, with
weight 3. In the following discussion we denote the C'" as
C(I) and C'™ with n =2, 3, 4 as C(II). For our problem
the carbon—carbon distances are the most relevant quanti-
ties. Two different intramolecular carbon—carbon distances
result from the molecular distortion: d (C(I)

--C(I1)) = 346.8 pmand d(C(II) - -C(II)") = 350.4 pm.
The shortest intermolecular C- - -C distance is significantly
longer and it is between two inequivalent carbon atoms C(I)
and C(II), namely, d(C(I)" - C{II))ner = 399.6 pm. In
the Snl, prototype crystal structure intramolecular dis-
tances and intermolecular distances I-:-I differ only slight-~
ly.*® In Table II the relevant intermolecular carbon—carbon

S{Q,w) {arb.units)

&
L0t

b
~30 -20 -10 0 10 .
Energy Transfer [peV]
FIG. 8. INS spectrum of tetramethyltin, (CH,),Sn," sample VIL The sol-

id line is a fit with a Gaussian convoluted with the resolution function. Co-
ordinates as in Fig. 2. Sample temperature 7= 4 K.

J. Chermn. Phys., Vol. 94, No. 3, 1 February 1991
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TABLE I. Tunnel splittings Av,;, i =1, II, linewidth T';, and multiplicity
methyltin compounds and isotopic mixture systems studied. The I'; values
Values below 0.1 zeV mean that the linewidth is mainly determined by the

for the partially deuterated tetra-
were obtained from the fit results.
instrumental resolution.

1769

Sample CD; % i hv,;/ueV I /uev Multiplicity
I 1.91 0.09
L (CH,),SnCD, B m 125138 0.97/0.97 L:2:1
1.98 0.10
1. CH,Sn(CD,), 75 - 105 1 13
1L [CH,Sn(CD3)slo0 I 2.06 0.06 '
[Sn(CD3)4l0so 91.5 1 9.43 0.06 13
Iv. [(CHs)asn]o‘on 1 1.96 0.06 1:2-3
[Sn(CD3) 40013 97.3 I 9.64 0.06 ‘
V. [(CH;)4Snloz0 I 2,00 0.06 1:2:1
[SR(CD1)4]os0 80 1 9.96/11.8 0.5/1.0
VL [(CH;).Sn]os0 1 1.95 0.06 1:2:1.5
[Sn(CD)4loso 50 0 10.39/12.32 1.13/1.13
1 L72 0.01 1:3 -
VIL (CH,)Sn[14] 0 0 133 04

distances in (CH;),Sn are given. To a large amount the fol-
lowing spectra can be understood on the basis of the distort-
ed molecule. Intermolecular coupling is able to explain fine
details of the spectra.

A. (CH3)3SnCD; (1)

The INS spectrum of (CH,),SnCD, (Fig. 2) is similar
to that of (CH;),Sn (Fig. 8). The observation of two tunnel
lines with an intensity ratio 1:3 clearly shows that the mole-
cule (CH;),SnCD; is statistically oriented with respect to
the threefold axis. This means that 75% of CH, groups are at
the position C(II), 25% are at the position C(I). Such a
distribution was expected because the molecule is still very
close to a spherical top. The asymmetry is too weak to orient
the molecuie. Also the entropic contribution to the free ener-

Sample, T v - v T T T (D3 %
i ' l 97.5
i\ L i 973
N | .
vt | "
Vi : L 50
- T P
gt , — 0

0 2 A 6 8 0 12 14
Energy Tranfer [peV]

FIG. 9. Lin¢ diagram of the tunneling spectra of the investigated com-
pounds.

gy works in the direction of a statistical distribution.

The outer strong tunnel line is asymmetric and was fit-
ted by two Gaussians fixed to an intensity ratio 2:1. This
leads to an overall intensity distribution of 1:2:1 between the
tunnel peaks at 1.91 ueV, 12.5 ueV, and 13.8 ueV, respec-
tively. While the low-energy transition can be described by a
resolution line, the two outer lines show a significant width.
Figure 11 shows the four possible orientations of the mole-
cule with respect to the C; axis induced by the threefold site
symmetry. Considering only one molecule, the configura-
tions shown in Figs. 11(b)-11(d) are equivalent. The situa-
tion where the molecular and site symmetry axis coincide
[Fig. 11(a)] is different from the three other orientations
[Figs. 11(b)-11(d)] where they do not. Only protonated
methyl groups {open circles) are seen by neutrons. Simple
counting shows that the occurrence probabilities are 1:2:1
for all CH, groups. This ratio is reproduced in the intensities

e e )

-

b
5

FIG. 10. Crystal structure of protonated tetramethyltin.'* The tin and hy-
drogen atoms are not shown. The C(I) atoms (full circles) are represented
correctly compared to wrong positions in Fig; 1 of Ref. 14. -

J. Chem. Phys., Vol. 94, No. 3, 1 February 1991
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TABLE II. Relevant intermolecular carbon-carbon distances in-

(CH,),Sn. Space group 7°$—Pa3, Z = 8."%!® C(I) at the axis 3, point p051- -

tion 8¢, C(II) at point position 24d (see text and Flg 10}.

Arrangement d/pm Multiplicity
C(I)---C(II) 399.6 13
. 414.9 C1:3
428.5 1:3
C(II)---C(II)’ 411.1 1:2
413.1 1:2
416.0 1:2
C(I)---C(I) 560.6 16

of the tunneling transitions. The CH;(II) groups in Fig.
11(a) experience a weaker rotational potential which is re-
flected in a larger tunnel splitting compared to the CH, (1)
groups shown ‘in Figs. 11(b)-11(d). In a model of un-
changed molecular geometry and intramolecular interac-
tions only, all tunneling lines should be sharp. There is no
reason for a distribution of rotational potentials if the only
effect of the neighborhood is to create the threefold site sym-
metry. However, due to the orientational molecular disorder
this symmetry is violated and a distribution of somewhat
different neighborhoods can be realized. Thus the width of
the tunneling lines can only be understood as a result of inter-
molecular interaction. For more details see below.

B. CH;,Sn(CD3)3 ()]

Qualitatively, the INS spectrum of CH;Sn(CD;), (Flg
3) resembles that of (CH,) ,Sn and of (CH,),SnCD,. There
is an inner tunnéling line at 1,98 yeV and an outer, broad-
eried one at 10.5 ueV. The intensity ratio of the two lines is
1:3. The explanation of the spectrum is essentially the same
as for (CH;);SnCD,. The possible orientations of the
CH,Sn(CD;); molecule with respect to & fixed threefold
axis are shown in Fig. 12. In‘analogy to the above disclission

b C d

- O¢CH3; e: (D3

FIG. 11. The four possible orientations of the (CH,) ,SnCD; molecule with
respect to the threefold axis C, of the lattice site. Hydrogen atoms are not
shown; (b), (c), and (d) are equlvalent because of the C, symmetry of the -
molecule (see text).

] ] ]
RSN
b c d

O: Sn;

OCH3, ®: EDa

FIG. 12. The four possible orientations of the CHSSnt CD,), molecule with
respect to the threefold axis Cz of the lattice Slte Hydrogen atoms are not
shown.

one sees immediately that the model of noninteracting mole-
cules would yield a single, sharp tunneling line. The appre-
ciable width of this line at 10.5 uzeV again is only understand-
able assuming considerable intermolecular interactions. It
was a hope that mixed molecular systems, where the mole-
cules adopt the local site symmetry by dlstortlon, would te]l
more about this intermolecular interaction. -

C. Mixtures [CHzSn(CDs)slo 10 [SN(CDs)lo s (ui')", and
[CH3)4Sn],[SN(CD3)4];_; x=0.027 (1V), 0.20 (V), and
0.50 (VI)

1. Global fealures

Neglecting the fine structure of the spectrum at large
energy transfers (which will be discussed in Sec. IV C 2) the
gross features of these spectra are similar to those of the
previous samples: There is an inner tunneling line with Av,,
around 2.0 eV, which belongs to CH; (I) groups located on
the threefold axis of the molecule, and transitions between
9.4 and 13.3 ueV, belonging to CH,(II) groups. The inte-
grated intensity ratios are roughly 1:3 in agreement with the
occurrence ratios of the two species. Low intensities for sam-
ple III, [CH,Sn(CD;)3l0.16 [Sn(CD;) 41060, and sample
IV, [(CH;)4Sn]o027 [Sn(CD3)4]0.073, and especially the
overlap of the wings of the elastic line with the inner tunnel-
ing transition prohibited a more accurate determination of
the intensity ratios for these two samples.

Considering the spectra of all isotopic mixtures III-VI,
we find that the reduction of the molecular symmetry from
the gas phase symmetry 43m to 3m is, in rough approxima-
tion, still dominating the overall shape. All other effects are
absorbed in a broadening or splitting and a shift of the tun-
neling lines (see Table I). In Fig. 13 we have plotted the
splitting of the centers of the tunneling lines versus the CD;
concentration. It can be seen that the inner tunneling line,
belonging to CH;(I) groups, shifts little upwards whereas
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FIG. 13. The tunnel splittings Av, of all studied tetramethyltin compounds
and mixtures (sample I+ - VI), plotted as a function of the overall CD; con-
centration in the sample. The dashed lines are a guide to the eye only.

the weighted average of the larger tunnel splittings, associat-
ed with CH,(1I) groups decreases appremably w1th inc¢reas-
ing CD, concentration. ==

This latter beliavior has been already observed in var-
ious mixed isotopic systems.?* Two effects are responsible
for the increase of rotational potentials in deuterated materi-
als. At first, deuterated compounds usually have lattice pa-
rameters g different from that of the protonated analog. The
lattice parameters a of (CH;),Sii and Sn(CD,), have been
measured simultaneously in the¢ “temperatur¢ range
20< T /K <190 by neutron diffraction using a twir cell on the
SV4 spectrometer at the KFA Jiilich. The temperature de-
pendences of lattice constants a, which are glven 1n Fxg 14,
were approximated by power series

a[ (CH,),Sn]/pm = f(T)
=04412 T ~ /K~ '2:11.090 ~

‘£3.9%1074T/K
+3IX10-ST2K?,

and : : e
a[Sn(CD;),J/pm =AT) ~
— 04412 T~ /K~ + 11.073
+39X10=4T/K -
F 37X 10~ TY/K2,

The results show that a[ (CH,),Sn] > a[Sa(CD;),] at con- -

stant temperature. The extrapolation of the curves give the
lattice parametersaat T=0K:a[(CH;),Sn] = 1111.7 pm
anda[Sn(CD,),] = 1110.1 pm, respectively. The change of
lattice parameter with deuteration x, in partially deuterated
samples or isotopic mixtures is often assumed to be linear
(Vegard’s law) and is expressed by

a(xp) =a(xp =0) + [a(xp = 1) - a(xD = 0) ]xD
' ()

With the lattice parameter the intermolecular distances d ;

130
a
P ,
126 |- (CH,), Sn—
] 122 f—-
AL ' '
S
110 Lomemzzz=?™ T _ :
0 50 100 150 200
o —_— Tk

FIG. 14. The ter;lperature dependence of lattiéé parameters af (CH,),Sh]
and a[Sn(CD,),] measured in the temperature range 20< T/K <190 by
nentron diffraction on the SV4 spectrometer in Jiilich, ,

change. The intra- and intermolecular interactions. of the
methyl groups in (CH,),Sn(CD;), _ . are multipole inter-
actions that can be described by power functions d 7~ ".**%
As a consequence of reduced distances, the CH; groups ex-
perience a stronger rotational potential if incorporated in the
Sn(CD,), matrix and thus the tunnel splitting becomes
smaller with increasing concentration of CD; groups (see
Fig. 13). We emphasize that the contraction of the lattice
constant is not due to changes of the intramolecular dis-
tances Sn—~C or C-D in the deuterated molecule but it cer-
talnly originates from a change of the intermolecular dis-
tances. It is likely, however, that the intramolecular C---C
distances may change too, due to a seeopd -order distortion
of the molecule. '

The second quantity which determines the strength of
the interaction potential beside the intermolecular distances
is the multipole moment of the methyl group. In a given
potential the CD; group has a lower lying ground state than
the CH; group. This leads to a stronger localization and an
increased multlpole moment of the CD3 group. Thus, inevi-
tably,’ the multipole 1nteract10ns increase with decreasing
CH, concentration in mixtures (CH,),Sn/Sn(CD;),.

Accordmg to the Lennard—Jones (6-12) pair potentlal
funct1on the rotational potentlal is a function of the intermo-
lecular dlstances For short distances the repulswe 1nterac—
tlon is most 1mportant and thus L

Vir b7 12, e - )
Th"'e rotational potentials thusscale as )

VCD = (ay/a,) " 2VCH == 1. 0175ch v (4)

by takmg aH =af(CH,),Sn] and a, = a[Sn(CD3)4]
T =0 K. The change of the tunnel splitting caused by the
reduction of lattice parameters according to Eq. (4) should
be only 0.8 eV (13.3 ueV—12.5 ueV), however. The ob-
served - tunnel splitting Av,;; -in the sample III
{ICH,Sn(CD;);]10.10 [Sn(CD;) 41000 } With smallest CH,
concentration is 9.64 ueV. This shows clearly that the
change of the lattice parameters explain only a part of the
shift of the tunneling line. The remaining difference must be
caused by the stronger localization and an increased octo-
pole moment of the CD; groups discussed before.- v

The positive shift of the tunnel splitting of CH;(I)
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groups is in disagreement with the above arguments. Taking
into account the reduction of the tunnel splitting of CH, (II)
groups this means that the differences between the two types
of methyl groups is reduced. Thus the local threefold axis
must be less pronounced in the deuterated substance. In oth-
er words, the deuterated molecule is less distorted in the
solid state than the protonated one. This is consistent with
the systematic behavior!! and should show up in diffraction
experiments as a smaller difference between bond lengths
d(Sn-C(I)) and d(Sn-C(II)).

In close analogy to the partially deuterated compounds
(CH;),Sn(CD3), _,,n = 1,3, thestatistical distribution of
molecules onto lattice sites in [(CH;),Sn],
X [Sn(CD;),], _ » produces rotational potentials with lo-
cally varying strength and symmetry. This disorder is the
origin of line broadenings. The broadening is most clearly
visible in the sample with maximal disorder, i.e., in case of
x = 0.5 for the CH; (II) lines (Fig. 8 and Table I). There s,
at most, a broadening 6" of the CH,{I) tunneling lines ex-
pected but difficult to be resolved since the broadening is
proportional to the tunnel spliiting 4v,, for a given potential
distribution and Av,; of the CH,(I) groups is only about 2
pev.

2. The fine structure of the CHs(ll) funneling line

While the gross features of the tunneling spectra reflect
the overall change of the methyl rotational potentials with
deuteration, the fine structure of the CH; (II) tunneling line
contains detailed information on the geometry and strength
of intermolecular coupling. This information was only avail-
able for the mixed systems where the site symmetry is not
conflicting with the lowered molecular symmetry.

For very low concentrations of the protonated species
(sample IV, [ (CH;3)48n]o.027 [Sn(CD;3)4]0.973, see Fig. 5),
the (CH;),Sn guest molecule is surrounded by deuterated
host molecules only. Thus all methyl groups in the crystal,
which are equivalent in the pure compound, have the same
surrounding. We observe two sharp tunneling lines. The ob-
servation is nearly quantitatively the same for
CH,Sn(CD;);  guest molecules  (sample ~ III,
[CH;Sn(CD;) 16,10 [Sn(CD3) 4000, see Fig. 4). With in-
creasing concentration of the guest molecules x,; there ap-
pears an increasing probability of having neighboring pairs
of protonated tetramethyltin molecules. In the model of sta-
tistical occupation of lattice sites this probability is x,. For
an individual CH,(IT) group this means that some of its
intermolecular methy] neighbors have converted to CH,.
The crystal structure!® shows that just one of the intermole-
cular CH; (1) groups is especially close to CH,(II) (see Ta-
ble IT). This pair consists of two CH; groups with a probabil-
ity x5 while it is mixed protonated—deuterated with a
probability (1 — x5 ). If there is a significant coupling be-
tween these two methyl groups, which, furthermore, must be
much stronger than any other intermolecular coupling, then
the rotational potential will be different in the pair of purely
protonated groups from the mixed pair. The two tunneling
lines belonging to the two types of pairs should show an
intensity ratio x4 /(1 — x; ). It is exactly this fine structure
that evolves from the singlet line of Fig. 5 with increasing

protonation (Figs. 5 and 6). Thus we have confirmed once
more—as already in the matrix isolation experiment!’ —
that there is a significant intermolecular interaction in
(CH;),Sn, which couples different molecules dominantly
via an infinitive network of pairs of methyl groups.

The tunnel splitting within a CH, - - - CH, pair is reduced
by about 20% compared to the mixed pair CH;---CD;. In
terms of the theory of coupled tunneling methyl groups®®
this corresponds to the case where the interaction potential
amplifies the single particle potential. The prototype system
for this type of pair interaction is lithiumacetate.”

The increasing width of the tunneling lines with increas-
ing concentration of the protonated guest molecuies shows
that the above model which neglects every other interaction
beside the pair interaction is somewhat simplified. But it
contains all essential features of coupled methyl rotational
dynamics in tetramethyltin.

V. CONCLUSION

An insight into the complex intra- and intermolecular
interactions between methyl groups in tetramethyltin was
given by analyzing the tunnel spectra of partially deuterated
and mixed protonated/deuterated samples. Especially the
latter samples, in which no disturbing orientational disorder
is present, yielded detailed results. The distortion of the mol-
ecule in the solid state is reduced with increasing deutera-
tion. The coupling between different molecules is mediated
via pairs of methyl groups. Further progress in separating
the individual contributions to the methyl groups rotational
potential (intra- and intermolecular interactions; single par-
ticle«>coupling terms) could be obtained by applying exter-
nal pressure to the teramethyltin mixtures. The usefulness of
such experiments has been shown.'? Furthermore, an accu-
rate and detailed knowledge of the crystal structure at low
temperature and as a function of deuteration could provide
an improved understanding, '
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