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Nuclear magnetic resonance (NMR) and inelastic neutron scattering techniques (INS) have been 
applied to study the rotational motions and methyl group tunneling in tetramethylstibonium iodide, 
[Sb(CH3)4]I, over a wide temperature range. Parameters describing the [Sb(CH3)4]® cation tum­
bling and the methyl group reorientation at high temperatures and quantum mechanical tunneling 
of the methyl groups at low temperatures were determined.

The results for INS and NMR experiments at low temperatures can be explained in terms of two 
crystallographically inequivalent methyl groups CH3(1) and CH3(2), which were established earlier 
by the crystal structure determination. In the INS spectra two tunneling lines at 22.0 peV for CH3(1) 
and 1.05 peV for CH3(2) with inelastic intensities in the ratio 3:1 were observed at 7 = 4 K.

The activation energies derived from proton NMR spin-lattice relaxation time measurements for 
the thermally activated methyl group rotation are 1.50 kJ/mol for CH3(1) and 3.81 kJ/mol for 
CH3(2). They are in accordance with the activation energies obtained from neutron fixed-window 
measurements.

The activation energy for [Sb(CH3)4]® cation tumbling is 50.9 kJ/mol as determined from the high 
temperature spin-lattice relaxation behaviour.

Rotational potentials for the methyl groups are derived. For both kinds of inequivalent methyl 
groups the threefold potential terms dominate; three- and sixfold potential contributions are shifted 
by 180°.

Introduction

Rotational excitations of a methyl group provide a 
simple example of motional processes in the solid 
state. They have been studied both at higher tempera­
tures as thermally activated random reorientation and 
in the quantum mechanical regime at low temperatures. 
At very low temperatures the methyl group rotation 
can be described via quantum mechanical tunneling 
between the splitted torsional state [1], Increasing the 
temperature, rotation of the methyl group becomes 
thermally activated and can be treated classically. In 
the high temperature limit, additionally tumbling of 
the whole molecular framework can be activated in 
case of highly symmetric quasi spherical molecules or 
ions. Using nuclear magnetic resonance (NMR) meth­
ods, the activation energies of the thermally activated 
processes of the methyl group and the molecule as a
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whole as well as the reorientation rates can be deter­
mined [2].

High resolution inelastic neutron spectroscopy (INS) 
has provided as suitable tool to determine the tunneling 
splitting in the quantum mechanical regime. The deter­
mination of this splitting is a good probe of the height 
and shape of the hindering potential barriers [3].

Investigations of tetramethyl metal compounds 
with an element of the main group IV of the periodic 
system as central atom (e.g. tetramethyl lead, tetra­
methyl tin) have demonstrated that the interpretation 
of the NMR and INS data can not be described quan­
titatively without taking into account crystal structure 
data [4, 5].

The present investigation was undertaken to study 
the rotational behaviour of charged X(CH3)4 systems. 
[Sb(CH3)4]® is isoelectronic to Sn(CH3)4, where two 
tunneling lines in the INS spectrum have been found 
[5]. Thus, rotational tunneling in the tetramethylstibo­
nium cation was expected [6], Tetramethylstibonium 
iodide, [Sb(CH3)4] I, was chosen, since the crystal struc­
ture at room temperature has recently been deter­
mined [7],
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The states of motion of tetramethylstibonium iodide 
are known: !H NMR wide line measurements have 
shown that [Sb(CH3)4]® undergoes isotropical cation 
reorientation at F > 326 K involving all the four 
threefold or pseudo threefold axes of the ion. In the 
temperature range 77 < T/K < 256 rotation of the 
methyl groups about the threefold axes occurs [7].

Experimental

Tetramethylstibonium iodide (sublimation point: 
528 K) was prepared as described previously [7],

Neutron scattering investigations were carried out 
using the time-of-flight spectrometer IN 5 and the back- 
scattering spectrometer IN 10 at the ILL, Grenoble.

In a first experiment the tunneling transitions of 
tetramethylstibonium iodide were investigated at the 
IN 5 spectrometer in an energy window \E \ <100 peV 
and an energy resolution <5£res = 6 peV. The tunnel 
spectrum in an energy range |£ | < 5.88 peV was stud­
ied with a higher energy resolution öEies = 0.5 peV by 
the backscattering spectrometer IN 10; the tunneling 
transitions were measured at two different momentum 
transfers Q = 1.48 Ä " 1 and Q = 1.94 Ä " 1. The spectra 
recorded at T = 4 K are shown in Figs. 1 and 2.

The intensity of the elastic line was measured in a 
so-called "fixed-window scan" at three different detec­
tor angles by setting the spectrometer IN 10 to the 
elastic position (zero energy transfer). The energy 
window is determined by the resolution of the spec­
trometer. A temperature range 2.5 < T/K < 157 K 
was covered. The temperature dependence of the elas­
tic intensity /el measured at a momentum transfer 
0 = 1.94 Ä-1 and an energy resolution <5£res = 0.5 peV 
is given in Figure 3.

For the NMR experiments the polycrystalline sam­
ple was sealed in a 7 mm external diameter glass am­
poule under helium as heat exchange gas. Identical 
material as in the INS measurements was used.

The proton spin-lattice relaxation times Tt were 
measured at two different Larmor frequencies co0/2n 
= 21.05 MHz and 36.55 MHz, respectively, and over a 
temperature range 7.2 < F/K < 417. All relaxation 
measurements were carried out applying 180°-t-90c 
pulse sequences. Tx was determined using an exponen­
tial fitting procedure [8]. The accuracy of the mea­
sured Fj-values is estimated to be ±5%.

Temperatures above F = 73 K were produced by 
use of a cold nitrogen gas flow cryostat and measured

with a copper-constantan thermocouple near the sam­
ple site. For F < 73 K the temperature was controlled 
by a continuous flow liquid helium cryostat (Oxford 
Instr.). It was independently measured near the probe 
by a NiCr-Au (0.02 atom% Fe) thermocouple. The 
measurement of the temperature was accurate to 
±0.2 K. Figures 4 and 5 show the observed tempera­
ture dependences of the :H NMR spin-lattice relax­
ation rates 1/FX.

Results

The spectrum recorded at IN 5 shows a pair of tun­
nel peaks at h cot° = ± 22.0 peV (Fig. 1; 1 eV = 96.49 
kJ/mol). Fits, using the resolution function obtained 
from a vanadium run, show that the measured inelas­
tic intensity corresponds to %75% of the total inelas­
tic intensity. They reveal furthermore a peak in the 
shoulder of the elastic line, which is not resolved.

In the spectrum of IN 10 the shoulder in the inelas­
tic line is resolved (Fig. 2). Fits, using the scattering 
function convoluted with the measured resolution 
function and two Lorentzians, yield a pair of tunnel­
ing lines at hco® = ± 1.05 peV, representing 1/4 of the 
whole inelastic intensity.

Spin-lattice relaxation and rotation or tunneling, 
respectively, are coupled by dipole-dipole interactions 
between protons [9, 10]. Analyzing the high tempera­
ture relaxation behaviour of [Sb(CH3)4]I at first (see 
Fig. 4), there are two elementary processes, whose

Table 1. Numerical values for the apparent activation ener­
gies £h and £x, cf. (8), relaxation constants CAE and CEE, 
cf. (7), correlation times and and temperature coeffi­
cient a, cf. (9), of the tunneling frequency for the two types of 
non-equivalent methyl groups in [Sb(CH3)4]I as obtained 
from the proton spin-lattice relaxation rates at low tempera­
tures. The tunnel frequencies cot° were taken from the INS 
measurements.

[Sb(CH3)4] I CH3(1) CH3(2)

Abundance 3/4 1/4
a;,0/ 2 n [MHz] 5319.5 253.9
Ca e [109 s~2] 0.50 3.80

[108 s"2] 1.90 1.90
TS [10" 13 s] 0.15 2.20
T? [10~12 s] 20 22
£h [kJ/mol] 1.50 3.81

[kJ/mol] 0.40 1.80
a [10 " 11 K ~6] 100 6.73



Fig. 1. Tunneling spectrum of tetramethylstibonium iodide at 7 = 4 K mea­
sured on IN5/ILL with an incident neutron energy £o = 0.48meV and an 
energy resolution <$£ = 6peV. Plotted is the scattering function S(Q,a>) as 
function of the energy transfer E = h co of the neutrons at a momentum transfer 
0 = 0.883 Ä"1.

Table 2. Potential determining parameters as obtained for both inequivalent 
methyl groups in M(CH3)4 compounds. In brackets the values for the less 
preferred solution with a dominant sixfold potential term are given.

M(CH3)4 [Sb(CH3)4]® Sn(CH3)4 Pb(CH3)4
CH3(1) CH3(2) CH3(1) CH3(2) CH3(1) CH3(2)

hw? [neV] 22.0 1.05 13.2 1.72 30.7 74.0
V3 [kJ/mol] 2.20(1.31) 4.58 (1.96) 2.5(1.5) 3.6(2.0) 1.31 1.46
V6 [kJ/mol] 0.12(1.89) 0.45(4.36) 0.4(2.1) 1.1 (4.3) 0.13 1.35
k 1 (1) 1 (1) 1 (1) 1 (1) 1 0
ö 0.95(0.41) 0.91(0.31) 0.86(0.42) 0.77(0.32) 0.95 0.52
Ref. this work [4] [5]
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Fig. 2. Tunneling spectra of tetramethylstibonium iodide as measured by 
IN 10/ILL at 7 = 4 K with an energy resolution 6E = 0.5 peV. Plotted are the 
scattering functions S(Q, co) vs. the energy transfer E = h co of the neutrons at 
two different momentum transfers, a) Momentum transfer 0 = 1.48 Ä"1, b) 
momentum transfer Q = 1.94 Ä ~1.
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T/K
Fig. 3. Fixed window measurements of the elastic scattering from tetramethylstibonium iodide at a momentum transfer 
(2 = 1.94 A-1. Two activation steps are observed and attributed to the rotational motion of the two inequivalent methyl 
groups CH3(1) and CH3(2).

T/K

1000/T [K_1]
Fig. 4. Proton spin-latticc relaxation rates T,~1 of [Sb(CH3)J I vs. inverse temperature (o = 21.05 MHz. □ = 36.55 MHz). The 
lines are calculated from (3) using the parameters given in the text.



T/K
100 33.3 20.0 14.3 11.1 9.1 7.7 6.3
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1000/T [K-1]
Fig. 5. Experimental proton spin-lattice relaxation rates for tetramethylstibonium iodide as functions of the inverse temper­
ature. The solid (oj0/271 = 36.55 MHz) and broken (coo/27t = 21.05 MHz) lines correspond to the theoretical description given 
in the text. The dash-dotted lines represent the CH3(1) and CH3(2) contributions to the total relaxation rate at a Larmor 
frequency of 36.55 MHz.

fluctuations mainly contribute to the experimental 
relaxation rates:
(i) reorientation of the methyl groups about their 

threefold symmetry axes characterized by the cor­
relation time t c and

(ii) reorientation of the whole [Sb(CH3)4]® cation 
characterized by t c1.

Neglecting the dipolar intermethyl group interac­
tions at first, the relaxation rate produced by intra- 
methyl proton-proton interaction is given by [11, 12]

1 3 y4/?2 
= ™ —  fo K . Tci) + 30H>, Tc2)] > (!)Tj 20 r

where

and
1

= — +

y denotes the gyromagnetic ratio of the proton, h is the 
reduced Planck constant and r is the proton-proton 
distance within one methyl group.

The interaction between different methyl groups 
within the same [Sb(CH3)4]® unit may be considered 
by assuming that the protons of each CH3 group are 
located at the center of the triangle of the (HHH) three 
spin system. This implies that tc<^tc1 and gives the 
relaxation rate caused by the overall tumbling of the 
cation:

1 _  27 y*h2
T 7~  K) 6 g(0) o,Tci) (2)
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with rc being the distance between the centers of the 
circles described by the protons in the threefold (C3) 
rotation of CH3.

Combination of (1) and (2) leads to

1
—  = Ag(co0,zc2) + Bg{(o0,xcl),
M

(3)

where A and B are the relaxation constants related to 
methyl group rotation and cation reorientation, re­
spectively.

The correlation times rci are assumed to follow an 
Arrhenius type temperature dependence:

rci = Tgj exp
RT (4)

Thus, the slopes of the straight line portions of the 
semilogarithmic plot of T f 1 vs. T _1 determine the 
values for the activation energies £a and £al, and the 
intersections at infinite temperature establish the cor­
relation time constants t° and t^  for methyl group C3 
rotation and overall cation tumbling, respectively.

If the relaxation behaviour on the low temperature 
side of the minimum in Fig. 4 is caused by reorien­
tation of methyl groups about their threefold axes, 
then t c1 -»oo and rc2 -*■ t c. Since co0t c 1 is valid, the 
second term in (3) vanishes, and the parameter A is 
given by

9 yAh2
A = —  - - 7 - .20 r (5)

Taking r=  179.7 pm as the proton-proton distance 
within a methyl group, A = 7.62 x 109 s~2 is obtained.

If the high temperature relaxation behaviour on the 
other side of the minimum is caused by isotropic 
reorientation of the cation superimposed on very fast 
reorientation of the methyl groups, then tc2 0; the 
first term in (3) can be neglected, and for co0t c1 > 1 the 
parameter B is given by

B = }'4 h:
3 r~

20 +
27 r

10 (6)

The second term in the brackets of (6) approximates 
the contribution made by the interaction between 
methyl groups on the same tetramethylstibonium 
cation (intraionic methyl-methyl interactions).

Using a mean value rc = 401 pm for the distance of 
the centers of the CH3 groups in [Sb(CH3)4]I [7] and 
the same value for r as in (5), B = 2.91 x 109s~2 is 
obtained.

Taking A and ß, (3) was least squares fitted to the 
experimental data. The following parameters at a 
Larmor frequency of 36.55 MHz are obtained:

Methyl group rotation:
t° = 5.39 x 10~14s, £a = 3.81 kJ/mol,

Cation tumbling:
t°! = 3.33 x 10"15 s, £al = 50.86 kJ/mol.

At very low temperatures (Fig. 5) the methyl group 
rotation can be described as a quantum mechanical 
process. According to the threefold molecular symme­
try of the methyl group three rotator eigenstates de­
scribing the cyclic permutation symmetry can be dis­
tinguished: A, £a , and £B. Nuclear relaxation occurs 
via coupling of the spins with the tunneling methyl 
group and the lattice [10]. Again, there are two possible 
relaxation mechanisms:

(i) transitions between £A and £B, which are depen­
dent on the Larmor frequency, and

(ii) symmetry changing transitions from A to £, which 
are field independent.

Thus, for low hindering barriers, which are present 
in this study, the classical expression for the relaxation 
rate of a polycrystalline sample, (3), has to be replaced 
by [13]

1
-  Ca

m
n t„

„=-2 \1  +((cot + na>0) tc)

+ CEE I
n t„

1 + (w COq Tc) (7)

CAE and CEE account for dipole-dipole interactions 
which are connected with a change of symmetry of the 
CH3 rotator, either from A to £ (intramolecular inter­
actions) or from £A to £B (intermolecular interac­
tions).

The temperature dependences of the correlation 
time t c can be expressed by the superposition of two 
exponentials:

1 1  ( £,
~  ~ To exP I "Tc t H RT

1
 ̂ ö exP RT (8)

The parameters t^ , t®. £h , and £T (£H > £x) represent 
the correlation time constants for infinite temperature 
and the activation energies in the limit of high (H) and 
low (T) temperature, respectively.
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The temperature dependence of the tunnel fre­
quency cot is given by [4]

cot(T) =
CO,

1 + f lT (9)

As shown in the case of Sn(CH3)4, (7) is only valid, if 
all methyl groups are crystallographically equivalent 
[4]. If there are two crystallographically inequivalent 
methyl groups, as it is the case in [Sb(CH3)4] I, each 
rotor has to be treated separately by (7) and (8) with 
individual correlation times tc(1) and tc(2) for CH3(1) 
and CH3(2), respectively. The total relaxation rate is 
then formed by the weighted superposition of the con­
tributions T{~1 (1) and T1_1(2).

In Fig. 5 the fit of such a procedure is given by a 
solid line for the Larmor frequency co0/2 n = 36.55 
MHz. Fhe tunneling frequencies of the torsional 
ground state to,0 (1) and cot°(2) were taken from the INS 
spectra. The dash-dotted lines in Fig. 5 represent the 
contributions of the CH3(1) and CH3(2) groups at 
ooJ2ti = 36.55 MHz.

In Table 1 the parameters derived from the best fit 
to the experimental points are listed.

The onset of 120° jumps of methyl group protons 
across the rotational potential barrier has an effect 
upon the INS spectrum in a fixed-window measure­
ment. It leads to a quasielastic line centered at hco = 0 
with a line width Tqu, which is temperature dependent. 
When Tqu is in the same order of magnitude as the 
resolution of the spectrometer <5Fres, intensity is trans­
ferred out of the energy window and a step in the 7C, vs. 
F diagram arises. At that temperature F1/2, where half 
of the height of the step is lost, the condition Tqu = ÖEres 
is valid. The temperature dependence of the quasi- 
elastic line width can be described by an Arrhenius 
Ansatz [13, 14]

3 h (  E..
Fqu(F) = y _ F 0e x p ( - w

= -h(z°Hr 1exp[ - A .
RT (10)

where r denotes the time between jumps, which is 
correlated with the time constant for infinite tem­
perature at the high temperature side of the relaxation 
curve, cf. (8). The barrier height £a of the rotational 
potential is then obtained from

E = R  In F0
ÖEr Fi/; (11)

Fhe fixed-window measurement of tetramethyl­
stibonium iodide yields two steps at Ti 2 = 14 K and 
T1/2 = 52 K. They can be related with the rotational 
motion of CH3(1) and CH3(2), respectively.

Using the values for r^ as given in Table 1, the 
application of (10) and (11) yields activation energies 
Fa(l)= 1.4 kJ/mol and Fa(2) = 3.9 kJ/mol for jumps of 
the two inequivalent methyl groups over the potential 
barrier.

Discussion

By combining the inelastic intensities, which were 
measured by IN 5 and IN 10, all methyl groups in 
[Sb(CH3)4]I have been observed. The two peaks at 
| h cot°| = 22.0 peV and | ftcot°| = 1.05 peV with inelastic 
intensities in the ratio 3:1 are in accordance with the 
results of the crystal structure determination. The crys­
tal structure was determined by single crystal X-ray 
technique at room temperature [7], [Sb(CH3)4] I crys­
tallizes in the space group Cgv-P63mc with 2 formula 
units in the unit cell. Two crystallographically inequiv­
alent carbon atoms in the ratio C(1):C(2) = 3 :1 were 
found. Thus, the tunnel splittings at 22.0 peV and 
1.05 peV are associated with CH3(1) and CH3(2), re­
spectively.

As can be seen in Fig. 4, a maximum of the relax­
ation rate at high temperatures could not be observed 
experimentally. The theoretical maximum relax­
ation rate can be calculated: (3) has a maximum for 
to0Tcl max = 0.6158. Insertion of rcl max and the value 
for B yields a maximum relaxation rate T1~^ax = 
18.01 s-1 at w0/27r = 36.55 MHz. Comparison with 
Fig. 4 shows that this value is almost reached at the 
highest experimental temperature T = 417K (i.e. 
1000/F = 2.398 K "1, see Figure 4). Taking the i cl.max- 
value and (4), the corresponding temperature Tmax, 
where T ^ 1 reaches a maximum, is calculated to be 
Fmax = 451 K (i.e. 1000/Fmax = 2.217 K "1).

Fmax of [Sb(CH3)4] I fits to the corresponding values 
of the homologous iodides [MV(CH3)4]I, MV = N, P, 
As, where the temperature of maximum relaxation 
rate could be observed experimentally at a Larmor 
frequency of 34 MHz (360 K, 388 K, and 400 K for 
MV = N, P, and As, respectively) [15].

A XH NMR second moment (M2) study of various 
tetramethylstibonium compounds showed a step in 
the M2 vs. F diagram indicating the transition from 
individual methyl group rotation to cation tumbling 
[7]. It was assumed that at first a reorientation of the
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[Sb(CH3)4]® cation about the unique "long" Sb-C(2) 
axis (C'3 rotation) and then additionally about the 
three "short" Sb-C(l) axes is activated. For tetra­
methylstibonium iodide the activation energies of these 
processes were found to be 7.6 kJ/mol and 59.9 kJ/mol, 
respectively. They have to be compared with £al = 
50.9 kJ/mol found in this study.

At first sight there is a large discrepancy between 
the two values for cation tumbling. Since in the tem­
perature range 285 < T/K <417 the slope of the curve 
T,-1 vs. T _1 is very steep, the two steps are not re­
solved, and therefore only a mean value of 50.9 kJ/mol 
for both processes (cation tumbling and C3 rotation) 
can be obtained. Averaging the activation energies for 
cation tumbling about four axes in [Sb(CH3)4]® and 
C3 reorientation about the unique "short" Sb-C(2) 
axis as derived from M2 measurements yields 49.4 kJ/ 
mol as a mean value. This is in good agreement with 
£al = 50.9 kJ/mol obtained from measurements 
in this study.

Another indication for the assumed mechanism of 
the transition to cation tumbling via C3 rotation may 
be the deviation of the relaxation rates from the 
theoretical curve in the temperature range 143< T/K 
<294. This is the temperature intervall where the re­
laxation mechanism changes from methyl group 
rotation to [Sb(CH3)4]® cation tumbling and where 
an anomalous behaviour of [Sb(CH3)4]® was also 
found in T, studies on [Sb(CH3)4]2SiF6 [16],

The various values for the characteristic parameters 
obtained by analyzing the spin-lattice relaxation rates 
for T <77 K (cf. Fig. 5) are listed in Table 1. They are 
in the same order of magnitude as those reported for 
tetramethyl tin and tetramethyl lead [4, 5], for which 
compounds also crystallographically inequivalent 
methyl groups have been considered.

Regarding at first CH3(2), the anomalous be­
haviour of the T1(2)~1- T ~ 1 curve is striking. The 
curve resembles the relaxation behaviour of methyl- 
bromide and methylisocyanate [17]. At T % 48 K there 
is a Ty~1 maximum with a small dependence on the 
frequency. The curves for the two Larmor frequencies 
intersect at T = 38.5 K. A level crossing peak at 
oj, = 2co0, as theoretically expected, is not observed. 
The reason might be a shift of the peak towards higher 
temperatures where the relaxation rates of CH3(2) at 
the two different Larmor frequencies match. The 
barrier hight £„(2) = 3.81 kJ/mol is relatively large.

It is interesting to note that the relaxation constant 
CEE(2) and the apparent activation energies £H(2) and

£ r(2) in [Sb(CH3)4]I are very similar to the values 
found for the corresponding methyl group in tetra­
methyl tin, Sn(CH3)4 [4], In both substances there is 
one CH3(2)-type methyl group in the formula unit, 
which is directed along the threefold molecular sym­
metry axis, whereas the carbons of the three remaining 
CH3(l)-type methyl groups occupy the threefold posi­
tions. The values for the low temperature activation 
energy, £ r(2)= 1.8 kJ/mol, are the same for both com­
pounds.

The values for £ H(2) and CEE(2) are slightly 
smaller for Sn(CH3)4 (3.4 kJ/mol and 0.17 x 109 s~2, 
respectively) than for [Sb(CH3)4]I (3.81 kJ/mol and 
0.19 x 109 s~2, respectively).

The ratio CAE(2)/CEE(2)%20 for tetramethylstibo­
nium iodide indicates that the two terms of (7) coincide 
in one curve with a large maximum relaxation rate. The 
contribution of the second sum is small. This indicates 
a domination of the intramethyl dipole-dipole inter­
action in CH3(2).

The T ^ 1 (1) = /( T ~1) curve in Fig. 5 shows two max­
ima. The low temperature maximum is frequency de­
pendent and reflects the £A —► £ B transition, second sum 
of (7); the small high temperature maximum is fre­
quency independent and caused by the symmetry 
changing A -+ £ transition. The low temperature side of 
the relaxation peak occurs at so low temperatures that 
only the torsional ground state is populated.

Due to the error in 1/T. which has especially a large 
effect at lowest temperatures, the low temperature ap­
parent activation energy £, (1) is less accurate. The high 
temperature apparent activation energy £H(1) is mall 
(1.50 kJ/mol). It is exactly the same as the correspond­
ing value for CH3(1) of Pb(CH3)4 [5],

In a study about rotational tunneling in methyl- 
pyridines [10] a linear relationship between log(CAE) 
and inverse temperature, where the relaxation rate is 
maximal, was found. For [Sb(CH3)4]I the value of 
Cae(2) fits to this relationship.

The T y 1 = /( T _1) curve shows a deviation from 
the experimental points in the temperature range 
20 < T/K < 25. At coj 2 n = 21.05 M Hz the fitted curve 
is shifted towards lower relaxation rates. This is due to 
an onset of a small non-exponentiality of the free induc­
tion decay (FID) in this temperature interval, so that 
the large relaxation times could not be reached. Never­
theless. the experimental rates at 21.05 MHz are higher 
than at 36.55 MHz, and this is in accordance with the 
fitted curves for both Larmor frequencies.
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The results of the neutron fixed-window measure­
ments, £a(l) = 1.4 kJ/mol and £a(2) = 3.9 kJ/mol, are in 
good agreement with the apparent activation energies 
£H(1) = 1.50 kJ/mol and £H(2) = 3.81 kJ/mol as obtained 
from the NMR measurements. They confirm the 
correct attachment of CH3(1) and CH3(2) to the re­
spective maxima in the t i~1- T ~ 1 curve of Figure 5.

The observed tunneling frequencies and activation 
energies can be related to the rotational potential. 
Usually the potential is expanded into a Fourier series 
in the rotational angle S of the CH3 group and trun­
cated to the first two terms [5]:

K(3) = A{F3( l + ( - l ) fc cos 35)}
+ ^{F6(1+(-1)"cos6£>)}, (12)

where F3 and V6 denote the three- and sixfold poten­
tial and k the phase factor indicating either no shift 
(k = 0) or a phase shift of 180° (fc=l) of the F3 and V6 
potentials.

Using two of the three potential energies ftco,0, £T 
(as the energy difference F01 between the torsional 
ground and first excited state of the potential), and £H 
(as the activation energy £a of the potential barrier), 
the potential determining parameters can be derived. 
Both inequivalent methyl groups are regarded inde­
pendently from each other. The corresponding eigen­

values of the Schrödinger equation for both kinds of 
methyl groups were taken from the tables [18]. The 
solution is obtained graphically by the intersection of 
the curves.

In the case of CH3(1) the eigenvalues derived from 
£x(l) can not be considered. They yield no intersec­
tion with the curves obtained from hco°{\) and £H(1); 
this may be due to the error in the slope in the temper­
ature range 7.2<F/K <10 owing to uncertainties in 
temperature measurement.

Figure 6 shows the curves obtained in terms of 
Fmax = F3 + V6 and 3 = F3/Fmax. The resulting potential 
parameters are listed in Table 2 together with the val­
ues given in literature for Sn(CH3)4 and Pb(CH3)4.

For both kinds of methyl groups in [Sb(CH3)4]I 
two solutions exist. The parameter set closer to a pure 
cos 3 9 potential is preferred because experience has 
shown that the threefold term usually dominates. For 
both solutions the 3- and 6-fold potential con­
tributions are shifted by 180°. The small sixfold con­
tributions with a phase factor k= 1 indicate that the 
threefold potential wells are narrowed, while the 
barriers are broadened.

Solid Pb(CH3)4, Sn(CH3)4, and [Sb(CH3)4]I are 
built up from M(CH3)4 tetrahedra (M = Sn, Pb, Sb) 
with two inequivalent methyl groups in the ratio 
CH3(1):CH3(2) = 3:1. In the group-IV-tetrahedra

- v3+v6
[kJ/mol] -

- k=0 16 k = l -

- E0«(2)
14 -

^fu^(l)

fiW°(2) \
12

10 ;

Ea(2)_ —\
8

■ MD
4

i . i . i .
0.2 0.4 0.6 0.8 1.0 0.8 0.6 0.4 0.2

Fig. 6. Possible solutions of the Schrödinger 
equation for both types of inequivalent 
methyl groups in tetramethylstibonium 
iodide in the potential of (12) vs. S = 
V3/(V3+V6).
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Table 3. Structural parameters of tetramethyl tin and tetramethylstibonium iodide.

w/„„ , d(M-C) d(CH3(l) ■ ■ ■ CH,(2)) d(CH3(l) • • • CH3(1)) *C(1)-M-C(1) *C(1)-M-C(2)M(CH3)4 -------- ---------------------------------------------- -------- ---------- ------ ----------pm pm pm deg. deg.

[Sb(CH3)4]® [7] CH3(2) 2115 339 9 3414 110'7 108-2

Sn(CH3)4 [19] CH3(2) 2108 345 8 3494 109'6 109,3

three methyl groups are located on the threefold sym­
metry position with a "long" X -C  bond length and 
the fourth along the symmetry axis with a "short" 
X-C bond length [4,19]. In contrast, the [Sb(CH3)4]e 
tetrahedron is elongated along the C3 axis, i.e. it has 
three "short" bonded methyl groups and one "long" 
bonded methyl group [7]. In Table 3 some structural 
parameters for M(CH3)4, M = Sn, Sb, are given. In 
contrast to Sn(CH3)4 and [Sb(CH3)4]I, the alkali 
tetramethylindates M'[In(CH3)4], M' = Li, Na, crys­
tallize in cubic primitive lattices with the [In(CH3)4]e 
anions forming regular tetrahedra [20], The different 
rotational behaviour due to different crystal struc­
tures in isoelectronic alkali tetramethylindates, tetra­
methyl tin, and tetramethylstibonium halides as studied 
by NMR is reported elsewhere [21].

It is interesting to note that the "short" bonded 
methyl group in Sn(CH3)4 shows a tunnel splitting 
(1.72 peV) very similar to the "long" bonded methyl 
group in [Sb(CH3)4] I (1.05 peV), and, vice versa, that 
the tunnel transitions of the three "long" bonded 
methyl groups in the tin compound (13.2 peV) are 
similar to three "short" bonded methyls in the isoelec­
tronic tetramethylstibonium cation (22.0 peV).

For an explanation the influence of the structural 
data (angles, distances) has to be considered (cf. 
Table 3). In [Sb(CH3)4]I each CH3(1) group is sur­
rounded by one iodine in a distance of 393.3 pm and 
by another two in a distance of 405.9 pm. The CH3(2) 
group has only one Ie neighbour at 421.2 pm and at 
431.7 pm. respectively. This leads to an increase of the 
angle between the equivalent methyl groups to 110.7° 
and to a decrease of the angle between the non-equiv­
alent methyl groups to 108.2° in relation to the ideal 
tetrahedral angle (109.47°). In Sn(CH3)4 the inter- 
methyl angles (109.6° and 109.3°) have nearly the ideal 
tetrahedral value [19].

By the influence of the iodine the intermolecular 
distance between two inequivalent methyl groups is 
2.5 pm shorter than the distances CH3(1) • • • CH3(1).

In Sn(CH3)4 the respective difference is 3.6 pm. In 
both compounds the potential barrier is mainly deter­
mined by the interlocking of both types of methyl 
groups. In tetramethyl tin and in tetramethylstibo­
nium iodide, the single CH3(2) is influenced by 
3CH3(1) in a short distance, and each of the three 
CH3(1) "sees" 1 CH3(2) in the same distance plus an­
other 2CH3(1) in a larger distance. From the intra­
molecular (-ionic) point of view it is thus reasonable 
that CH3(1) is less hindered and thus shows both a 
larger tunnel splitting in the INS experiments than 
CH3(2) and a domination of the relaxation rate at 
lowest temperatures in NMR Tx measurements.

Taking into account the distances of the two types 
of methyl groups to the next Ie neighbours in 
[Sb(CH3)4]I, one would not expect that CH3(1) is 
less hindered than CH3(2). Since the iodine ion is 
soft, i.e. an easily polarisable sphere, it contributes to 
the high threefold potential terms for both, CH3(1) 
(<S= F3/(F3 + F6) = 0.95; cf. Fig. 6) and CH3(2) (Ö = 0.91). 
In tetramethyl tin such an intermolecular buffer be­
tween the methyl rotators of different molecules is 
absent and thus the sixfold potential contribution is 
higher.

The results of our work confirm the statement that 
a correlation of tunneling splittings with R-C  bond 
lengths is not sufficient to describe the rotational be­
haviour of methyl groups and that both intra- and 
intermolecular interactions have to be considered 
[22].
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