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'H, H, "*C and *°Si NMR linewidths, self-diffusion coefficients and spin-lattice
relaxation times (7,) have been measured at high field (4.7 and/or 9.4 T) in the
liquid and solid phases of hexamethyldisilane. The abrupt decrease in the 'H and
13C linewidths at the solid I1—-solid I transition point is attributed to the onset
of overall molecular tumbling, whereas the additional line-narrowing occurring in
solid I is caused by molecular self-diffusion. The average time between diffusional
jumps is 1.7x 10~ 7 s. whereas the directly measured self-diffusion coefficient is
7.0x 107" m~s ' both parameters being obtained at the melting point. A thor-
ough analysis of the T, data for all phases is reported. The activation energies of
the reorientational motions are accidentally nearly the same for both solid phases
(6.9-7.1 kJ mol '), although the spin-lattice relaxation is governed by internal
reorientations about the C—Si or Si-Si bonds in the ordered phase and overall

molecular tumbling in the disordered
times, obtained from the 'H, 2H and

hase. The similar rotational correlation
C T,-values at the melting point (1.4-

2.4 ps), indicate that the relaxation in solid I is dominated by the overall tumbling

motion.

Many spherical molecules, e.g. adamantane and fert-butyl
compounds, are known to exist in an orientationally dis-
ordered (plastic) crystalline phase of high symmetry, usu-
ally cubic, immediately below the melting point."> There
are also many examples of less symmetrical molecules
which exhibit orientationally disordered phases, e.g. the
ditetrahedral molecules pivalic acid, hexamethylethane
and hexamethyldisilane."> These elongated molecules
also form cubic high-temperature phases with very con-
siderable disorder. At lower temperatures transitions usu-
ally occur to one or more ordered phases of lower sym-
metry, where the molecules become more closely packed
and the crystals exhibit normal mechanical properties.
The different solid phases are usually designated I, II, 111
in order of decreasing temperature. In the ordered phase
anisotropic molecular motions take place, whereas in the
disordered and liquid phases overall molecular tumbling
and translational diffusion occur.

In this paper we present the results of high-field 'H,
2H, *C and ?°Si linewidth, relaxation and self-diffusion
measurements of the liquid and solid phases of hexa-
methyldisilane (HMDS). This compound exhibits a dis-
ordered phase between the phase transition at 221.7 K
and the melting point at 287.7 K.? X-Ray studies have
established that the disordered phase (solid I) is body-
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centred cubic with two molecules per unit cell and a lat-
tice constant (a) of 0.847 nm at 273 K> and 0.843 nm at
225 K.* The entropy of fusion is low compared with the
entropy of transition: AS;=1.25 R and AS,=5.25 R.?

In an early 'H linewidth study® on HMDS it was con-
cluded, on the basis of the motionally averaged second
moment, that the methyl reorientation (C; motion) is oc-
curring at a faster rate than the molecular reorientation
about the Si-Si axis (C;" motion) in solid II. Two later
low-field 'H relaxation studies (7, and T, ,) are based on
the same assumption.®’ However, neither 'H second-
moment® nor relaxation-time® measurements can distin-
guish between C; and C;' motions of a C(CH;); or
Si(CH;); group with tetrahedral geometry since the domi-
nating intra-CH; contributions will be the same for both
motions. In the case of 2H, '*C and 2°Si NMR, however,
different situations occur for C; and C;' motions, thus
making a unique assignment of these motions possible in
favourable situations.®'® Another complicating factor
when interpreting the low-field '"H NMR data is the un-
known contribution from intermolecular interactions.
This contribution is negligible for 'H and "*C at high field
and *H at all fields.

Previous NMR relaxation and radio-tracer stud-
ies”7'*13 on HMDS have shown that the translational
diffusion rate is relatively high in the disordered phase.
However, there is a significant difference in the self-dif-



fusion coefficients (D) obtained from the two techniques.
In this context it should be mentioned that radio-tracer
and pulsed field-gradient (PFG) methods give D directly,
whereas the evaluation of D from T, relies on a model
framework for the molecular dynamics. Further, consid-
erable discrepancies exist in the reported activation en-
ergies of the rotational and translational motions of
HMDS.>"712 It therefore seemed to be a reasonable ap-
proach to study the dynamics of the liquid and solid
phases of HMDS in greater detail using high-field multi-
nuclear NMR.

Experimental

Hexamethyldisilane (HMDS), obtained from Aldrich,
was transferred into the inner tube (3 mm o.d.) of a spe-
cial 5 mm coaxial Wilmad insert, degassed by four
freeze—pump-thaw cycles and sealed under vacuum. The
outer 5 mm o.d. tube contained a small amount of deu-
teriochloroform or DMSO-d, which served as external
’H lock signal source for the lower or higher tempera-
tures, respectively. Two samples were also prepared in
5 mm and 10 mm o.d. NMR tubes using the same pro-
cedure as above.

The 'H and "’C measurements were carried out on
Bruker AC 200 F and AM 400 WB spectrometers at
200.13 and 400.13 MHz ('H) and at 50.32 and
100.62 MHz ('3C). Both spectrometers were equipped
with a Z-shielded 5 mm probe-head. The 3 mm sample
was used for all 'H relaxation and self-diffusion mea-
surements. The *C relaxation and self-diffusion measure-
ments were carried out on the 3 mm sample for the liquid
phase and the 5 mm sample for the solid phases. The “H
and ?°Si relaxation measurements were performed on the
Bruker AM 400 WB spectrometer at 61.42 and
79.50 MHz, respectively, using the 5 mm sample for the
liquid phase and the 10 mm sample for the disordered
(solid I) phase. '"H composite pulse decoupling with a
Waltz-16 sequence was used when measuring the '*C, 2H
and %°Si spectra. All measurements on the 5 and 10 mm
samples were done without an NMR lock.

The 90° transmitter pulses were carefully calibrated for
all nuclei, samples and temperatures (ca. 7-26 us). The
field gradients were generated by a Bruker BGU gradient
unit. The gradient pulses were shaped and the strengths
calibrated (G<0.86 T m '), according to procedures de-
scribed by the Bruker company.'? The measured gradient
strengths (G) agreed within experimental error with the
values obtained indirectly from the reported self-diffusion
constant of water.’* The sample temperature was regu-
lated and stabilized to within +0.5 K by means of a
Bruker B-VT 1000 temperature-control unit. The heating
air flow rate was 10 1 min~".

The T, times were measured by standard inversion—
recovery'® (180° — 1 — 90° — T),, typically using 16 values
of t and the recycle delay 7= 5T,. The diffusion coeffi-
cients were measured using the well established pulsed
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field-gradient (PFG) technique’® (T-90°-1-§-1-—
180° -t -8 ~1),, where T=5T, and § is the length of
the gradient pulses. By keeping the total time between the
RF pulses A=2t +5 constant the signal height of the
Fourier transformed echo may be written A4 = const x
exp(— v2G*D5*(A - §/3)). The const term contains a fac-
tor exp (— 2A/T,) which severely attenuates the measured
echo for short spin—spin relaxation times 7,. The experi-
ments were performed with A= 100 and 8 ms for the lig-
uid and solid I phases, respectively. The gradient pulse
length (8) was decremented in 1 ms steps between 40 ms
and 1 ms. The estimated errors of 7 and D are 3 and 6%,
respectively.

Results and discussion

NMR linewidths and self-diffusion. The 'H, *H and "*C
linewidths, Av,, (full width at half-height) of solid HMDS
are shown in Fig. 1. The measurements were made by
both cooling and warming the sample, and no hysteresis
was observed. The linewidth of the 'H resonance in solid
II (ca. 18 kHz) is in accordance with the value found for
tert-butyl groups narrowed by C, +C,’ reorientations.'”
'"H composite pulse decoupling reduces the '*C reso-
nance in solid II to some extent. The relatively sharp
NMR resonances in solid I show that the intramolecular
dipolar and quadrupolar interactions and most of the
intermolecular dipolar interactions are averaged out by
the overall tumbling motion in this phase. The remaining
heteronuclear 'H-'">C dipolar interactions are removed
by proton decoupling. The observed line-narrowing of the
'H resonance (34-3900 Hz) is thus caused by molecular
self-diffusion with activation energy 42 kJ mol ™'
(vide infra). By contrast, the observed line-narrowing of
the 2H signal (6-45 Hz) is attributed to rotational aver-
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Fig. 1. NMR linewidths of HMDS versus reciprocal tempera-
ture for the 'H (@), "3C ([J) and 2H (o) resonances measured
at 400.13, 100.62 and 61.42 MHz, respectively.

723



AKSNES AND KIMTYS

aging of the intramolecular electric quadrupole inter-
action by the overall tumbling motion.

It is estimated that the intermolecular *C-"*C and
3C-%Si dipolar interactions give rise to a rotationally
averaged '’C linewidth of approximately 32 Hz for a
body-centered cubic structure with a lattice constant a of
0.847 nm.'™'® The observed '*C linewidth is 32 Hz at
243 K but appreciably wider below, and narrower above,
this temperature (4—130 Hz). The relatively broad lines
and long T, times at low-temperatures might indicate a
slightly ordered structure. The additional line-narrowing
which occurs in the high-temperature region of solid I is
attributed to molecular self-diffusion. The £, value (28 kJ
mol ~ ') therefore largely reflects the translational diffusion
process.

The 'H linewidth data of HMDS were converted to 7,
values, assuming a Lorentzian line-shape, according to
the relation

T, = 1/mAv,,» (1)

The corresponding t values, the average time between
diffusional jumps, were then obtained using the simplified
Wolf'” equation for a monovacancy diffusion mechanism
in a body-centred cubic lattice:

1/T, = 1.40M,,t 2

where M,, is the rotationally averaged second moment.
The mean value of M,, evaluated from low-field T, mea-
surements’ is 3.11 x 10% s~ 2. The t values have been de-
duced from the experimental linewidths using eqns. (1)
and (2). The average time between diffusional jumps at
the melting point t,,=1.7x 10~ 7 s. This value is at the
extreme value of the range reported for body-centred cu-
bic solids (1.2 +0.6) x 10~ 7 s.! The more loosely packed
body-centred cubic crystals are stable at relatively higher
temperatures than the closer packed face-centred cubic
structure. It has been reported'® that the translational
jump frequencies of disordered crystals at the melting
point are characteristically a factor of five greater for
body-centred cubic than for face-centred cubic solids,
and independent of the degree of orientational disorder.
The motionally averaged NMR resonances of body-cen-
tred cubic solids might therefore be narrower than for
face-centred cubic solids. However, the NMR linewidths
of HMDS are comparable to those observed for the dis-
ordered face-centred cubic solids of pivalic acid,'” rert-
butyl chloride?® and terr-butyl bromide.'°

The value of 7 is related to the self-diffusion coefficient
D through the Einstein relationship

D ={r)/6t 3)

where (1) is the mean-square-jump distance which can
be put equal to (3/4)a> for a body-centred cubic lattice.
The values of D deduced from the linewidth data are
shown in Fig. 2.

We have also measured the self-diffusion coefficients in
HMDS in the liquid and disordered phases using the
PFG technique (Fig. 2). The corresponding activation en-
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Fig. 2. Self-diffusion coefficients of HMDS versus reciprocal
temperature: 'H and '3C PFG results at 200.13 MHz (e) and
100.62 MHz (o), respectively; 'H linewidth results at
400.13 MHz (A).

ergies, obtained from linear regression, are 15 and 47 kJ
mol ~ !, respectively. The self-diffusion measurements of
solid I were carried out only in a limited temperature
range (253-285 K) due to short 7, (13 ms at 253 K for
13C) and limited field-gradient strength (<0.86 T m ™ ').
The linear Arrhenius plots (In D against T~ ') in Fig. 2
indicate that a single diffusion process is taking place in
solid I. However, the PFG technique gives D values that
are about an order of magnitude larger than the values
obtained from the indirect linewidth method;
D,,=70x10"" and 5.1x 10" "* m? s~ ! at the melting
point, respectively. These values are, however, in reason-
able agreement with the value evaluated from the ra-
diotracer ~measurements by Chadwick er al’
(6.5x10" " m? s ') and fall within the range normally
observed for disordered solids.! Linear regression on the
linewidth data of Fig. 2 yielded an activation energy of
42 kJ mol ~! compared to 47 kJ mol ~ ! obtained from the
PFG data. These activation energies are in fair agreement
with the values obtained from 7', measurements (44 kJ
mol ~') and radiotracer measurements (52 kJ mol ')’
Contemporary T, measurements by Albert ez al.,® how-
ever, produced a much smaller activation energy (36 kJ
mol '), whereas a subsequent plastic deformation and
radiotracer investigation by Salthouse and Sherwood'?
yielded considerably larger values (68 and 71 kJ mol ~ %,
respectively). The latter experiment measured, however,
the diffusion of hexamethylethane-'*C in HMDS. The se-
rious discrepancies between the reported activation en-
ergies largely reflect the effect of impurity and the history
of the sample as well as different measuring techniques.
The radiotracer results may be influenced by impurity in-
duced grain-boundaries.'> NMR relaxation measure-
ments, however, monitor molecular diffusion within the
crystallites, and there is no serious systematic error due



to sample crystallinity. Moreover, PFG and radiotracer
methods, unlike NMR relaxation, involve a long time-
scale observation of the diffusion process. Finally, for low
entropy of fusion solids (<2.5 R), activation energies for
the line-narrowing process are usually much lower than
those of self-diffusion obtained from plastic deformation
and radiotracer measurements.?!

Spin—lattice relaxation. The 'H, *H, "*C and *Si T, val-
ues were measured for the liquid and solid phases of
HMDS. *H and *°Si T, values of solid II were not mea-
sured, however, owing to complex absorption profiles
and/or poor signals. Semi-logarithmic plots of T versus
inverse temperature are shown in Figs. 3—-6. The large
discontinuities in the 'H and '*C T, values at the tran-
sition point imply, as expected, that different motions
dominate the spin-lattice relaxation in the two phases.
The marked discontinuity in T, of the investigated nuclei
at the melting point, followed by a significant change in
the activation energy, shows that the rate and possible
type of reorientation are significantly affected by the melt-
ing process (vide infra).

Solid I1. In this phase only internal C; and C;’ reorien-
tations with correlation times 1, and T, respectively,
modulate the dipolar 'H and '3C relaxation. The negative
slopes of the '"H and '*C T, curves in this phase imply
that the extreme narrowing condition prevails. If only one
motion dominates, the relevant relaxation rates are given
by eqns. (4) and (5)>'%!°
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Fig. 3. H T, relaxation times of HMDS versus reciprocal

temperature measured at 200.13 MHz (filed symbols) and
400.13 MHz (open symbols).
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Fig. 4. '3C T, relaxation times of HMDS versus reciprocal
temperature measured at 50.32 MHz (filled symbols) and
100.62 MHz (open symbols).

where t,=1,, or T, as appropriate, ryy is the inter-
nuclear H-H separation within a CH; group, ryyy is the
distance between the centres of the equilateral triangles
formed by the three hydrogen atoms of each methyl group
and r¢y is the C—H bond length. If all carbon and silicon
atoms of HMDS have tetrahedral geometry A4 = 9/4 for
both motions (and not different as claimed by Albert
et al®), whereas B=16/9 for the C,’ motion and
B =32/27 for the C; motion. When evaluating eqn. (4) we
have approximated the intra CH;—CH; interactions by
assuming that the protons in each CH; group are located
at the centre of the H-H-H triangle. As a consequence
of this approximation C, rotations will have no effect on
the ryy vector and hence the 3ry,,. ~© term in eqn. (4),
which should be skipped when the relaxation is governed
by this motion. The C-H and Si-C bond lengths (r-y
and rg,c) are assumed to be 0.110 and 0.188 nm,** giving
rug = 0.180 nm and ryyy =0.367 nm, respectively. It is
then readily calculated that the intra CH;—CHj; interac-
tions modulated by the C;’ motion only contribute 4%, to
the relaxation rate.

A minimum in T,('H) at 25 MHz is observed around
87 K. Although this minimum is shifted towards higher
temperatures at high field it is not observed within the
investigated temperature range (155-220 K) of solid II
(Fig. 3). This observation is consistent with the negative
slopes of the 'H and "*C T, curves, showing that all T,
values are on the high-temperature side of the minimum.
By using linear regression on the 'H and *C T, data of
Figs. 3 and 4 activation energies of 7.1 and 7.0 kJ mol ~
were obtained, respectively, in good agreement with the
early result of Albert er al.® (6.5 kJ mol ') but inconsis-
tent with the value reported by Chadwick et al.” (9.2 kJ
mol ~!). The latter value was, however, obtained from a
very short linear range of the Arrhenius plot. This acti-
vation energy must be assigned either to the methyl ro-
tation (C, motion) or the rotation about the Si-Si axis
(C;" motion). We have thus calculated the corresponding
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correlation times using eqns. (4) and (5). The best agree-
ment between the 'H and *C data is obtained for the C5’
motion in opposition to the assignment made on basis of
the early 'H low-field data.®’” As pointed out in the in-
troduction, however, it is not possible to distinguish
between C; and C,’ motions using only 'H data. The
relatively low activation energy observed for the low-tem-
perature motion of HMDS compared to hexamethyl-
ethane®?® and other ferr-butyl compounds'®*>*?° (12—
15 kJ mol™") probably reflects reduced interactions
between the Si(CH,), groups, in contrast to the rert-butyl
groups, on different ends of the molecule owing to longer
bonds. On the other hand, one might argue that the longer
bonds in HMDS as compared to hexamethylethane will
reduce the interactions between the methyl groups, and
hence also cause a reduction in the activation energy of
the C, rotation.®

A maximum is observed for 7,(‘H) at low field owing
to the onset of the C; motion (or alternatively C;" mo-
tion) with activation energy 30-31 kJ mol ~'.%7 Since the
maximum is shifted to higher temperatures with increas-
ing field strength, it is not observed at 200 and 400 MHz
before the melting process intervenes.

Liquid and solid 1. The dipolar and quadrupolar 'H, '*C
and *H spin-lattice relaxations in these phases are gov-
erned by the overall tumbling motion as well as internal
C; and C;’ reorientations. The negative slopes of the T}
curves in the liquid and disordered phases imply that the
extreme narrowing condition prevails. The relevant re-
laxation rates are therefore given by eqns. (6)—(8)"°
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Fig. 5. ®H T, relaxation times of HMDS versus reciprocal
temperature measured at 61.42 MHz.
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1
= — qp2~2 CH
T.CH) 2 X Tetr (8)
where y =e’qQ/h is the quadrupolar coupling constant
and the 14 terms in eqns. (6)—(8), the so-called effective
correlation times, are functions of the correlation times of
the contributing motions.'® Since the contribution from
the 3ryy. ~ ¢ term in eqn. (6) is small (ca. 4%), we can
make the approximation that t ;" =1 4"

A knowledge of the quadrupolar coupling constant of
the CH,?H group is necessary in order to calculate the
correlation times from the observed T,(*H) values with
eqn. (8). x Values of 180 and 191 kHz have been ob-
tained for the liquid and solid phases, respectively, by
substituting the T,('*C) and T,(*H) values at the melting
point, obtained from linear regression, into eqns. (7) and
(8). These values are somewhat larger than those re-
ported for tert-butyl compounds (163-174 kHz)'®?*%
but well within the range found for C-*H groups (150-
250 kHz).*

The 'H, *C and ?H T, data of solid I yield practically
identical activation energies of 7.0, 7.1 and 6.9 kJ mol ™,
respectively. The previously reported activation energy
(=6.3 kJ mol™')*7 is not accurate, since an increasing
contribution from intermolecular relaxation, modulated
by translational diffusion, resulted in a non-linear In T
against 7' plot. The effective correlation times at the
melting point deduced from the 'H and '*C T, values, are
also quite similar (2.4 and 1.4 ps, respectively) and well
within the range reported for a series of related zerr-butyl
compounds (0.9-4.2 ps).}%20-2*2% The comparable activ-
ation energies and rotational correlation times obtained
from the appropriate interaction vectors of the 'H, "*C
and *H nuclei suggest that the spin-lattice relaxation is
dominated by near-isotropic overall tumbling in solid I.

The marked decrease in E, for the *C~"H vector, from
7.1 kJ mol™" in solid I to 5.8 kJ mol ™! in the liquid,
presumably reflects an increasing contribution from the
spin—rotation mechanism. By contrast, the activation en-



ergies obtained from the T;('H) and T,(°H) data increase
by 0.9 and 1.4 kJ mol !, respectively, when going from
solid I to the liquid state, followed by a slight increase in
T+ on melting. These results indicate, in accord with
previous observations,'??*?*?% that the molecular reori-
entations are slightly retarded by the melting process.

The temperature behaviour of the 7',(**Si) values is the
opposite of that seen for the other nuclei, i.e. T, decreases
with increasing temperature in both the liquid and solid
I phases. This behaviour is attributed to a self-diffusion
dominated relaxation mechanism with @gt> 1, where 1t
is the average time between diffusional jumps. Indeed, by
using the value of t at the melting point of solid I,
1.7x 1077 s, deduced from the linewidth data, it follows
that wg;t = 85. However, the non-linear 7, curve seen in
Fig. 6 implies that the intramolecular dipole—dipole in-
teractions, modulated by molecular reorientations, make
a significant contribution to the relaxation in solid I. In-
deed, the observation that T,(*°Si) is approaching a maxi-
mum near the phase transition point shows that the latter
mechanism is becoming the more important relaxation
mechanism when the phase transition intervenes. T,;(*°Si)
is, by contrast, dominated by self-diffusion modulated re-
laxation at the high-temperature region of the liquid state.
In fact, the three T, values at highest temperature yield an
activation energy of ca. 15 kJ mol ™', in excellent agree-
ment with the value obtained from the self-diffusion mea-
surements.
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