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Abstract

Solid state 2H NMR has been used to study molecular motion in deuterated ammonia trimethylalane (CH3)3AlND3. From

analysis of the 2H NMR lineshape between 123 and 298K, reorientation of the –ND3 group about the molecular Al–N axis is shown

to occur at a rate higher than 108 s–1, and simulation of partially relaxed 2H NMR lineshapes shows that the reorientation can be

described as a 3-site 120� jump motion. From the temperature dependence of the 2H spin–lattice relaxation time, the activation

energy for this motion is estimated to be 9.370.3 kJmol–1. There is no evidence from either 2H or 27Al NMR data for any site-

exchange between the sites occupied by the –ND3 and –CH3 groups. The anisotropy of the dynamics of (CH3)3AlND3 indicates that

the orientation of the Al–N bond is highly constrained, presumably by a strong interaction between the electric dipoles of

neighboring molecules.

r 2003 Elsevier Inc. All rights reserved.

1. Introduction

Molecules in crystalline solids can undergo substan-
tial reorientational motions, typified by ‘‘rotator phase’’
solids (plastic crystals) [1,2]. Molecules that are essen-
tially cylindrical in shape (e.g., n-alkanes [3–6]) or
essentially spherical in shape (e.g., buckminsterfullerene
(C60) [7–9]) often exhibit a rotator phase at sufficiently
high temperature, in which the individual molecules
reorient rapidly within the solid. In the former
case, rapid reorientation occurs about a single axis
(the cylinder axis), whereas in the latter case, the
reorientation is essentially isotropic or at least involves
pseudo-isotropic averaging. Other molecules such as
adamantane [10,11], neopentane [12–14], tetramethylsi-
lane [15,16], tetrakis(trimethylsilyl)silane [17,18] and
tetrakis(trimethylsilyl)methane [19] are also found to
exhibit rotator phases in the solid state. Although the
molecular symmetry in each of these cases is tetrahedral,
the molecular shapes are actually rather globular (i.e.,
approximating to spherical), and it is not surprising on
steric grounds that substantial reorientation (in the form
of tetrahedral jump motions or essentially isotropic

reorientations) can occur within the volume of space
occupied by these molecules in their crystal structures.

In the present paper, we explore the dynamic proper-
ties of ammonia trimethylalane (CH3)3AlNH3 (Fig. 1;
abbreviated ATMA). This molecule is isoelectronic with
tetramethylsilane [(CH3)3SiCH3], and geometrically the
ATMA molecule may be described as pseudo-tetrahe-
dral X3MX 0 (the true molecular symmetry is actually
lower than tetrahedral, with a three-fold axis along the
Al–N bond). Thus, on steric considerations, it might be
anticipated that ATMA could exhibit a rotator phase in
which the –NH3 and –CH3 groups exchange sites,
similar to the type of motion observed for tetramethyl-
silane and other rotator phase solids based on tetra-
hedral molecules discussed above. Nevertheless,
depending on the actual environment of the molecule
in the crystal structure and the nature of the local
intermolecular interactions (which may be significantly
different for the –NH3 and –CH3 groups), the reorienta-
tional freedom of the molecule may be significantly
more constrained. The crystal structure of ATMA,
established from powder X-ray diffraction data, has
been reported previously [20]. The reported structure
implies that the locations of the –NH3 and –CH3 groups
are ordered, corresponding to linear arrays of molecules
with their Al–N bonds parallel, although it is pertinent
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to question the ability of powder X-ray diffraction to
unambiguously distinguish the –NH3 and –CH3 groups,
given their very similar X-ray scattering powers. The
present work to investigate the dynamic properties of
ATMA therefore provides an opportunity to assess
independently the issue of order versus (dynamic)
disorder of the –NH3 and –CH3 groups in this structure.

Our investigation of the dynamic properties of
ATMA has focused on 2H NMR lineshape analysis
and 2H NMR spin–lattice relaxation time measurements
for N-deuterated ATMA [i.e., (CH3)3AlND3; abbre-
viated ATMA-d3], together with 27Al NMR lineshape
analysis. 2H NMR spectroscopy is a particularly
powerful technique for studying molecular reorientation
in solids [21–28], and has been applied to study a wide
variety of types of dynamic process in a broad range
of materials. When the rate of motion is in the range
103–108 s–1 (the intermediate motion regime), analysis of
the 2H NMR lineshape provides detailed information on
the rate and mechanism of the dynamic process. For
rates of motion higher than 108 s–1 (rapid motion
regime), the actual rate of motion cannot be established
from 2H NMR lineshape analysis, but information on
the geometry and mechanism of the motion can never-
theless be obtained. 2H NMR lineshape analysis is
generally carried out by calculating the lineshapes for
proposed dynamic models, and finding the dynamic
model for which the set of calculated lineshapes provides
the best fit to the set of experimental lineshapes recorded
as a function of temperature. When the rate of motion is
in the rapid regime with respect to 2H NMR lineshape
analysis, detailed dynamic information can be obtained
from measurement and analysis of the 2H NMR spin–
lattice relaxation time (T1), which is particularly
sensitive for studying dynamic processes with rates in
the range 10–3n to 103n (where n is the 2H Larmor
frequency). In this paper, we employ both 2H NMR
lineshape analysis and 2H NMR spin–lattice relaxation
time measurements to investigate the dynamic proper-
ties of ATMA-d3.

We note that solid state 1H NMR techniques may
also be used to elucidate dynamic properties of
molecular solids, and have been applied previously to
study dynamics of other molecular solids of the general
type (CH3)3X–YH3 (YaC), such as (CH3)3N–BH3

[29,30], although to our knowledge no such techniques
have been applied to investigate dynamic properties of
ATMA.

2. Experimental

2.1. Sample preparation and handling

ATMA-d3 was prepared and purified according to
standard literature methods [31]. The sample was cold
sealed in a glass ampoule for use in the solid state NMR
experiments. All handling of the sample was carried out
at or below ambient temperature, as it is known that
decomposition of ATMA occurs at ca. 50–60�C. In
order to avoid sample decomposition, our studies of the
solid state dynamics of ATMA-d3 (see below) have been
carried out at ambient temperature (298K) and lower
temperatures (down to 123K). Previous differential
scanning calorimetry studies [32] suggest that ATMA
does not undergo any phase transitions (at which
changes in the dynamic behavior might be anticipated)
between ambient temperature and the decomposition
temperature.

2.2. Solid state 2H NMR

Solid state 2H NMR spectra of ATMA-d3 were
recorded at 46.079MHz on a Chemagnetics CMX
Infinity 300 spectrometer using a non-spinning probe
with 5mm (i.d.) coil. The standard quadrupole echo
pulse sequence [ðp=2Þf � t� ðp=2Þf7p=2 � t0�acquire�
recycle] was used, with a (p=2) pulse duration of 2 ms and
an eight step phase cycle. The delay between pulses (t)
was 30 ms and the recycle delay was longer than five
times the estimated value of T1 at each temperature.

The powder average 2H NMR spin–lattice relaxation
time /1=T1S21

p was measured between 133 and
283K using the saturation-recovery technique. The
pulse sequence was [(td � ðp=2ÞjÞn � tr � ðp=2Þf � t�
ðp=2Þf7p=2 � t0–acquire�recycle], where n ¼ 30;
td¼ 500 ms and tr (the relaxation delay) was calculated
according to tr ¼ t0 (101/10)N–1, where N is the delay
number and t0 is the duration of the first delay. At each
temperature, 42 values of tr were used. The saturation-
recovery data were fitted using the spectrometer soft-
ware.

Inversion-recovery spectra were recorded at 298K
using a pulse sequence modified for 2H nuclei [33]. This
pulse sequence comprises a composite p pulse followed
by the quadrupole echo sequence: {½ðCPÞðCPÞðCPÞ	f

ARTICLE IN PRESS

CH3

CH3

NH3

CH3

Al

Fig. 1. Molecular structure of ammonia trimethylalane (CH3)3AlNH3.
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�tr � ðp=2Þf � t� ðp=2Þf7p=2 � t0 – acquire–recycle},
where t ¼ 30 ms and ðCPÞ 
 17�; 62�; 99�; 142� (the
overbar indicates a 180� phase shift).

2.3. Solid state 27Al NMR

Solid state 27Al NMR spectra were recorded at
78.218MHz on a Chemagnetics CMX Infinity 300
spectrometer for a non-spinning sample of ATMA-d3
using a double resonance goniometer probe (7mm (i.d.)
coil). The standard spin echo pulse sequence
[ðp=2Þf � t� ðpÞf7p=2 � t0�acquire�recycle] was used
with 1H decoupling (decoupler field strength ca.
40 kHz), a (p=2) pulse duration of 2 ms and a 16 step
phase cycle. The delay (t) between pulses was 50 ms and
the recycle delay was longer than five times the
estimated value of T1 for 27Al.

2.4. Lineshape simulations

In describing dynamic processes by jump models in
simulations of 2H NMR lineshapes, each 2H site is
specified by the Euler angles {a; b; g} that define the
orientation (relative to a space fixed reference frame) of
the principal axis system of the electric field gradient
tensor (VPAS) at the 2H nucleus. The components of
VPAS are defined such that jVZZjXjVYY jXjVXX j: The
quadrupole coupling constant w is defined as eQVZZ=h;
where Q is the quadrupole moment of the 2H nucleus,
and the asymmetry parameter Z is defined as
jjVYY j2jVXX jj=jVZZj; with 0pZp1:

Simulations of the 2H NMR lineshapes were carried
out using the MXQET program [34], and simulations of
inversion-recovery spectra were carried out using a
slightly modified version of the MXET1 program [24].
In both cases, the dynamic model for the simulations
was based on a 3-site 120� jump motion about an axis
collinear with the Al–N bond of ATMA-d3, with equal
populations of the three sites and equal jump rates
between the three sites. Each site was taken to have the
same values of w and Z; and the z-axis of VPAS for each
site was assumed to be coincident with the N–D bond
vector.

Simulations of the 27Al NMR spectra were carried out
using a modified version of the CQP program [35]. In
these simulations, no dynamic model was used.

3. Results and discussion

3.1. 2H NMR lineshape analysis

Solid state 2H NMR spectra of ATMA-d3 recorded in
the temperature range 123–298K are shown in Fig. 2.
The lineshape at 298K consists of a narrow Pake
powder pattern, with a splitting Dns ¼ 50:2 kHz between

the main peaks, and with a motionally averaged
asymmetry parameter of zero. The spectrum is consis-
tent with reorientation of the –ND3 group about the Al–
N axis in the rapid motion regime (i.e., at a rate
kX108 s–1). For such motion, it can be shown (assuming
Z ¼ 0) that the splitting Dns is given by

Dns ¼
3w
4
jð3 cos2 b� 1Þ=2j; ð1Þ

where b is the angle between the N–D bond and the Al–
N axis (the rotation axis). Taking b ¼ 70:5� (calculated
on the basis of tetrahedral geometry) and
Dns ¼ 50:2 kHz, Eq. (1) gives a static quadrupole cou-
pling constant wE201 kHz. On decreasing temperature
to 123K, the 2H NMR lineshape remains virtually
unchanged, indicating that the rate of reorientation of
the ND3 group is in the rapid motion regime at all
temperatures down to 123K.

A narrow central peak is present in the spectra
recorded between 198 and 298K (Fig. 2) and may arise
from a very low population of ATMA-d3 molecules for
which there is either rapid isotropic motion (e.g., in the
gas phase), or fast exchange between the –ND3 and
–CH3 groups in a tetrahedral jump motion (e.g., at the
surface of the material and/or in the vicinity of defect
sites). Although a possible reason for this narrow central
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Fig. 2. Experimental 2H NMR spectra recorded for ATMA-d3 as a

function of temperature using the quadrupole-echo pulse sequence

with t ¼ 30 ms.
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peak could be partial decomposition of the sample to
give ammonia (ND3), we do not believe that significant
decomposition could occur under the conditions of
sample handling in our work (see Section 2.1). At 123K,
there is a small dip in the center of the spectrum. As
shown recently [36], this type of feature may occur when
the dominant dynamic process is in the extreme
narrowing regime (i.e., tc5o21

0 ; where tc is the
correlation time for the motion). At higher tempera-
tures, this feature is presumably obscured by the central
peak.

The 2H NMR spectra were simulated successfully
using the 3-site 120� jump motion described in Section
2.4, with b ¼ 70:5� and static asymmetry parameter Z ¼
0 for each site. No attempt was made to fit the central
line or the dip in the center of the spectrum. The
experimental spectrum recorded at 298K and the best-fit
simulation of this spectrum are shown in Fig. 3. The
jump rate k [note: k ¼ 1=ð3tcÞ] for this simulation, and
for the best-fit simulations at all temperatures from 298
to 123K, is in the rapid motion regime (kX108 s–1), in
which the lineshape is independent of the actual value of
k: The good agreement between simulated and experi-
mental lineshapes at all temperatures confirms that the
only large amplitude motion of the –ND3 group that
occurs on the timescale probed by 2H NMR lineshape
analysis (i.e., occurring at a rate of ca. 103 s–1 or higher)
is rapid reorientation (via 120� jumps) about the Al–N
axis. From the best-fit 2H NMR lineshape simulation at
each temperature, the fitted value of the static quadru-
pole coupling constant (w) decreases slightly on increas-
ing temperature (207 kHz at 123K; 204 kHz at 298K).
This slight reduction in w as temperature is increased
subsumes the effects of an increase in the amplitude of
any rapid, small-amplitude motions (e.g., librational
motions) that may occur in this temperature range.

3.2. 2H NMR spin–lattice relaxation

Powder average 2H NMR spin–lattice relaxation
times /1=T1S21

p were measured in the temperature
range 133–283K and a plot of ln(/1=T1S21

p =s) versus

(T/K)–1 is shown in Fig. 4. It is clear that /1=T1S21
p

decreases (approximately linearly) as temperature is
increased, indicating that the motional process dominat-
ing the relaxation is in the extreme-narrowing limit
(tc5o21

0 ), in agreement with conclusions from our 2H
NMR lineshape analysis. For a 3-site 120� jump motion
for reorientation of the –ND3 group, and with the
approximation Z ¼ 0; the powder average 2H NMR
spin–lattice relaxation time is given [23] (assuming that
any contributions to spin–lattice relaxation from dipolar
coupling to 14N and 1H are negligible) by

/1=T1Sp ¼
9p2

40
w2ðsin4 bþ sin2 2bÞ

 tc
1þ w2

0t2c
þ 4tc
1þ 4w2

0t2c

� �
: ð2Þ

For tc5o21
0 ; Eq. (2) can be simplified to

/1=T1Sp ¼
9p2

2
w2ðsin4 bþ sin2 2bÞtc: ð3Þ

On the assumption of Arrhenius behavior for the
temperature dependence of the correlation time [i.e.,
tc=t0c expðEa=RTÞ; where t0c is the pre-exponential
factor and Ea is the activation energy], Eq. (3) can be
rearranged to give

lnð/1=T1S�1
p Þ ¼ ln

2

9p2w2ðsin4 bþ sin2 2bÞt0c

 !
� Ea

RT
:

ð4Þ

Using our data, a plot of lnð/1=T1S21
p Þ versus T21

(shown in Fig. 4) is indeed linear, as predicted by
Eq. (4), and from the gradient of the best-fit straight
line, the activation energy is determined to be
Ea ¼ 9:370:3 kJmol–1.

Eq. (2) was also used for a non-linear fit of the data
shown in Fig. 4, taking w ¼ 204 kHz (determined
from the 2H NMR lineshape analysis) and b ¼ 70:5�;
giving a best-fit value for the activation energy of
Ea ¼ 9:270:3 kJmol–1. The non-linear fit in Fig. 4
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Fig. 3. Left—experimental 2H NMR spectrum of ATMA-d3 recorded

at 298K with t ¼ 30ms. Right—simulated 2H NMR spectrum

calculated using the 3-site 120� jump model discussed in the text.
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shows that, at 123K (the lowest temperature accessible
with the probe used in our work), /1=T1S21

p is close to
the minimum at which tc ¼ 0:616o�1

0 :
Partially relaxed inversion recovery 2H NMR spectra

of ATMA-d3 were recorded at 298K to characterize the
anisotropy of the spin–lattice relaxation. The experi-
mental results are shown in Fig. 5, together with
simulated spectra calculated using the MXET1 program
[24] for the 3-site 120� jump motion [with b ¼ 70:5� and
taking the static quadrupole interaction parameters
(w ¼ 204 kHz and Z ¼ 0) obtained in our simulation of
the experimental 2H NMR lineshape at 298K (see
Section 3.1)]. Good agreement between the simulated
and experimental partially relaxed lineshapes was
achieved using k ¼ 3 1010 s–1.

To compare the simulated and experimental partially
relaxed lineshapes, the anisotropy DR1 of the spin–
lattice relaxation was measured for both the experi-
mental and simulated lineshapes using the equation [24]

DR1 ¼
R1ð0�Þ � R1ð90�Þ
R1ð0�Þ þ R1ð90�Þ

; ð5Þ

where R1ðyÞ ¼ 1=T1ðyÞ and y is the angle between the
principal component of the (motionally averaged)
electric field gradient tensor %VZZ and the applied
magnetic field B0: The angle y ¼ 90� corresponds to
the ‘‘horns’’ in the spectrum and y ¼ 0� corresponds to

the outer edges (‘‘wings’’) of the spectrum. R1ð0�Þ and
R1ð90�Þ were determined by fitting the recovery curves
for the intensities of the ‘‘wings’’ and the ‘‘horns’’ in the
experimental and simulated spectra, giving DR1 ¼ þ0:20
for the experimental spectra and DR1 ¼ þ0:19 for the
simulated spectra. The positive anisotropy reflects
the fact that the relaxation is faster for the wings than
the horns. The close agreement between the spin–lattice
relaxation anisotropies for the experimental and simu-
lated data further supports the 3-site 120� jump model
for reorientation of the –ND3 group. In particular, it
was not necessary to resort to more complicated
dynamic models involving small step diffusion within a
three-fold potential for which, with low activation
energies, the spin–lattice relaxation would be less
anisotropic (i.e., jDR1jo0:20).

3.3. 27Al NMR

The 27Al NMR spectrum of ATMA-d3 recorded at
298K is shown in Fig. 6a. The spectrum consists of a
broad powder pattern, characteristic of the central
j þ 1=2S2j21=2S transition (recall that 27Al has
I ¼ 5=2) broadened by the second order quadrupole
interaction, together with a relatively narrow central
line. The origin of the relatively narrow central line is
probably the same as that of the central line in the 2H
NMR spectrum (Section 3.1). In simulations of
the broad powder pattern, a reasonable fit to the
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experimental spectrum was achieved (Fig. 6b) using a
quadrupole coupling constant wAl of 21.25MHz and a
quadrupole asymmetry parameter ZAl of 0.0 (note that
chemical shift anisotropy and asymmetry were not
included in the simulation). We note that, although
the Al–N bond of the ATMA molecule in the crystal
structure does not lie on a crystallographic three-fold
rotation axis, the actual geometry of the molecule is
nevertheless very close to C3 symmetry, and a value of
ZAlE0 is therefore reasonable. These values of wAl and
ZAl confirm that there is no exchange of the ND3 and
CH3 groups of ATMA-d3 (at least at a rate of 105 s–1 or
higher) which would give rise to tetrahedral averaging of
the quadrupolar interaction tensor.

4. Concluding remarks

The 2H NMR study of ATMA-d3 reported here
demonstrates clearly that, at all temperatures investi-
gated (123–298K), the –ND3 group reorients rapidly by
a 3-site 120� jump motion about the Al–N bond, with an
activation energy of 9.370.3 kJmol–1. This activation
energy is significantly lower than those reported for
–ND3 groups in many other materials [37–42] in which
the –ND3 groups (in contrast to ATMA) are involved in
intermolecular hydrogen bonding. From our 2H NMR
and 27Al NMR experiments, there is no evidence that
any other large amplitude molecular motion occurs in
the temperature range 123–298K. In particular, there is
no evidence for exchange between the –ND3 and –CH3

groups, confirming deductions [20] from the reported
crystal structure that the –ND3 and –CH3 groups are
ordered, corresponding to linear arrays of molecules
with their Al–N bonds parallel. Recalling that the
ATMA molecule has a significant electric dipole parallel
to the Al–N bond, the formation of such linear arrays of
ATMA molecules may be justified on the basis of strong
intermolecular electrostatic (dipole–dipole) interactions.

From the NMR experiments reported here, site-
exchange of the three –CH3 groups by means of
reorientation about the Al–N axis cannot be ruled out.
Our studies of the 2H and 27Al NMR lineshapes and
relaxation times of (CH3)3AlND3 reported in this paper are
not influenced by this type of reorientation, and 2H NMR
measurements on (CD3)3AlNH3 would be the preferred
technique for investigating the possible occurrence of this
reorientational process. We note that this motion would
not alter the orientation of the molecular dipole.
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