
A Definitive Example of Aluminum-27 Chemical Shielding Anisotropy

Robert W. Schurko, Roderick E. Wasylishen,1 and Andrew D. Phillips

Department of Chemistry, Dalhousie University, Halifax, Nova Scotia, Canada, B3H 4J3

Received November 12, 1997

Solid-state 27Al NMR spectra have been obtained for a crystal-
line 1:1 complex of AlCl3 and OPCl3. Aluminum chloride phos-
phoryl chloride, AlCl3 z OPCl3 (1), is unusual in that the Al–O–P
bond angle is close to 180°. From analysis of the 27Al MAS NMR
spectra, it was determined that the 27Al nuclear quadrupole cou-
pling constant is 6.0(1) MHz, the asymmetry in the electric field
gradient (efg) tensor is 0.15(2), and the isotropic chemical shift,
diso(27Al), is 88(1) ppm. Solid-state 27Al NMR of a stationary
sample reveals a line shape affected by a combination of anisotro-
pic chemical shielding and second-order quadrupolar interactions.
Analysis of this spectrum yields a chemical shift anisotropy of
60(1) ppm and orientations of the chemical shift and electric field
gradient tensors in the molecular frame. Experimental results are
compared with those calculated using ab initio Hartree–Fock and
density functional theory. © 1998 Academic Press
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INTRODUCTION

Solid-state aluminum-27 NMR is now routinely used for the
characterization of many solid materials, including zeolites,
gels, minerals, clays, metal alloys, amorphous solids, and nu-
merous coordination compounds (1–5). Although 27Al is a
quadrupolar nucleus, spinI 5 5/2, high-resolution NMR stud-
ies are feasible because27Al has a relatively small nuclear
quadrupole moment (Q 5 0.143 10228 m2) (6). Thus, in the
moderate to high applied magnetic fields currently used by
NMR spectroscopists, the central27Al NMR transition is gen-
erally only broadened by the second-order quadrupolar inter-
action, making the analysis of such high-resolution NMR spec-
tra straightforward. The range of isotropic27Al chemical shifts
is approximately 300 ppm (7); consequently, it is expected that
27Al chemical shifts may be orientation dependent in some
environments. In the majority of published solid-state27Al
NMR studies, isotropic chemical shifts have been reported and
in some cases, the effects of the nuclear quadrupole interaction
on the27Al line shape have been simulated. Although many
isotropic 27Al chemical shifts have been reported in the liter-
ature in both the solid and liquid states (2, 7), there have been

few definitive reports of27Al chemical shift anisotropy (CSA)
(8). In contrast, carbon-13 chemical shift anisotropies have
been reported for hundreds of compounds even though the13C
chemical shift range is comparable to that of27Al (9). The
Knight shift (10) is an anisotropic interaction which may
influence the line shape of a solid-state27Al NMR spectrum in
a fashion analogous to the anisotropic CS interaction; however,
it is only operative in conducting and semiconducting materi-
als. For example, the Knight shift has been shown to be
important in solid-state27Al NMR spectra of binary alumi-
num–metal alloys (11, 12).

In this communication, solid-state27Al NMR spectra are
presented for the crystalline 1:1 complex of AlCl3 and OPCl3,
AlCl3 z OPCl3 (1). Compound1 and other analogous systems
(Group 13 Lewis acids, phosphine oxide complexes) have been
of interest for over 100 years (13, 14). Compound1 is of
particular interest, since the P–O–Al bond angle is close to
180° and the molecule has a near-C3v symmetry. The effects of
the 27Al CSA, the nuclear quadrupole interaction and the
relative orientation of the chemical shielding and electric field
gradient (efg) tensors on the appearance of the27Al NMR
spectra are discussed in detail. In addition, we present theoret-
ical ab initio restricted Hartree–Fock (RHF) and density func-
tional theory (DFT) calculations of the27Al chemical shifts and
the electric field gradient at the aluminum nucleus.

DISCUSSION

Theoretical Background

The total internal NMR Hamiltonian for a spin-5/2 nucleus
can be written as

* 5 *Z 1 *Q 1 *CS. [1]

For nuclei with relatively small quadrupole moments such as
27Al, the quadrupolar and CS interactions can be treated as
perturbations on the Zeeman Hamiltonian. In the solid state,
chemical shielding is dependent upon the orientation of the
molecule with respect to the external magnetic field. The
chemical shielding interaction is described by a second-rank
tensor,s, and can be expressed with the Hamiltonian1 To whom correspondence should be addressed. E-mail: rodw@is.dal.ca.
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*CS 5 ghI ? s ? B0/ 2p, [2]

where I is the nuclear spin operator andB0 is the applied
external magnetic field. The chemical shielding tensor has
three principal components (sii ) which are assigned according
to the following protocol, from least to most shielded:s11 #
s22 # s33. In practice,chemical shiftsare measured; that is,
one can define a chemical shift tensor where the principal
components are reported relative to some standard (e.g., for
27Al, the standard is 1 M aqueous Al(NO3)3). The principal
components of the chemical shift tensor are denoted, from least
to most shielded, such thatd11 $ d22 $ d33 (15). The CS tensor
can also be conveniently described with three parameters
which correlate its principal components: the isotropic chem-
ical shift, diso, the span,V 5 d11 2 d33; and the skew,k 5
3(d22 2 diso)/V. The first two parameters are reported in ppm,
while the latter is a dimensionless quantity describing the
axiality of the spectrum with the limits21 # k # 11.

The quadrupolar Hamiltonian is written as

*Q 5
eQ

2I (2I 2 1)\
I ? V ? I, [3]

whereQ is the nuclear quadrupole moment,I is the nuclear
spin quantum number,I is the nuclear spin operator, andV is
the electric field gradient tensor. The efg tensor is traceless and
symmetric, and can be diagonalized in a suitable coordinate
system. The diagonalized efg tensor has three principal com-
ponents, which are assigned such that |Vzz| $ |Vyy| $ |Vxx|. The
magnitude of the nuclear quadrupole interaction between the
nuclear quadrupole moment and the efg is commonly described
by the nuclear quadrupole coupling constant (NQCC orxQ)
and the quadrupolar asymmetry parameter (hQ) which are
defined asxQ 5 e2qzzQ/h and hQ 5 (Vxx 2 Vyy)/Vzz, respec-
tively.

The NMR spectrum of a half-integer quadrupolar nucleus of
spin I has a central transition (11/2 ↔ 21/2) with 2I 2 1
satellite transitions. In this communication, we consider only
the central transition, which is not affected by the first-order
quadrupolar interaction (16, 17). For27Al, the NMR line shape
of the central transition in a stationary powder sample is
dependent uponxQ, hQ, the principal components of the CS
tensor, and the relative orientation of the CS and efg tensors.
Simulation of the central transition is straightforward if the efg
and CS tensors are coincident; however, this is most often not
the case, and knowledge of the relative orientation of the efg
and CS tensors is necessary. The relative orientation of the
tensors is characterized by Euler anglesa, b, and g, which
allow for unitary transformation between the two principal axis
systems (PAS). Detailed descriptions of the relevant theory
necessary for the simulation of such spectra are available
elsewhere (18). Since the NMR spectrum of a quadrupolar
nucleus is calculated in terms of the relative orientation of the

quadrupolar interaction (QI) with respect to the laboratory
frame, the convention used in this paper is to describe the
chemical shift interaction within the PAS of the QI by the
right-handed rotations

dCS
QI 5 RZ0 (g )RY9 (b )RZ(a)dCS

PAS, [4]

wheredCS are chemical shift tensors in the QI and CS PAS,
respectively. Under conditions of rapid magic-angle spinning
(MAS) the line shape of the central transition of a spinn/2
nucleus depends only uponxQ andhQ. In addition, the position
of the transition depends ondiso xQ and hQ. Obtaining these
parameters independently from the simulation of an MAS
NMR spectrum greatly aid in the analysis of the NMR spec-
trum of the stationary sample.

Aluminum-27 MAS NMR

The solid-state27Al MAS NMR spectrum of the central
transition of1 obtained at 9.4 T is pictured in Fig. 1A. From an
X-ray crystal structure of1, it was determined that the space
group isP21/m with Z 5 2 (19). The molecules in the unit cell
are crystallographically equivalent; therefore, the principal
components of their CS and efg tensors are identical. The
simulated spectrum (Fig. 1B) was obtained from the following
parameters:diso(

27Al) 5 88(1) ppm,xQ(27Al) 5 6.0(1) MHz,
and hQ 5 0.15(1). The isotropic chemical shift is similar
to other27Al shifts of AlCl3 complexes measured in both the
solution and solid state (2, 20, 21) and is in agreement with
solution NMR data acquired for1 (14). The quadrupolar asym-
metry parameter and high molecular symmetry allow us to
draw some qualified conclusions about the orientation of the
efg tensor in the molecular frame. According to the X-ray
crystal structure, the chlorine atoms bonded to the aluminum
and phosphorus atoms are arranged in eclipsed conformations
(all Cl–Al z z z P–Cl torsional angles are ca. 0.0°), and the
complex has near-C3v symmetry, since the Al–O–P bond angle
is 176.0(4)°. There is a mirror plane parallel to the approxi-
mately linear Al–O–P axis containing two chlorine atoms, with
the remaining chlorine atoms related by reflection through the
mirror plane. If the Al–O–P bond angle was exactly 180°, the

FIG. 1. (A) Solid-state 27Al MAS NMR spectrum of AlCl3 z OPCl3
obtained at 9.4 T with spinning speednrot 5 8 kHz. (B) Simulated27Al MAS
NMR spectrum (see text for parameters).
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local symmetry would dictate thathQ 5 0 with the largest
component of the efg tensor being parallel to the Al–O bond.
The small departure from linearity (4°) of the Al–O–P bond
angle and the near axial symmetry of the efg tensor indicate
that Vzz must be oriented near the Al–O bond axis.

Aluminum-27 NMR of the Stationary Sample

Experimental and calculated27Al NMR spectra of the cen-
tral transition of a stationary sample of1 are presented in Figs.
2A and 2B, respectively. In Fig. 2C, the stationary27Al NMR
spectrum is simulated using the parameters obtained from the
27Al MAS NMR spectrum with the assumption that the27Al
CSA is zero. In comparing this calculated spectrum (2C) to the
experimentally obtained spectrum (2A), the positions of the
discontinuities and the overall width of the transition clearly
indicate that there is an additional interaction determining the
overall line shape of the powder pattern. Utilizing the quadru-
polar parameters and isotropic chemical shift obtained from the
simulation of the MAS NMR spectra, the calculated stationary
spectrum (2B) is obtained from the additional parametersV 5
60(1) ppm,k 5 20.70(2),a 5 90°,b 5 90°, andg 5 0°. This
corresponds to27Al CS tensor principal components ofd11 5
125(1) ppm,d22 5 74(1) ppm, andd33 5 65(1) ppm.

The Euler angles reveal that the chemical shift tensor is
oriented such that the least shielded component,d11, is parallel
to the largest component of the efg tensor,Vzz, which must be
along or close to the direction of the Al–O bond axis. The
relative orientation of the other principal components of the
two interaction frames is known (i.e.,d22 is parallel toVxx and
d33 is parallel toVyy). It is not possible to determine their
orientations with respect to the molecular frame, other than to
say that one set is perpendicular to the mirror plane in the
molecule and the other set is parallel to this plane.

Second-moment analysis (22) reveals that the line broaden-

ing of the central transition results mainly from dipolar cou-
pling of the aluminum nucleus with the three directly bonded
chlorine nuclei and the phosphorus nucleus (from the X-ray
structure the direct dipolar coupling constants are calculated to
be RDD(27Al, 35Cl) 5 330 Hz andRDD(27Al, 31P) 5 383 Hz,
respectively).

A calculated NMR spectrum of the central transition of a
spin-5/2 nucleus in a stationary powder sample with an axially
symmetric efg tensor and no chemical shift anisotropy is pic-
tured in Fig. 3A (shown twice for comparison with the spectra
below). The discontinuities in the spectrum correspond (mov-
ing from high to low frequency) to orientations in which the
unique component of the efg tensor is perpendicular to (u 5
90°), parallel to (u 5 0°), and oriented at 41.8° with respect to
the external magnetic field,B0. The isotropic chemical shift is
not located at the center of gravity of the spectrum due to the
second-order quadrupole shift (17).

To consider the effects of CSA on the appearance of an
NMR spectrum of a spin-5/2 nucleus, first examine two NMR
powder patterns of nuclei in which the CS and Zeeman inter-
actions are the only interactions present (i.e., efg5 0). These
simulated spectra are pictured in Fig. 3B. In Case I,d11 5 d22

(i.e., the unique component isd33) and the skewk 5 11.0.
Discontinuities occur in this spectrum (from high to low fre-
quency) at points at which the unique component of the CS
tensor is perpendicular (q 5 90°) and parallel (q 5 0°) to the
external magnetic field. In Case II,k 5 21.0 andd11 is the
unique component. Discontinuities occur at the same relative
orientations of the unique CS tensor component and magnetic
field; however, the parallel orientation is now at higher fre-
quency than the perpendicular orientation. In both cases, the
isotropic chemical shift occurs at the center of gravity of the
spectrum, whereq 5 54.74°.

FIG. 2. (A) Solid-state27Al NMR spectrum of a stationary sample of
AlCl3 z OPCl3 at 9.4 T. (B) Simulation of the spectrum with CSA,V 5 60
ppm. (C) Simulation of the spectrum without CSA,V 5 0 ppm. See text for
parameters.

FIG. 3. The effects of (A) the quadrupole interaction, (B) CS anisotropy,
and (C) combination of quadrupole interaction and CS anisotropy on the
solid-state NMR spectrum of a quadrupolar nucleus. Case I, when CSÞ 0, k
5 11.0. Case II, when CSÞ 0, k 5 21.0. Parameters arexQ 5 6.0 MHz,hQ

5 0.0, diso 5 88 ppm,V 5 60 ppm,b 5 0°.
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Finally, the combined effects of CSA and the quadrupolar
interaction are pictured in Fig. 3C. If both quadrupolar inter-
actions and CS interactions from Case I (k 5 11.0) are
present, the breadth of the NMR spectrum of the quadrupolar
nucleus increases. Conversely, if CS interactions from Case II
are present (k 5 21.0), the breadth of the spectrum decreases.
This information allows one to use simulated spectra to deter-
mine (i) if there is CS anisotropy in the NMR spectrum of the
central transition of a quadrupolar nucleus and (ii) the skew of
the CS tensor at the quadrupolar nucleus. This methodology
was also applied to the results of Woessner and Timken, who
reported a27Al NMR spectrum of a stationary sample of low
albanite, but were unable to satisfactorily simulate the spec-
trum by considering the quadrupolar interaction alone (23). We
performed spectral simulations which reveal that the spectral
appearance is due to a small27Al CSA of 18(2) ppm andb 5
20(2)°. The smaller CSA andxQ (3.37 MHz) relative to those
observed in1 are in accordance with the increased symmetry of
a tetrahedrally coordinated AlO4 center in albanite compared to
the tetragonal AlCl3 center in1.

Theoretical Calculations

The comparison of experimentally obtained chemical
shift tensors and quadrupolar parameters to those calculated
from first principles provides a means of testing the accu-
racy and validity of various computational schemes. There
are excellent reviews in the literature which discuss the
calculation of chemical shielding by Hartree–Fock and DFT
methods (24) as well as publications which have made
comparisons between the two methods (25). Theoretical
calculations have been quite successful in predicting the
orientation of CS tensors in the molecular frame (26). Re-

cent work has focused on either first-row elements (27) or
31P chemical shielding tensors (28). There have been very
few reports ofab initio calculations of27Al CS parameters
(29 –32), and to our knowledge, no theoretical27Al CS
tensors have been reported in the literature. The chemical
shift tensor calculations presented in this paper serve several
purposes. First, they allow for comparison between experi-
mentally derived and theoretically calculated CS tensors.
Second, the CS parameters resulting from calculations per-
formed with RHF and DFT methods available under the
Gaussian 94 platform are compared. DFT calculations were
performed using the B3LYP exchange functionals (33).
Third, the effects of basis set on the CS and efg tensor
principal components are tabulated. Finally, theoretical CS
and efg tensor orientations are obtained for comparison with
those garnered from experiment.

A comparison of the experimental and theoretical27Al CS
tensors is presented in Table 1. Experimental CS parameters
are most closely predicted by the 6-31G* (RHF) and 6-31G*
(B3LYP) calculations. Interestingly, all of the CS principal
components become deshielded (most notably,d11) with the
use of the larger triple-zeta basis set (6-311G*). The addition
of diffuse functions (i.e., 6-311G* and 6-3111G*) has little
effect on the calculated results. The DFT calculations were
completed in roughly two-thirds of the CPU time it took for
analogous RHF calculations. In theory, the inclusion of elec-
tron correlation, which is implicit in DFT, should result in CS
tensors which are closer to experimental results (28); however,
this depends upon the form of the exchange correlational used
in the calculation. Unfortunately, under the Gaussian 94 plat-
form the DFT correlation functionals do not include magnetic
field dependence, and this may help explain why DFT does not

TABLE 1
Experimental and Calculated Aluminum-27 Chemical Shift Tensors in AlCl3 z OPCl3

a

Source d11 (ppm) d22 (ppm) d33 (ppm) diso (ppm) V (ppm)b kc

Experimentald 125 74 65 88 60 20.7

RHFe

6-31G* 115.9 58.5 53.8 76.1 62.0 20.85
6-311G* 120.1 61.1 55.9 79.0 64.3 20.84
6-311G* 162.5 93.6 87.6 114.6 74.9 20.84
6-3111G* 161.3 92.8 86.9 113.7 74.4 20.84

DFT(B3LYP)e

6-31G* 142.6 81.6 77.0 100.4 65.6 20.86
6-311G* 148.6 79.4 73.6 100.5 75.0 20.85
6-311G* 214.0 130.7 124.6 156.4 89.4 20.86
6-3111G* 213.5 130.8 124.7 156.3 88.9 20.86

a Geometry of AlCl3 z OPCl3 taken from experimental X-ray crystal structure.
b Span of the CS tensor,V 5 d11 2 d33.
c Skew of the CS tensor,k 5 3(d22 2 diso)/V.
d Experimental chemical shifts referenced with respect to Al(H2O)6

31(aq), d(27Al) 5 0 ppm.
e Theoretical chemical shifts referenced with respect to AlH4

2, d(27Al) 5 101 ppm (see Experimental).
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provide systematically better results than RHF calculations
(34). The orientation of the27Al CS tensor is also obtained
from the calculations and is pictured in Fig. 4A. RHF and DFT
calculations predict almost identical tensor orientations regard-
less of basis set. The least shielded component of the CS tensor
is oriented at 1.2° off of the direction of the Al–O bond vector,
with d33 contained within andd22 perpendicular to the mirror
plane. The theoretical orientation ofd11 is in agreement with
the experimentally determined27Al CS tensor orientation.

The efg tensor was also calculated at the aluminum nucleus
using several different basis sets (see Table 2). The conversion
from atomic units (a.u.) to MHz is accomplished by multiply-
ing the largest component of the efg tensor,Vzz by eQ/h 3
9.71773 1021 V m22 (35). The values ofxQ calculated by
both RHF and DFT methods with 6-31G* and 6-311G* basis
sets are reasonably close to the experimental nuclear quadru-
polar coupling constant, while larger basis sets overestimate its

magnitude. The sign ofxQ, which cannot be determined from
the solid-state NMR experiments described here, is calculated
to be negative. The quadrupolar asymmetry parameter is cal-
culated as 0.11 or 0.12, in good agreement with the experi-
mentally determinedhQ 5 0.15, which is thought to be the
result of the non-C3v symmetry at the aluminum nucleus (Vxx

Þ Vyy). The largest component of the efg tensor is oriented at
1.4° from the Al–O bond axis, with the remaining components
perpendicular to this axis (as pictured in Fig. 4B). The theo-
retically calculated relative orientation of the CS and efg tensor
is in exact agreement with our experimentally derived orien-
tation, where the CS tensor is related to the fixed efg PAS by
fixed rotations ofa 5 90° andb 5 90°.

CONCLUSIONS

A definitive example of chemical shift anisotropy at the
aluminum-27 nucleus has been presented. From solid-state
27Al NMR spectra of spinning (MAS) and stationary samples
of 1, it was possible to obtain not only therelativeorientation
of the efg and CS tensors, but also the orientations of these
tensors in the molecular frame. Our results demonstrate that
tensorial NMR interactions provide invaluable information
about the local symmetry about NMR-active nuclei and are
very sensitive to slight changes in molecular structure. There is
good agreement between theoretical and experimental CS and
efg tensor parameters, but further work on related systems is
warranted. Theoretically calculated orientations of interaction
tensors are in agreement with experimental results; in particu-
lar, the unique components of each are predicted to be coinci-
dent. Comparison of the calculated CS tensors to experimental
results shows that further modification of current computa-
tional schemes is needed in order to calculate chemical shift
parameters for second-row elements accurately. The acquisi-

FIG. 4. (A) Theoretical orientation of the27Al CS tensor in the molecular
frame. (B) Theoretical orientation of the efg tensor at the aluminum nucleus.

TABLE 2
Nuclear Quadrupole Parameters of the Aluminum Nucleus in AlCl3 z OPCl3

Source Vzz (a.u.)a Vyy (a.u.) Vxx (a.u.) xQ (MHz)b hQ
c

Experimental — — — 6.0 (1) 0.15 (1)

RHF
6-31G* 20.2309 0.1287 0.1022 27.60 0.11
6-3111G* 20.2245 0.1258 0.0987 27.39 0.12
6-311G* 20.3026 0.1686 0.1339 29.95 0.11
6-3111G* 20.2957 0.1651 0.1306 29.73 0.12

DFT
6-31G* 20.1983 0.1100 0.0883 26.52 0.11
6-311G* 20.2135 0.1180 0.0956 27.02 0.10
6-311G* 20.2860 0.1582 0.1278 29.41 0.11
6-3111G* 20.2812 0.1558 0.1255 29.25 0.11

a Vii are principal components of the efg tensor, where |Vzz| $ |Vyy| $ |Vxx|.
b The largest component of the efg tensor,Vzz, is converted from atomic units toxQ in MHz by multiplying by 9.71773 1021 V m22 3 eQ/h (see text).
c Quadrupolar asymmetry parameter,hQ 5 (Vxx 2 Vyy)/Vzz.
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tion and analysis of solid-state27Al NMR spectra of complexes
which may also exhibit27Al CSA are currently in progress in
our laboratory, since there is a large deficiency of information
on anisotropic aluminum chemical shielding in the current
literature.

EXPERIMENTAL

Solid-State NMR of AlCl3 z OPCl3

The AlCl3 z OPCl3 complex (1) was synthesized under an
inert atmosphere by combining equimolar amounts of OPCl3

and AlCl3 in CH2Cl2, and recrystallizing from this same sol-
vent (19). Solid-state aluminum-27 MAS NMR spectra and
spectra of the stationary sample of1 were acquired atB0 5 9.4 T
on a Bruker AMX-400 NMR spectrometer. Crystals of1 were
powdered and packed into 4mm and 7mm o.d. zirconium oxide
rotors under an inert atmosphere. MAS spectra were acquired
with spinning speeds between 2.5 and 8 kHz. Aluminum-27
chemical shifts were referenced with respect toAl(H 2O)6

31(aq)
(diso(

27Al) 5 0 ppm) in a solution of 1 M Al(NO3)3 (aq). The
aqueous standard was also used to determine the 90° pulse for
27Al, which was set at 1.0ms for the solid sample. Relaxation
delays of 4 to 6 s were used with approximately 3400 and 9100
transients accumulated for MAS and static27Al spectra, re-
spectively. Peaks were broadened by 100 Hz (MAS) and 400
Hz (stationary sample) with exponential multiplication of the
FID. NMR spectra were simulated with the programs SEC-
QUAD and WSOLIDS which were developed in this labora-
tory and incorporate the space-tiling method of Alderman and
Grant as an efficient means of simulating solid-state NMR
powder patterns (36).

Theoretical Calculations

Theoretical chemical shielding calculations were performed
using the Gaussian 94 (37) suite of programs on an IBM
RS6000/580 workstation. Gauge including atomic orbital
(GIAO) (38) calculations of the27Al shielding tensors for1
were performed using both restricted Hartree–Fock and density
functional theory. The DFT calculations utilized the B3LYP
exchange functionals (33). The molecular geometry of1 used
in these calculations was taken from a previously determined
X-ray crystal structure (19). Calculated27Al chemical shifts
were referenced with respect to AlH4

2, since the absolute
chemical shielding has been calculated assiso(

27Al) 5 512
ppm and the chemical shift of AlH4

2 is known with respect to
the standard Al(H2O)6

31, at diso(
27Al) 5 101 ppm (31, 39).

Gaussian 94 was also used to calculate the efg tensor at the
aluminum nucleus.
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