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Despite the favorable NMR properties of9Be (I ) 3/2), NMR spectroscopy of this nucleus in the solid state
remains comparatively unexplored, perhaps owing to the extreme toxicity of beryllium and its compounds.
We present here an integrated experimental and theoretical study of the Be chemical shielding (CS) and
electric field gradient (EFG) tensors in bis(2,4-pentanedionato-O,O′)beryllium [Be(acac)2]. Interpretation of
the9Be NMR data was facilitated by crystal X-ray diffraction results, which indicate two crystallographically
unique sites (Onuma, S.; Shibata, S.Acta Crystallogr.1985, C41, 1181). Beryllium-9 NMR spectra acquired
at 4.7 and 9.4 T for magic-angle spinning (MAS) and stationary samples have been fitted in order to extract
the nuclear quadrupole coupling constant (CQ), asymmetry parameter (η), and isotropic chemical shift (δiso).
The best-fit nuclear quadrupole parameters for the two sites were determined to beCQ(1) ) -294( 4 kHz,
η(1) ) 0.11 ( 0.04;CQ(2) ) -300 ( 4 kHz, η(2) ) 0.15 ( 0.02. Our analyses of the stationary samples
also reveal a definite anisotropy in the beryllium CS tensor and allow us to place upper and lower limits on
the spans of 7 and 3 ppm. This is the first evidence for anisotropic shielding in beryllium. Ab initio calculations
of the beryllium CS tensors in Be(acac)2 at the RHF level indicate spans ranging from 7 to 9 ppm; this
represents a substantial fraction of the total known chemical shift range for Be (<50 ppm). The calculated
CQs are also in good agreement with the experimental results. To put the Be(acac)2 results in context,
calculations of the beryllium CS tensors for a series of compounds encompassing the known range of9Be
chemical shifts are also presented. The calculations are in outstanding accord with experimental data from
the literature. On the basis of calculations for linear molecules, it is shown that the assumption that the9Be
chemical shift is governed essentially by the diamagnetic term is erroneous. For some of these molecules, the
calculated Be CS tensor spans are greater than the total known chemical shift range.

Introduction

Most NMR-active isotopes possess quadrupolar nuclei (I >
1/2).1,2 In the solid state, the observation of the spectra of half-
integer spin quadrupolar nuclei is a rapidly growing area of
research partly as a result of the potential applications to the
materials and biological sciences, where quadrupolar nuclei such
as27Al, 17O, 11B, and23Na, for example, are of interest.3,4 Recent
advances in experimental solid-state NMR methodology for half-
integer spin quadrupolar nuclei have been summarized by Smith
and van Eck.5 An important advantage of using NMR to study
solids is its ability to characterize not only the isotropic values
of the various NMR interactions but also the individual tensor
components, which, in principle, should provide more insight
into the nature of the interaction as well as the local molecular
and electronic structures. Over the past decade, improved
computational methods and access to more powerful computers
have made practical the reliable calculation of NMR interaction
tensors, consequently making such calculations extremely
valuable to the solid-state NMR spectroscopist for the inter-
pretation of experimental data.6,7 The recent review of Helgaker
et al.8 provides an overview of ab initio methods for the
calculation of NMR shielding and indirect spin-spin coupling
constants.

Beryllium-9 (I ) 3/2) NMR in the solid state remains relatively
unexplored, especially for small molecules for which ab initio
calculations of the electric field gradient (EFG) and chemical
shielding (CS) tensors are feasible. This is despite its relatively
small quadrupole moment (Q ) 5.288× 10-30 m2),9 receptivity
relative to13C of 78.7, and 100% natural abundance. The lack
of activity in this area of NMR research is likely in part due to
the extreme toxicity of this element;10 however, the narrow
chemical shift range (<50 ppm) may also detract from its utility
as a characterization tool. Summaries of representative known
isotropic chemical shifts for9Be-containing compounds mea-
sured in solution may be found in the literature.11 Solid-state
9Be NMR has been used recently for characterizing a variety
of minerals,12 which are comparatively nontoxic;13 however,
simpler systems composed of relatively small molecules remain
generally unexamined. Bis(2,4-pentanedionato-O,O′)beryllium
[bis(acetylacetonato)beryllium(II), Be(acac)2] was first examined
in solution using9Be NMR by Wehrli14 and more recently by
Kanakubo et al.15 Unfortunately, the dual-spin probe relaxation
method employed in these solution studies can only provide
[CQ

2(1 + η2/3)]1/2, whereCQ is the nuclear quadrupole coupling
constant andη is the asymmetry parameter. In addition, solution
studies provide no information on CS tensors. One of the main
advantages of studying quadrupolar nuclei in the solid state
rather than in solution is thatCQ andη may both be determined;
furthermore, the CS tensor can be characterized. Acetylacetonato
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complexes of cobalt,16-18 aluminum,19-21 calcium and magne-
sium,22 and gallium and indium21 have been studied previously
via NMR. Such complexes are appealing owing to the inherent
high degree of symmetry at the metal center; this symmetry
ensures that the quadrupolar coupling constant is not imprac-
tically large. For complexes that have been studied both in
solution and in the solid state, and in different solvents, there
are often significant discrepancies in the reportedCQ values,
implying a strong dependence ofCQ on the nature of the
solvation shell.

We present here a9Be NMR study of Be(acac)2 in the solid
state. Its structure (Figure 1) has been previously determined
both in the gas phase by electron diffraction23 and in the solid
state by X-ray diffraction24 (monoclinic, â ) 100.79°, space
group P21). The molecules have approximately the expected
D2d symmetry in the gas phase, while two crystallographically
distinct, slightly distorted molecules are present in the solid state.
Analyses of the9Be NMR spectra of stationary and magic-angle-
spinning (MAS) powder samples of Be(acac)2 obtained at two
different applied magnetic fields were carried out in order to
determine the nuclear quadrupolar parameters for each of the
two distinct beryllium sites. It has been stated in the literature
that the shielding range of9Be is no greater than that of
hydrogen.25 Although numerous1H shielding tensors have been
characterized,26 to date no experimental characterization of a
9Be shielding tensor has been reported.

In addition to the experimental determination of the9Be EFG
and CS tensors in Be(acac)2, we propose orientations for these
tensors in the molecular frame based both on perfectD2d

symmetry and on ab initio calculations employing atomic
coordinates from crystal X-ray diffraction or electron diffraction
data. Calculations of the CS tensors for a range of beryllium-
containing molecules including Be(acac)2, Be(H2O)42+, C5H5-
BeX (X ) Cl, CH3, BH4), and representative two-coordinate
and three-coordinate complexes provide some insight into the
factors affecting the observed isotropic chemical shifts for these
molecules. From our data, it is evident that the beryllium
chemical shift is not governed by the diamagnetic contribution,
as had been previously assumed.27,28

Theory and Background: Nuclear Magnetic Shielding
and Quadrupolar Interactions

The Hamiltonian operator for the beryllium nucleus in
Be(acac)2 may be written as

where the Zeeman (Z), chemical shielding (CS), and quadrupolar
(Q) Hamiltonians are of concern. For stationary samples, all
three of these contribute to the observed spectrum. The
combined Zeeman and chemical shielding Hamiltonian is simply

where B0 is the external applied magnetic field,γ is the
magnetogyric ratio of the nucleus,Î is the nuclear spin angular
momentum operator,1 is the unit tensor, andσ is the nuclear
magnetic shielding tensor. For a powder sample, the component
of the shielding tensor alongB0 (the space-fixedZ axis) may
be written as

whereσ11, σ22, andσ33 are the principal components ofσ, θ is
the angle betweenσ33 andB0, andφ is the angle betweenσ11

and the projection ofB0 onto the plane defined byσ11 andσ22.
The isotropic component of the nuclear magnetic shielding
tensor,σiso ) (σ11 + σ22 + σ33)/3, is directly related to the
isotropic chemical shift by the following equation:

This is simplified whenσiso,ref , 1 to give

as is the case for beryllium. Since there is no established absolute
shielding scale for9Be, we will refer to the chemical shift tensor
and δiso when discussing experimental results, while the
chemical shielding tensor is discussed in conjunction with the
results of the ab initio calculations. Of course, the orientations
of the shift and shielding tensors are identical. Thespan(Ω) of
the chemical shielding or shift tensor is defined as29

In the high-field approximation (i.e., when the Zeeman
splittings are much larger than the quadrupolar splittings), the
quadrupolar Hamiltonian is given to first order by

The anglesθ and æ define the orientation ofB0 in the EFG
tensor principal axis system in a manner analogous to that
described for the chemical shielding tensor. The components
of the EFG tensor in its principal axis system are defined such
that

and the quadrupolar coupling constant is defined as

The asymmetry parameter,η, is defined as

Under conditions of rapid MAS, both the chemical shielding
and first-order quadrupolar interactions are averaged to their
isotropic values. Consequently, when spectra of MAS samples
are analyzed, only the Zeeman and second-order quadrupolar

Figure 1. Be(acac)2 molecule. The four oxygen atoms are coordinated
in an approximately tetrahedral arrangement about the central Be atom.
An isolated molecule has perfectD2d symmetry; the uniqueC2 rotation
axis is indicated in part A. Shown in part B is a view along the unique
axis; the two remainingC2 axes are indicated in this projection.
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interactions need to be considered, in addition toδiso. Expres-
sions for the second-order quadrupolar Hamiltonian may be
found in the original literature or in review articles.2,5,30 In
general, there are cases where perturbation theory does not
apply, e.g., whenĤQ = ĤZ.

Samoson has given general equations that describe how the
apparent isotropic chemical shift is modified by the second-
order quadrupolar interaction under conditions of MAS.31 For
a spin3/2 nucleus, the center of gravity of the observed central
transition centerband is displaced from the true isotropic
resonance frequency by

Furthermore, the position of the(3/2 T (1/2 satellite transition
centerbands with respect to the central transition centerband is
given by31

Thus, under appropriate conditions, the satellite transition
centerbands should be resolved from the central transition
centerband.

Experimental

Caution: Beryllium and its compounds areextremely toxic
and should be handled with care.10 Bis(acetylacetonato)-
beryllium(II) (Strem Chemical) was recrystallized from benzene
before being ground into a fine powder and packed into 7.5
and 4.0 mm (o.d.) zirconium oxide rotors. All spectra were
acquired on Varian/Chemagnetics CMX Infinity (B0 ) 4.7 T,
νL ) 28.1 MHz) and Bruker AMX (B0 ) 9.4 T, νL ) 56.2
MHz) spectrometers, with high-power proton decoupling.
Referencing and setup for the9Be nucleus were carried out using
0.1 M BeSO4 (aq) [δiso(Be(H2O)42+) ) 0.00 ppm], for which
90° pulses of 3.8µs (AMX) and 4.6µs (CMX) were used. Solid
90° pulses employed for Be(acac)2 were between 0.6 and 1.0
µs. Recycle delays varied between 30 and 60 s. Spectra of
stationary and MAS samples are the result of the addition of
1536 and 1024 scans, respectively, followed by Fourier trans-
formation. Acquisition times of 100-120 ms were used. Cross
polarization (CP) was not employed because of the observed
pronounced distortion of the central transition line shape caused
by this technique. Barrie has reported similar problems in the
27Al NMR spectra of Al(acac)3.20 MAS samples were spun at
a rate of 5.0 kHz to suppress the first-order quadrupolar
interaction and chemical shielding anisotropy. Spectra were
analyzed using the WSOLIDS1 software package, which was
developed in this laboratory.32 This package incorporates the
space-tiling algorithm of Alderman et al. for the efficient
generation of powder patterns.33 Ab initio calculations (RHF)
of CS and EFG tensors were carried out on an IBM RISC 6000
workstation using Gaussian 9434 and Gaussian 98.35 Basis sets
for all atoms were obtained from the Extensible Computational
Chemistry Environment Basis Set Database.36 The GIAO
method37,38 was used for calculating the CS tensors. Further
details concerning the ab initio calculations are given in the
following discussion.

Results and Discussion

NMR Spectroscopy. To characterize both the quadrupolar
and the nuclear magnetic shielding interactions of9Be in

Be(acac)2, we first focused on extractingCQ, η, andδiso from
the spectra of MAS samples acquired at 4.7 and 9.4 T via
simulations (Table 1). On the basis of the crystal structure, which
shows two nonequivalent molecules per unit cell,24 it was
anticipated that a two-site model would be required to fit the
spectra. Figure 2 shows the central transition centerband part
of the experimental and simulated spectra for a MAS sample
at 9.4 T. The line widths, about 65 Hz at half-height, are
remarkably narrow for a quadrupolar nucleus. Shown in the
insets are the calculated central transition centerband line shapes
for each of the two sites. The fitting process required many
iterations, and an acceptable fit is based on visual inspection.
Attempts to fit the spectra are not completely based on a trial-
and-error approach, however. In the present case, the magnitude
of the quadrupolar coupling constant was obtained by simula-
tions of a single site; the breadth of the resulting line shape
was matched to the experimental spectrum. Additionally, an
upper limit on the asymmetry parameters of 0.25 was ascertained
by comparing SATRAS simulations1,39 to a spectrum acquired
experimentally. Attempts to fit the spectra based on the
assumption of a single crystallographic site were fruitless. The
results of the best-fit simulations (Table 1) show that bothCQ

andη are identical within experimental error for the two unique
sites in the crystal, but the optimum fit was achieved when the
parameters were not identical for the two sites. The average

∆ν+1/2,-1/2 ) - 1
40(CQ

2

νL
)(1 + η2

3 ) (11)

∆ν(3/2,(1/2 - ∆ν+1/2,-1/2 ) 3
40(CQ

2

νL
)(1 + η2

3 ) (12)

TABLE 1: Best-Fit 9Be Chemical Shifta and Quadrupolar
Parameters in Be(acac)2

site 1 site 2

CQ/kHz -294( 4 -300( 4
η 0.11( 0.04 0.15( 0.02
δ11/ppm 1.86 2.70
δ22/ppm 1.86 2.70
δ33/ppm -1.56 -3.90
Ω/ppm 3.42 6.60
∆δ ) δiso(1) - δiso(2)/ppm 0.22( 0.01 0.22( 0.01
R b/deg 0 0
â/deg 0 0
γ/deg 0 0

a For coincident CS and EFG tensors.b Euler angles describe the
rotations required to bring the EFG tensor into coincidence with the
CS tensor.

Figure 2. Experimental and calculated9Be NMR spectra of a MAS
sample of solid Be(acac)2,with νrot ) 5.0 kHz,B0 ) 9.4 T, andνL )
56.2 MHz. The experimental spectrum is the sum of 1024 acquisitions.
Best-fit simulation parameters are given in Table 1. The asterisks above
the experimental spectrum mark the(3/2 T (1/2 satellite transition
centerbands. Shown in the insets are the simulated spectra for sites 1
and 2; the best-fit calculated spectrum is the sum of these.
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value ofCQ obtained in our solid-state investigation, 298 kHz,
is slightly less than the value reported for Be(acac)2 in
acetonitrile solution by Kanakubo et al.,15 CQ ) 348 kHz. The
dual-spin probe technique employed in their study can, of course,
only yield [CQ

2(1 + η2/3)]1/2; a negligible value ofη is normally
assumed. The success of this technique also relies on a reliable
estimate of the square of the vibrationally averaged1H-13C-
(methine) dipolar coupling constant, in addition to several other
assumptions. Quadrupolar parameters determined in the solid
state have the additional advantage that the “solvent effects”
are well-defined; the surrounding molecules have long-range
crystallographic order. For comparison, consider Co(acac)3. In
the solid state, a single-crystal59Co NMR study18 yielded the
valuesCQ ) 5.53 ( 0.10 MHz andη ) 0.219 ( 0.005. In
acetonitrile solution,CQ ) 4.8 MHz at 298.8 K,16 while in
acetone and diglyme,CQ ) 4.5 MHz, and in benzene,CQ )
4.2 MHz at 298 K.16,40For Al(acac)3, 27Al NMR studies in the
solid state19 revealed values ofCQ ) 3.03( 0.01 MHz andη
) 0.15 ( 0.01, while in toluene solution, the quadrupole
coupling constant has been reported as 0.49 MHz.21 These data
clearly demonstrate the marked dependence ofCQ on solvation.
The EFG tensor components depend inversely on the cube of
the distance between the nucleus of interest and the individual
surrounding electrons; the value of〈1/r3〉 is still significant even
many angstroms away from the nucleus.

The most sensitive parameter in fitting the spectra of MAS
samples was the difference in isotropic chemical shifts for the
two sites,∆δiso. In particular, the spectrum obtained at 9.4 T
was very sensitive to this parameter; adjusting∆δiso by as little
as 0.01 ppm was noticeable in the simulated line shape. The
best-fit chemical shift tensor components for each of the sites
and∆δiso are also given in Table 1. The second-order quadru-
polar shift for each of the two sites were calculated using eq
11.31 For site 1, the second-order quadrupolar shift was
determined to be∆ν+1/2,-1/2 ) 39 Hz, while for site 2 the shift
was found to be 40 Hz. For beryllium, these displacements are
significant; at 9.4 T they represent about 2% of the total known
chemical shift range. By use of expressions derived by Samo-
son,31 it was also possible to calculate the theoretical positions
of the satellite transition centerbands with respect to the central
transition centerband (eq 12). The satellite transition centerband
maxima are clearly apparent in Figure 2 (indicated by asterisks),
owing to a favorableCQ

2/νL ratio. The calculated displacement
of 119 Hz at 9.4 T is in excellent agreement with the observed
shift. Shown in Figure 3 are the central transitions of the
experimental and simulated spectra of MAS samples acquired
with B0 ) 4.7 T. The necessity of obtaining spectra at two
different applied magnetic fields is apparent here. Since the
chemical shift difference of 0.22 ppm is reduced by a factor of
2 (in Hz) at this lower field, its effect is essentially negligible,
and thus, this spectrum at 4.7 T could be fit reasonably on the
basis of a single-site model. The satellite transition centerbands
are displaced from the central transition centerbands by 238
Hz at 4.7 T; their intensities are too weak to be apparent in
Figure 3.

After having established the quadrupolar parameters for each
of the sites, the possibility of anisotropic beryllium chemical
shielding was investigated by acquiring spectra of stationary
samples at 4.7 and 9.4 T. In Figure 4, it is clearly evident that
the spans of the beryllium shielding tensors are nonzero. For a
stationary sample withB0 ) 9.4 T, the experimental and
calculated9Be NMR spectra are presented. The lower trace is
the calculated spectrum for the case whereΩ ) 0 ppm for both
beryllium sites. Above this is a calculated spectrum that matches

the experimental spectrum; the spans are nonzero. The span of
the chemical shift tensor for site 1 was determined to be 3.42
ppm, while the corresponding span for site 2 was found to be
6.60 ppm. Shown in Table 1 are the chemical shift parameters
used to generate the best-fit spectrum. On the basis of the formal
D2d symmetry of an isolated Be(acac)2 molecule, the assumption
was made that the shielding tensors were axially symmetric,
with the unique component for each site along the uniqueC2

axis in each site (Figure 1). The Euler anglesR, â, and γ
describe the rotations required to bring the principal axis system
(PAS) of the EFG tensor into coincidence with the PAS of the
CS tensor.41 Thus, by setting all angles to zero, we make the
assumption that the CS and EFG tensors are exactly coincident.
This is a reasonable assumption, since it is expected that the
principal axis systems of both the CS and EFG tensors will be

Figure 3. Experimental and calculated9Be NMR spectra of a MAS
sample of solid Be(acac)2, with νrot ) 5.0 kHz,B0 ) 4.7 T, andνL )
28.1 MHz. The experimental spectrum is the sum of 1024 acquisitions.
Best-fit simulation parameters are given in Table 1.

Figure 4. Experimental and calculated9Be NMR spectra of a stationary
sample of solid Be(acac)2, with B0 ) 9.4 T andνL ) 56.2 MHz. The
experimental spectrum is the sum of 1536 acquisitions. The lower trace
shows the simulated spectrum when a span of zero is assumed, and
the middle trace is the simulated spectrum when the best-fit parameters
given in Table 1 are used. Shown in the insets are simulations for each
of the two sites; the narrow traces correspond to a span of zero, and
the wider traces correspond to the best-fit spans.
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approximately coincident with the threeC2 axes shown in Figure
1. This supposition is supported by ab initio calculations (vide
infra). Shown in the insets of Figure 4 are central transition
centerband simulations for each of the two sites. The narrower
line shapes correspond to a span of zero, and the wider line
shapes represent the best fits, whereΩ is nonzero. From these
simulations and comparison with the experimental spectrum, it
is clear that shielding anisotropy plays a significant role in
determining the overall line shape for the static samples. The
spectrum obtained at 4.7 T confirms this conclusion (Figure
5); an excellent fit is obtained using identical simulation
parameters (Table 1). It should be pointed out, however, that
owing to the narrow breadth of the spectra of stationary samples
and owing to the small shielding range of beryllium, other
chemical shift parameters could be employed to fit these spectra.
For example, excellent fits at both fields were obtained by using
the parameters shown in Table 2. For this set of parameters,
the Euler angleâ for both sites was set to 14°; this implies that
the EFG and CS tensors are not coincident. However, in this
case, nonaxial symmetry of the shielding tensor was required
for a good fit. It is possible that other CS parameters would
also give acceptable fits to the experimental spectra. Thus,
although we cannot definitively conclude that the chemical shift
parameters given in Table 1 are the most appropriate, consid-
eration of the data in Tables 1 and 2, as well as further attempts
at simulating the spectra, allows us to establish upper and lower
limits on Ω(9Be) in Be(acac)2 of 7 and 3 ppm.

Ab Initio Calculations . (i) Be(acac)2. Ab initio calculations
were performed to determine magnitudes and orientations of
the CS and EFG tensors for comparison with the conclusions

reached experimentally. Eigenvalues and direction cosines
relating the tensors to the molecular frame were determined by
diagonalization of the symmetrized tensors. Table 3 summarizes
the results of the calculations for Be(acac)2, based on atomic
coordinates from both the crystal structure and the gas-phase
electron diffraction data. Calculations were done using three
different geometries: molecule 1, molecule 2 (after ref 24), and
the gas-phase electron diffraction data.23 Distances of 1.09 Å
were used for C-H bonds. Both unique molecules in the crystal
structure have the Be atom chelated in a distorted tetrahedron,
with intrachelate O-Be-O bond angles of 107.5°.24 For
molecule 1, each of the acetylacetonato rings are approximately
planar, and the angle between one of the methine carbons, the
beryllium atom, and the other methine carbon is 178° (see
Figures 1 and 6A). Thus, these molecules possess near-D2d

symmetry. Molecule 2, however, is relatively distorted. Its
chelate rings are somewhat twisted, and the angle described
above is 165° (see Figure 6A). Such distortions should affect
the orientation of the CS and EFG tensors in the molecular
frame. In the electron diffraction study,23 D2d symmetry was
imposed on the molecule in order to solve the structure. Thus,
calculations based on these coordinates should place the
principal axes of the CS and EFG tensors along the three
symmetry axes (Figure 1).

For molecules 1 and 2, calculations were done at the RHF
level using the 6-311+G* basis set on all atoms, and again with
the larger 6-311++G(3df,3pd) basis set substituted on the
beryllium and oxygen atoms. As shown in Table 3, the
calculated shielding tensor is approximately axially symmetric
in all cases, with spans ranging from 7.0 to 9.0 ppm. The
calculated spans are in agreement with the upper experimentally
determined limit of 7 ppm. Although these spans are quite small
in the context of the shielding anisotropies of more commonly
studied nuclei (13C, 31P, etc.), they are nevertheless nonzero
according to both theory and experiment. In fact, a span of 7
ppm represents a considerable fraction of the total known shift
range for9Be of less than 50 ppm. The isotropic values of the
shielding tensor are 0.6 ppm apart for molecules 1 and 2, in
reasonable agreement with the experimentally determined∆δiso

value of 0.22( 0.01 ppm. The effect of the locally dense basis
set on the CS tensor results is minimal; a slightly more
substantial effect is noted forCQ andη. In addition to providing
numerical values for the quadrupolar coupling constant, ab initio
calculations also indicate the sign of this quantity; in the case
of Be in Be(acac)2 the sign is negative.42 At the RHF/6-311+G*
level, the results are already in very good quantitative agreement
with experimental results. Applying a locally dense basis set to
Be and O (RHF/6-311++G(3df,3pd)) improves the agreement;
both the experimental and calculated|CQ|s are on the order of
300 kHz. Also of interest in the results of the higher-level
calculations is the improvement of theη values. The use of the
larger basis set results in a reduction of the asymmetry parameter
toward the experimental value; however, there is still not
quantitative agreement. In general, one of the difficulties
associated with the calculation of EFG tensors is the poor
description of the electron distribution in the vicinity of the
nucleus provided by Gaussian-type orbitals. Calculations done
using the gas-phase electron-diffraction data yielded axially
symmetric CS and EFG tensors, as shown in Table 3. The
isotropic value as well as the span of the shielding tensor are
both very similar to the results based on the X-ray crystal
structure data. The quadrupolar coupling constant of-306 kHz
is in excellent agreement with experimental results, although
this must be fortuitous given the fact that the calculations were

Figure 5. Experimental and calculated9Be NMR spectra of a stationary
sample of solid Be(acac)2, with B0 ) 4.7 T andνL ) 28.1 MHz. The
experimental spectrum is the sum of 1536 acquisitions. Best-fit
simulation parameters are given in Table 1.

TABLE 2: Best-Fit 9Be Chemical Shift Parameters for
Noncoincident CS and EFG Tensors in Be(acac)2

site 1 site 2

δ11/ppm 3.00 2.00
δ22/ppm 3.00 1.50
δ33/ppm -3.84 -2.00
Ω/ppm 6.84 4.00
R a/deg 0 0
â/deg 14 14
γ/deg 0 0

a Euler angles describe the rotations required to bring the EFG tensor
into coincidence with the CS tensor.
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done on isolated molecules and the experiments were done in
the solid state, where intermolecular interactions surely influence
the CS and EFG tensors. In any case, it would appear in this
case that contributions from the lattice are small. This is also
supported by the good agreement between the solution and solid-
state values.

As alluded to earlier, ab initio calculations also provide an
indication of the orientation of the CS and EFG tensors in their
PASs with respect to the molecular frame. To describe the
orientations, it is convenient to use the three angles indicated
in Figure 6 (ϑ, Θ, andΦ) and the data of Table 4. The angle
ϑ is that between the direction of the largest component of the
tensor and the nearest Be-C(methine) internuclear vector
(Figure 6A). Figure 6B is a view along the vector connecting
the C(methine) to the central Be, with the Be atom at the center
and the four oxygen atoms arranged approximately tetrahedrally
around this; the angles between the Be-O bonds are ap-
proximately 90°. The angle betweenσ11 (or VYY in the case of
the EFG tensor) and the nearest Be-O bond is denoted byΘ.
The angle between the remaining component (σ22 or VXX) and
the nearest Be-O bond is denoted byΦ. For perfectD2d

symmetry, one would expectΘ ) Φ ) 45°; ϑ ) 0. The results
based on the crystal structure show significant deviations from

this ideal case; they are summarized in Table 4. The data
demonstrate that even in an environment of fairly high sym-
metry, the CS and EFG tensors are not exactly coincident. In
fact, although the unique components both lie near the direction
of the approximate uniqueC2 axis, the remaining two compo-
nents are reversed for the two tensors (σ11 is nearly coincident
with VYY, not VXX); this is not surprising in the present case of
near-axial symmetry. A calculation carried out using the atomic
coordinates from electron diffraction data confirms the expecta-
tion that the principal axes of the CS and EFG tensors lie along
the three perpendicularC2 axes when the environment around
Be is highly symmetric.

On the basis of the known distorted geometry of molecule
2,24 we can conclude that site 2 from the analysis of the NMR
spectra likely corresponds to molecule 2 and that site 1
corresponds to molecule 1. This is evident when we compare
the experimental and calculated results forCQ, η, and Ω.
Experimentally, site 1 has the smaller span, the smallerCQ value,
and the smallerη value (Table 1); the calculations reproduce
these findings.

(ii) Other Beryllium Compounds.To put the shielding results
obtained for Be(acac)2 in context, we have carried out calcula-
tions on a series of beryllium-containing compounds that are
known to be representative of the chemical shift range for9Be
in solution.11 Table 5 summarizes the results, including the
tensor components. Shown in Figure 7 is a plot of the isotropic
shielding constants, with dimethylberyllium being the most
deshielded at 84.1 ppm and cyclopentadienyl beryllium boro-
hydride being the most shielded at 137.3 ppm. For comparison,
the known chemical shift values in solution are included in Table
5. The calculations perform well over the entire range of known
beryllium chemical shifts. For example, the isotropic chemical
shift of C5H5BeBH4 with respect to Be(H2O)42+ as determined
by ab initio calculations is-22.3 ppm; the experimental value
for C5H5BeBH4 in hexafluorobenzene is-22.1 ppm. At the
other extreme of known beryllium chemical shifts are a series
of three-coordinate compounds recently prepared by Niemeyer
and Power.44 The three-coordinate beryllium compound,
ArBeSMes*(OEt2) (Ar ) -C6H3-2,6-Mes2; Mes ) -C6H2-
2,4,6-Me3; Mes* ) -C6H2-2,4,6-t-Bu3), has a chemical shift
of 17.4 ppm in deuterated benzene at 20°C; calculations on a
smaller model three-coordinate compound CH3BeSH(OMe2)
indicate a value of 18.4 ppm. Atomic coordinates from the
crystal structure data for ArBeSMes*(OEt2) were used to set
up the calculation on the model compound; experimental bond
lengths and angles were kept intact. It is important to emphasize
that all of the calculations were carried out on isolated molecules
and that outer-sphere solvation will in general have an effect
on the experimentally observed chemical shifts. Despite this,

TABLE 3: Results of Ab Initio Calculations of the Beryllium CS and EFG Tensors of Be(acac)2
input coordinates computational level σ11/ppm σ22/ppm σ33/ppm σiso/ppm Ω/ppm CQ/kHz η

crystal structure,a

molecule 1
RHF/6-311+G* 110.4 110.9 117.4 112.9 7.0 -182 0.30

crystal structure,a

molecule 2
RHF/6-311+G* 110.2 111.2 119.1 113.5 8.9 -275 0.39

crystal structure,a

molecule 1
RHF/6-311++G(3df,3pd)

on Be and O;
108.8 109.3 116.1 111.4 7.3 -241 0.24

crystal structure,a

molecule 2
6-311+G* on remaining atoms 108.7 109.6 117.7 112.0 9.0 -309 0.26

electron diffraction
datab

RHF/6-311++G(3df,3pd)
on Be and O; 6-311+G* on
remaining atoms

108.7 108.7 115.7 111.0 7.0 -306 0

a Reference 24. C-H bond lengths were set to 1.09 Å.b Reference 23. C-H bond lengths were set to 1.09 Å.

Figure 6. Definition of the anglesΘ, Φ, andϑ, which are used to
define the9Be CS and EFG tensor orientations with respect to the Be-
(acac)2 molecular frame. The angleϑ, shown in part A, is the angle
between the largest component of the tensor and the nearest Be-
C(methine) vector. For molecule 1, the angle between one C(methine),
the central Be atom, and the other C(methine) is 178°; for molecule 2
this angle is 165°. Shown in part B is a view along the Be-C(methine)
vector used to defineϑ. The Be atom is at the center and is coordinated
approximately tetrahedrally by four oxygen atoms (see Figure 1B). In
this projection,Θ is the angle betweenσ11 (or VYY) and the nearest
Be-O bond andΦ is the angle betweenσ22 (or VXX) and the nearest
Be-O bond. See the text for more discussion, and see Table 4 for a
summary of the results.
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the agreement betweenδiso(calc) andδiso(expt) is superb for
the range of compounds investigated.

Several linear molecules were also examined. The nuclear
magnetic shielding tensors of linear molecules are of particular
interest because of the fact that the paramagnetic component
of the shielding is zero along theC∞ axis.53 Therefore, theσ33

component, which lies along this axis, will be approximately
equal to the free-atom value of the diamagnetic portion, which
has been calculated as 149.2654 and 152.7 ppm.55 For the linear
molecules examined in the present study, BeH2, BeBr2, ClBeH,

BeCl2, FBeH, and BeF2, the most shielded component was found
to range from 148.9 to 170.8 ppm (see Table 5). The pseudo-
linear molecules Be(CH3)2 and H3CBeH also have their most
shielded components within this range. It is obvious from the
data shown for the linear molecules in Table 5 that the
paramagnetic contribution to shielding in beryllium is signifi-
cant. For example, the perpendicular shielding component in
BeH2 is 57.0 ppm; this represents a paramagnetic contribution
of about-92 ppm. These results disprove the assumption that
the chemical shift of beryllium is governed essentially by the
diamagnetic term.27,28

Of the halogens Cl, Br, and I, chlorine as a substituent
generally leads to the least shielding of nucleus E in compounds
of the type EXH3 (e.g., E) C, Si), while X ) I leads to the
greatest shielding of E. This is quite general and is designated
the normal halogen dependence (NHD);56 however, exceptions
are knownsnotably for early transition metals in their highest
oxidation states.57 In the case of beryllium compounds of the
type BeX2 (X ) F, Cl, Br), the ab initio calculations predict
that beryllium is least shielded for X) Br and most shielded
for X ) F; this is a case of the inverse halogen dependence
(IHD). A similar trend has been predicted for the group 13 nuclei

TABLE 4: Orientations of the 9Be CS and EFG Tensors in Be(acac)2 with Respect to the Molecular Framea

structure computational level
interaction

tensor Θ/deg Φ/deg ϑ/deg

molecule 1 RHF/6-311+G* CS 12 12° 1
EFG 14 14 1

molecule 1 RHF/6-311++G(3df,3pd)b CS 13 12 1
EFG 15 14 2

molecule 2 RHF/6-311+G* CS 12 18 21
EFG 1 11 37

molecule 2 RHF/6-311++G(3df,3pd)b CS 14 20 21
EFG 2 7 32

electron diffraction data RHF/6-311++G(3df,3pd)b CS 45 45 0
EFG 45 45 0

a See the text and Figure 6 for definitions and interpretation of the angles.b 6-311++G(3df,3pd) on Be and O atoms; 6-311+G* on remaining
atoms.

TABLE 5: Calculated 9Be Nuclear Magnetic Shielding Tensor Components for a Representative Series of Beryllium-Containing
Compounds (RHF/6-311++G(3df,3pd))p

compound σ11/ppm σ22/ppm σ33/ppm σiso/ppm
δiso/ppm
(calc)

δiso/ppm
(expt)

Be(CH3)2
a 46.9 47.7 157.6 84.1 30.9

H3C-Be-Hb 50.4 50.4 153.4 84.7 30.3
BeH2

b 57.0 57.0 148.9 87.7 27.3
three-coordinatec 84.2 88.5 117.0 96.6 18.4 17.4d

BeBr2b 60.7 60.7 170.8 97.4 17.6
Cl-Be-Hb 67.9 67.9 158.1 97.9 17.1
BeCl2e 68.6 68.6 167.0 101.4 13.6
Be2Cl4f 88.3 89.4 131.9 103.2 11.8
F-Be-Hb 83.4 83.4 156.3 107.7 7.3
Be(acac)2 108.8 109.5 116.9 111.7 3.3 0.50, 0.72g

BeF2
b 86.9 86.9 162.7 112.1 2.9

Be(H2O)42+ h 114.1 115.1 115.7 115.0 0.0 0.0
BeF4

2- i 115.9 115.9 115.9 115.9 -0.9 ∼ -2j

C5H5BeClk 110.7 110.7 180.0 133.8 -18.8 -19.1l

C5H5BeCH3
m 118.6 118.6 174.1 137.1 -22.1 -20.4n

C5H5BeBH4
o 117.2 120.4 174.2 137.3 -22.3 -22.1l

a An equilibrium Be-C bond length of 1.698 Å was used;43 C-H bond lengths of 1.09 Å were used.b The geometry was optimized at the
RHF/6-311++G(3df,3pd) level.c The calculation was done on a model three-coordinate beryllium compound, while the reported experimental
chemical shift is for a larger compound. See text for details.d In benzene. From ref 44. See text for structure of compound.e An equilibrium Be-Cl
bond length of 1.80 Å was used.45 f Geometry from ref 45.g This work (solid state). Values are the average for the two unique molecules in the
crystal structure (see Table 3). Referenced with respect to BeSO4(aq) as Be(H2O)42+. h A Be-O bond length of 1.610 Å was used.46 i A Be-F
bond length of 1.53 Å was used.47. j As the ammonium salt in water. From ref 48.k Geometry from ref 49. C-H bond lengths were set to 1.09 Å.
l In hexafluorobenzene. From ref 11a.m Geometry from ref 50. C-H bond lengths were set to 1.09 Å.n In pentane/CF3Br. From ref 11a.o Geometry
from refs 51 and 52. C-H bond lengths were set to 1.09 Å.p Isotropic chemical shifts are referenced with respect to Be(NO3)2 (aq) as Be(H2O)42+

unless otherwise indicated.

Figure 7. Beryllium-9 isotropic chemical shielding constants (σiso) and
isotropic chemical shifts (δiso), based on ab initio calculations of the
chemical shielding tensors. See Table 5 for a complete listing of the
data.
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in BX, AlX, and GaX; variations in the HOMO-LUMO gap
are responsible for this trend.58

There is no established absolute experimental shielding scale
for 9Be at present. A literature search did not reveal any
experimentally determined spin-rotation constants from which
a scale could be established. In the absence of spin-rotation
data, high-level calculations on Be(H2O)42+ serve as a starting
point for converting experimental chemical shift tensors to
shielding tensors. Because of its very small size and resulting
high charge density, the Be2+ ion is solvated by four water
molecules in aqueous solution (rather than six); the Be-O bonds
are highly covalent compared to other aqua ions.59,60This results
in a large difference in the isotropic shielding constants of Be2+

and Be(H2O)42+. Our calculated value ofσiso ) 114.96 ppm
(RHF/6-311++G(3df,3pd)) for the tetrahydrate cation is similar
to the results obtained recently by Tossell:61 115.33 ppm (RHF/
6-311G(2d,p) and 112.66 ppm (BLYP/6-31G*). For comparison,
Feiock and Johnson55 report a relativistic isotropic shielding
constant for the isolated Be2+ cation of 131.2 ppm, and Saxena
and Narasimhan62 give a similar value,σiso ) 130.9 ppm, which
was obtained using Hartree-Fock-Slater wave functions.

The spans of the shielding tensors for many of the molecules
examined are much greater than the total known shielding range
of ∼50 ppm (see Table 5). For instance, the span of the9Be
CS tensor in dimethylberyllium is over 110 ppm, and in the
cyclopentadienyl complexes the spans are all in excess of 50
ppm. More interesting is the case of the BeH- anion. This ion
is particularly challenging for computational methods because
of its very small HOMO-LUMO gap (0.080 au) and its very
loosely bound outer electrons.63 Diffuse functions and proper
treatment of electron correlation are essential for accurate
calculations on this ion.63,64 Our RHF/6-311++G(3df,3pd)
calculation of the beryllium CS tensor in BeH- produced a span
of nearly 200 ppm. While we cannot claim absolute accuracy
of this result owing to the difficulties described above, this span
is extraordinarily large for beryllium. Calculations on BeH2,
another compound with only formally s electrons, yielded a CS
tensor with a span of more than 90 ppm.

Conclusions

The present combined solid-state NMR and ab initio inves-
tigation of Be(acac)2 has shown, for the first time, a definite
anisotropy in the chemical shielding tensor of beryllium.
Through the analyses of spectra of stationary and MAS samples,
upper and lower limits on the span of the beryllium shielding
tensor were found to be 7 and 3 ppm. Ab initio calculations of
the electric field gradient and chemical shielding tensors
compare well with the experimental results, placing upper and
lower limits of 9.0 and 7.0 ppm onΩ. The calculations also
indicate the effects of deviation from perfect point group
symmetry on the CS and EFG tensor orientations. The principal
axes of the NMR interaction tensors of the Be nucleus in a
Be(acac)2 molecule of perfectD2d symmetry are coincident with
the threeC2 axes of this point group. However, in the two
unique, distorted molecules in the unit cell, the alignments of
the principal axis systems become quite sensitive to the local
geometry, and the CS and EFG tensor principal axis systems
are no longer exactly coincident. The results of further calcula-
tions of CS tensors on a series of beryllium-containing
compounds compare very well with the isotropic chemical shifts,
which are known experimentally. The paramagnetic part of the
shielding tensor has been proven to play a significant role in
determining the overall isotropic Be shielding constants, as
evidenced by calculations on a series of linear molecules. The

accurate experimental measurement of a9Be spin-rotation
constant for a molecule that one can also investigate via
conventional NMR techniques is a prerequisite for the establish-
ment of a reliable absolute9Be shielding scale.
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(1) Jäger, C. InNMR Basic Principles and Progress; Diehl, P., Fluck,
E., Günther, H., Kosfeld, R., Seelig, J., Eds.; Springer-Verlag: Berlin, 1994;
Vol. 31, pp 133-170.

(2) Freude, D.; Haase, J. InNMR Basic Principles and Progress; Diehl,
P., Fluck, E., Gu¨nther, H., Kosfeld, R., Seelig, J., Eds.; Springer-Verlag:
Berlin, 1993; Vol. 29, pp 1-90.

(3) Smith, M. E.; Strange, J. H.Meas. Sci. Technol.1996, 7, 449.
(4) Jarvie, T. P.; Mueller, K. T.AdV. Anal. Geochem.1995, 2, 141.
(5) Smith, M. E.; van Eck, E. R. H.Prog. Nucl. Magn. Reson.

Spectrosc.1999, 34, 159.
(6) Modeling NMR Chemical Shifts: Gaining Insights into Structure

and EnVironment; Facelli, J. C., de Dios, A. C., Eds.; ACS Symposium
Series 732; ACS Books: Washington, DC, 1999.

(7) Jameson, C. J.; de Dios, A. C. InNuclear Magnetic Resonance: A
Specialist Periodical Report; Webb, G. A., Ed.; Royal Society of Chem-
istry: Cambridge, 1999; Vol. 28, Chapter 2. See also previous volumes in
this series.

(8) Helgaker, T.; Jaszun´ski, M.; Ruud, K.Chem. ReV. 1999, 99, 293.
(9) (a) Sundholm, D.; Olsen, J.Chem. Phys. Lett.1991, 177, 91. (b)

Pyykkö, P. Z. Naturforsch.1992, 47a, 189.
(10) Gmelin Handbook of Inorganic Chemistry, 8th ed.; (prepared by

the Gmelin-Institut fu¨r Anorganische Chemie der Max-Planck-Gesellschaft
zur Förderung der Wissenschaften); Springer-Verlag: Berlin, 1986; Vol.
A1, Section 8.

(11) (a) Gaines, D. F.; Coleson, K. M.; Hillenbrand, D. F.J. Magn.
Reson.1981, 44, 84. (b) Akitt, J. W. InMultinuclear NMR; Mason, J., Ed.;
Plenum Press: New York, 1987; Chapter 7.

(12) (a) Sherriff, B. L.; Grundy, H. D.; Hartman, J. S.; Hawthorne, F.
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