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The purpose of this contribution is to demonstrate the impor-
tance and feasibility of acquiring ultrahigh-field59Co NMR spectra
of solid samples with large nuclear quadrupolar coupling constants,
CQs. In general, the study of transition metals by NMR spectroscopy
has been limited because most of their NMR-active isotopes are
quadrupolar.1-5 The coupling between the nuclear quadrupole
moment,Q, and the electric field gradient, EFG, often leads to broad
NMR line shapes. Historically, quadrupolar parameters for nuclei
at sites with large EFGs could only be determined by nuclear
quadrupole resonance, NQR,6 or single-crystal NMR studies,7 both
of which have significant drawbacks.

Advances in ultrahigh-field magnet technology have allowed an
increasing number of NMR-active, non-integer spin quadrupolar
nuclei to be investigated by NMR spectroscopy. By acquiring cen-
tral transition,mI ) 1/2 T mI ) -1/2, NMR spectra of stationary
samples, both EFG and chemical shift, CS, tensors can be charac-
terized. When the NMR spectra are extremely broad, stepped-fre-
quency techniques8-11 are employed, often in conjunction with ex-
periments such as the quadrupolar Carr-Purcell Meiboom-Gill,
QCPMG, sequence.1,12-14 While valuable, QCPMG may not provide
the spectral detail necessary to detect subtle effects of the NMR
parameters on line shape.15 Also, to perform QCPMG experiments,
the T2 relaxation time must be long enough to acquire a train of
echoes. For powder samples, the most reliable method of character-
izing the principal components of the EFG and CS tensors is to
simulate the NMR line shapes obtained from single-echo experi-
ments.16

Previous studies have demonstrated that59Co NMR spectra can
be acquired when the EFG is relatively small,4,17-21 but for solid
powder samples, the measurement ofCQ values in excess of 100
MHz has not been reported.

Two types of “sandwich” compounds are studied herein: Co-
(1,2-C2B9H11)2

- and Co(C5H5)2
+ salts (see Figure 1). The synthesis

and characterization of these compounds have become a fascinating
area of research, and many applications of the dicarbollide anion
have been discovered, including a recent report that Co(1,2-
C2B9H11)2

- and its derivatives act as an inhibitor for HIV
protease.22-24 The Co(1,2-C2B9H11)2

- complex can also adopt
different conformations; for example, the relative orientation of the
two carboranes can be rotated and are typically either cis, Figure
1, or trans to each other; the Et3NH+ and Rb+ salts adopt the cis
conformation.25,26There are few NMR studies because the sandwich
complexes27 result in large EFGs at the cobalt. NQR studies have
shown thatCQ values range from 138 to 171 MHz,28 some of the
largest reported for59Co. In solution, largeCQ values result in
relaxation times on the order of microseconds, and consequently,
large 59Co NMR line widths. In the solid state, largeCQ values
result in central transition NMR line shapes with widths on the
order of megahertz. Since the second-order quadrupolar interaction

scales inversely with the Larmor frequently, it is advantageous to
acquire central transition NMR spectra of non-integer quadrupolar
nuclei at the highest possible magnetic field strengths.

Cobalt-59 NMR spectra of solid Co(1,2-C2B9H11)2
- salts were

acquired at 223.2 MHz using a Bruker Avance 21.14 T NMR
spectrometer. Figure 2 shows the59Co NMR spectrum of Rb[Co-
(1,2-C2B9H11)2]; NMR parameters obtained from the best-fit
simulations are presented in Table 1. The central transition spectrum
covers approximately 2.5 MHz, representing one of the broadest
NMR line shapes observed to date using standard echo experiments.
Three different transmitter offsets were used, and each sub-spectrum
was acquired in less than 6 h; however, reasonable spectra could
be acquired in 1 h. The importance of using ultrahigh magnetic
fields is clear; for example, if the spectra were acquired at 11.75
T, the line shapes would be nearly 5 MHz broad and could take
days to acquire. Furthermore, the advantage of the single-echo
experiment versus QCPMG is demonstrated by the ability to detect
the small shoulder in the NMR spectrum near-1.1 MHz, indicated
with asterisks in Figure 2. This feature aids in determining both
the EFG and CS tensors and would be difficult to observe using a
QCPMG experiment.
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Figure 1. The molecular structure of (a)cis-[Co(1,2-C2B9H11)2]- and (b)
[Co(C5H5)2]+; B ) green, C) gray; hydrogen atoms have been omitted
for clarity. (c) Approximate orientation of the largest component of the
59Co EFG tensors and the principal component of the CS tensor that
represents the direction of greatest magnetic shielding in the molecular frame
used for (a) and (b).

Figure 2. Central transition59Co NMR spectra of stationary powder
samples of (a) Rb[Co(1,2-C2B9H11)2] and (b) [Co(C5H5)2](PF6) acquired at
21.14 T; (black) experimental, (green) simulated using parameters given
in Table 1, (blue) simulated withΩ ) 0 ppm. Spectra are referenced to 1.0
M aqueous K3Co(CN)6 at δ ) 0 ppm. The spectra were acquired using
three steps of the RF transmitter, 1.0 MHz apart, and combined using the
skyline projection technique.29 Each sub-spectrum was acquired using a
pulse delay of 0.5 s.
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Quadrupolar parameters previously determined using NQR for
Cs[Co(1,2-C2B9H11)2], CQ ) 167.76 MHz andηQ ) 0.03,31 were
used as a starting point in the spectral simulations. The best-fit
simulation for the Rb+ salt indicatesCQ ) 163 ( 2 MHz andηQ

) 0.12 ( 0.05. The noticeable deviation of the EFG tensor from
axial symmetry,ηQ * 0, is likely a result of the asymmetry of the
(1,2-C2B9H11)-2 ligands (see Figure 1); X-ray diffraction data
obtained for the Cs+ and Et3NH+ complexes indicate that there
are no symmetry reasons for the tensors to be axially symmetric.25,27

For the axially symmetric cobalt CS tensor,δ11 ) δ22, and the
span is 4700( 100 ppm;δiso ) -2000 ( 100 ppm. While the
lack of rotational symmetry at the Co affects the EFG tensor, the
CS tensor remains axially symmetric and appears insensitive to the
asymmetry. The relative orientations of the EFG and CS tensors
are such thatδ33 is parallel toVZZ; see Figure 1c. All three salts of
Co(1,2-C2B9H11)2

- studied have similar59Co NMR spectra and
parameters; see Table 1. The59Co NMR spectrum of Co(1,2-
C2B9H11)2

- has not been observed in solution, likely because of
the broad peak that results from the expected short spin-relaxation
time. However,δiso for the Co(1,2-C2B9H11)2

- anion was predicted
to be-2043 ppm by Bu¨hl, Hynk, and Macha´ček using computa-
tional methods.32

The 59Co NMR spectrum of [Co(C5H5)2](PF6) is also shown in
Figure 2.33,34 The NMR parameters obtained (see Table 1) are in
agreement with those previously reported for analogous salts using
single-crystal59Co NMR.35 The value ofCQ is comparable to those
obtained for the Co(1,2-C2B9H11)2

- salts butηQ ) 0. The CS tensor
is also axially symmetric as observed for other cyclopentadienyl
sandwich compounds,36,37 and has a span,Ω ) 5650( 100 ppm
andδiso ) -2500( 100 ppm. As with the Co(1,2-C2B9H11)2

- salts,
δ33 is the unique component and is alongVZZ.

The orientation as well as the spans of the cobalt shielding tensors
in these twod6-metal complexes may be rationalized in terms of
Ramsey’s theory of magnetic shielding using simple molecular
theory.38 Qualitatively, metal-centered MOs of the ground electronic
state, which have dxy, dx2+y2, and dz2 character, overlap with low-
lying excited-state MOs that have dxz and dyz character (z is along
the molecular pseudo-rotation axis).39 Efficient mixing of the occu-
pied and unoccupied MOs only occurs when the magnetic field is
perpendicular toz, leading to the significant deshielding in this
direction, while minimal deshielding occurs when the magnetic field
is alongz.40

In conclusion, we have acquired59Co NMR spectra of solid Co-
(1,2-C2B9H11)2

- and Co(C5H5)2
+ salts and characterized both the

59Co quadrupolar coupling and CS parameters. The use of ultrahigh
magnetic field strengths facilitates the acquisition of59Co NMR
spectra of solids, in a reasonable time, opening up the possibility
of using NMR to study a wider range of metal-containing solid
materials, metalloenzymes, and biomolecules. LargeCQ values
should no longer prevent researchers from performing solid-state
59Co NMR investigations.
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Table 1. Experimental 59Co NMR Parametersa

CQ/MHz (±2) ηQ (±0.05) δiso/ppm (±75) Ω/ppm (±100)

RbCo(CB)2 163 0.12 -2000 4700
NaCo(CB)2 163 0.08 -2000 4500
Et3NH[Co(CB)2] 163 0.10 -2000 4600
[Co(Cp)2]PF6 162 0.02 -2500 5650

a CB ) [1,2-C2B9H11]-2, Cp ) [C5H5]-1; CQ ) eQVZZ/h, ηQ ) (VXX -
VYY)/VZZ, where|VZZ| g |VYY| g |VXX|; δiso ) (δ11 + δ22 + δ33)/3, Ω ) δ11
- δ33, whereδ11 g δ22 g δ 33.30 Within experimental error, the chemical
shift tensors are axially symmetric with the unique component beingδ33.
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