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Design of state-of-the-art instrumentation and software for acqui-
sition and analysis of single-crystal NMR spectra is presented. The
design involves highly accurate rotation of a goniometer, and the
acquisition of all the spectra for each rotation axis is automatically
controlled by the host computer of the spectrometer using a home-
built interface between the computer and the single-crystal probe.
Moreover, a software package (ASICS) for fast and routine assign-
ment/analysis of complex single-crystal spectra has been developed.
Employing this equipment, the acquisition and complete analysis of
single-crystal NMR spectra may be performed in about the same time
as required for powder methods (spinning or static). The hardware
and software are compared to recent alternative approaches within
single-crystal NMR. Finally, it has been observed that single-crystal
NMR techniques may provide the desired data for samples where
powder methods fail. © 1998 Academic Press

INTRODUCTION

Single-crystal NMR spectroscopy is traditionally used for
the determination of the magnitude and orientation (in the
molecular/crystal frame) of the tensor for one or more of the
anisotropic interactions encountered in solid-state NMR (e.g.,
chemical shielding anisotropy (CSA) (1), dipolar coupling (2),
or quadrupole coupling (3)). However, single-crystal NMR is
normally considered tedious, elaborate, experimentally sophis-
ticated, and a method that usually requires large crystals in
order to avoid excessively long spectrometer time. For these
reasons, it has been of interest to develop new methods for
determining the interaction parameters from polycrystalline
powders particularly using spinning methods, e.g., magic-an-
gle spinning (MAS). Although several techniques have been
developed, the powder methods generally provide no (or only
partial) information about the orientation of the tensorial in-
teractions in the molecular frame. However, it has become
possible to determine the relative orientation of two or more
tensors describing these interactions from powder spectra.

Because of its high-resolution properties and insensitivity to
intensity distortions caused by imperfect pulse excitation, sin-
gle-crystal NMR has recently experienced a renaissance, for
spin-1

2
as well as quadrupolar nuclei, in cases where powder

methods fail. Such cases include (i) complex powder spectra

resulting from overlap of patterns from many different sites
(4–8), (ii) samples for which one of the interactions of interest
is so weak that the effect of this interaction will be averaged by
MAS even at low spinning frequencies (6, 9) or is hidden in the
line broadening of the dominating anisotropic interaction when
observed from static spectra of powder samples (6, 7, 9–12),
and (iii) quadrupolar nuclei for which the quadrupole interac-
tion is so strong that even the second-order broadening of the
central transition is larger by more than an order of magnitude
than the available spinning frequencies (7, 8).

For single-crystal NMR to be an attractive alternative to the
powder methods the spectrometer time for acquiring the single-
crystal spectra and the computational time for the data analysis
must be comparable to those for powders. To accomplish these
requirements several strategies have been undertaken for im-
proving state-of-the-art single-crystal NMR. For example, the
low sensitivity of the widely used three-face cube design (13)
caused by a poor filling factor of the rf coil has been improved
using a split-coil single-crystal probe in which the goniometer
is placed outside the rf coil (14). A different approach to
single-crystal NMR has been proposed by the Grant group (15,
16), who designed a single-crystal probe that uses 2D spectra
to correlate two different crystal orientations. An improved
probe using the same approach but with only six properly
chosen crystal orientations has recently been presented (17).

We have recently introduced the design and construction of
a new single-crystal NMR goniometer (18) based on the tra-
ditional three-axis rotation scheme. In this design the crystal is
mounted on a dovetail-shaped tenon which fits into three
mortises of the goniometer. This design not only gives an
improved accuracy for the angle setting in the rotation of the
crystal but also allows for a better filling factor than the
three-face cube design. In addition, when XRD experiments
are performed the background scattering usually caused by the
material (e.g., Al2O3) of the latter cube design is eliminated by
the new goniometer design. In this work we present our con-
tinued efforts to improve single-crystal NMR. This involves (i)
the construction of a computer interface between the spectrom-
eter and the single-crystal probe which provides fully auto-
mated rotation of the goniometer/crystal and acquisition of data
for each rotation axis and (ii) a software package which in a

JOURNAL OF MAGNETIC RESONANCE135,126–132 (1998)
ARTICLE NO. MN981551

1261090-7807/98 $25.00
Copyright © 1998 by Academic Press
All rights of reproduction in any form reserved.



fast, simple, and semiautomated manner allows assignment and
analysis of the resonances from even very complex single-
crystal NMR spectra.

RESULTS

Hardware

Figure 1 shows the single-crystal NMR goniometer used in
this work and recently described elsewhere (18). The crystal is
glued (with an arbitrary orientation) onto a dovetail-shaped
tenon which fits into the three mortises (marked 1, 2, and 3) of
the goniometer and with the indicated axes of rotation (Fig.
1a), the three different mountings result in rotation about2xT,
yT, and 2zT of the tenon (T) frame. The rotation of the
goniometer is perpendicular to the magnetic field and is per-
formed using a worm gear combined with a vertical shaft that
is operated from the bottom of the probe (Fig. 1b). Employing
counterclockwise rotation in all operations of the vertical shaft
results in an extremely high accuracy for the angular setting
(18). The rotation of the vertical shaft is performed by a bipolar
stepper motor (MAE—Motori ed Apparecchiature Elettriche,

HY 200-2220-0100-AX 08) fastened onto a heavy brick of lead
(20 3 20 3 5 cm3, 23 kg) placed on the floor 70 cm below the
bottom of an Oxford 9.4-T wide-bore magnet. The transmis-
sion between the probe and the stepper motor is a 40-cm-long
shaft produced from POM (polyoxymethylene) with flexible
aluminum couplings at each end and a universal coupling at the
center. This makes the setup of the rigid single-crystal instru-
mentation simple, quick, and highly accurate. We note that the
shaft must be produced from a nonconducting material to avoid
pickup of noise in the spectra. The stepper motor has 200 steps
per revolution and a reduction in the rotation of the goniometer
of 1:20 is obtained by the worm gear (18). This results in a
resolution of 360/(203 200) 5 0.09° for the rotation of the
goniometer/crystal by each step of the stepper motor.

Although of improved accuracy for the crystal rotation, the
present design, as is the case for other (published or commer-
cial) single-crystal probes, still provides no reference point for
the rotation of the crystal. This appears to be a general deficit
in single-crystal NMR spectroscopy where the usual approach
has been to take advantage of the relations between the three
rotational axes (5) (vide infra). To improve on this shortage, a
black 30-mm-o.d. cylinder, 4 mm high, with a narrow white
mark on the outside of the cylinder is mounted on the hori-
zontal shaft of the goniometer (Figs. 1a and 1b). Two optical
fibers (one for transmission and the other for reflection of the
emitted light) pointing at the black cylinder (Fig. 1b) are used
to trigger the passage of the white mark and thereby the
reference point for the crystal rotation. The accuracies for the
rotation of the goniometer and for the reference point are
measured by performing a 360° rotation of the goniometer
starting from the reference point. Ideally this requires 4000
steps of the stepper motor, and we actually find that the
reference point is reached within 40006 1 steps, correspond-
ing to the maximum obtainable accuracy of 0.09° for the angle
setting of the goniometer/crystal.

The rotation angle of the goniometer (u) is defined as the
angle between the magnetic field andzT, zT, and xT for the
mountings 1, 2, and 3, respectively (Fig. 1a). Since NMR
interactions are insensitive to rotation about the magnetic field
axis, the spectra for the crystal orientations

Mounting 1~u 5 08! ; Mounting 2~u 5 08! [1]

Mounting 1~u 5 908! ; Mounting 3~u 5 908! [2]

Mounting 2~u 5 908! ; Mounting 3~u 5 08! [3]

will be pairwise identical. This is used to determine the zero
point for the rotation (u 5 0) and thereby the angle (u0)
between the zero point and the reference point (provided by the
white mark (Fig. 1)) for the rotation of the crystal/goniometer.
For instance, using mountings 1 and 2 for acquisition of spectra
by small rotation increments around the expected zero point
( zT\B0) for the two rotation axes, the zero point is defined as

FIG. 1. Single-crystal NMR goniometer (18) showing the three dovetail
mortises and a black cylinder with a narrow white mark for the reference point.
(a) The tenon with the crystal glued onto its surface can be mounted in the
three mortises marked 1, 2, and 3, thereby resulting in rotation about the2xT

(1), yT (2), and 2zT (3) axis of the tenon frame, respectively. (b) The
goniometer is enclosed by the double-tuned rf coil and with the rf electronics
below. The optical fibers pointing at the black cylinder are used to locate the
reference point for the rotation of the goniometer.
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the point where the spectra for mountings 1 and 2 are identical
(i.e., Eq. [1] is fulfilled). Using a properly chosen crystal (e.g.,
23Na in NaNO3) this method provides a very accurate value for
u0. An accuracy of60.3° foru0 is obtained and determined by
comparison of the values foru0 obtained independently from
Eqs. [1]–[3]. It should be noted that the determination ofu0 is
a one-time measurement since its value does not change when
the single-crystal probe is taken out of the magnet.

To obtain fully automated acquisition of all the spectra for
each rotation axis, the stepper motor is interfaced to the spec-
trometer according to the block diagram shown in Fig. 2. The
heart of the interface is a stepper motor controller (SGS-
Thomson Microelectronics, GS-D200S) and a microcontroller
(SGS-Thomson Microelectronics, ST62E25) which takes two
input signals from the host computer of the spectrometer. One
of the inputs (marked “Step”) is used for the stepwise rotation
of the goniometer; i.e., the stepper motor performs one step for
each input pulse from the host. The other input (marked “Ref ”)
is used to set the reference point for the rotation of the goni-
ometer. Using this input the microcontroller automatically ro-
tates the goniometer until it senses the reference point by the
fiber optics. When the single-crystal probe is operated from the
spectrometer, finding the zero point for the rotation is per-
formed in two steps: (i) send a “Ref ” signal and wait until the
reference point has been found (it takes'40 s to perform a
complete rotation of the goniometer and thus, this delay is set
to 45 s) and (ii) send “Step” signals according to the deter-
mined value foru0 in order to set the zero point for the rotation.
In this way, any pulse sequences may be used along with the
single-crystal probe by adding a subroutine that controls the
rotation supplied with values foru andu0.

An example of the performance of the single-crystal instru-
mentation is given by the experimental 9.4-T87Rb single-
crystal NMR spectra of Rb2CrO4 recorded using a crystal of
size 23 3 3 4 mm3 and shown in Fig. 3, for rotation about the
2xT axis. For each rotation axis 21 spectra were recorded each
following a 9° increment of the rotation angle. A spectral width
of 500 kHz, single-pulse excitation (tp 5 2 ms for gB1/ 2p '

50 kHz), a relaxation delay of 2 s, and a total of 128 scans have
been applied for each spectrum. Thereby, the total acquisition
time for all 63 spectra of the three rotational axes was only 5 h.
The complete analysis of these spectra is given elsewhere (8).

Software

In the high-field and secular approximations, the resonance
frequency for a NMR interaction is given by (19)

nl,m 5 ^mu*̃lum& 2 ^m 2 1u*̃lum 2 1&, [4]

FIG. 3. Single-crystal87Rb NMR spectra of Rb2CrO4, each recorded
following a 9° incrementation for the rotation about the2xT axis.

FIG. 2. Block diagram of the interface between the single-crystal probe
and the host computer of the spectrometer. The heart of the interface is a
microcontroller which takes two input signals from the host computer. The
“Ref ” pulse is used to locate the reference point of the rotation, while the
“Step” pulse performs the stepwise rotation of the goniometer.
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wherem7 m 2 1 is the observed transition andl 5 Q, s,
and D (quadrupole coupling, CSA, and heteronuclear dipole
coupling) is the NMR interaction of interest. The Hamiltonian
is usually dominated by the first-order term of its average

Hamiltonian (̃*l ' *̃# l
(1)) given by

*#̃ l
~1! 5 A0,0

l,LT0,0
l 1 A2,0

l,LT2,0
l , [5]

whereAj ,m
l,L are spatial irreducible tensor elements of the inter-

action tensor expressed in the laboratory (L) frame andTj ,m
l are

the spin-tensor elements. The spatial tensor elements are
readily calculated from the tensor expressed in the principal
axis frame (P) by the coordinate transformations

Al,PO¡
VPT

l

Al,TO¡
VTL

a

Al,L, [6]

whereVPT
l 5 (al, bl, gl) are the Euler angles describing the

orientation of the (P) frame in the tenon/goniometer (T) frame,
and VTL

a are the Euler angles describing the transformation
from (T) to (L) for a given rotation axisa (52xT, yT, or 2zT).
Explicit expressions forAl,P andTl are given elsewhere (19).
Applying the coordinate transformations in Eq. [6] the reso-
nance frequency for the Hamiltoniañ*l

(1) for each of the three
rotational axes (a) is

nl,a
~1! ~u ! 5 Aa 1 Bacos 2u 1 Casin 2u. [7]

In some cases the second-order term of the average Hamilto-
nian (*̃l

(2) 5 (1/ 2n0) { A2,2
l,LA2,22

l,L [T2,2
l , T2,22

l ] 1
2A2,1

l,LA2,21
l,L [T2,1

l , T2,21
l ]}) must be included (e.g., for the

central transition of quadrupolar nuclei possessing large qua-
drupolar interactions (6–12, 20)), which results in the follow-
ing expression for the resonance frequency:

nl,a
~2! ~u ! 5 Aa 1 Bacos 2u 1 Casin 2u

1 Dacos 4u 1 Easin 4u. [8]

Explicit expressions for the coefficients ofnQ
(1), nQ

(2), andns
(1) are

given in Refs. (6, 11, 18–20).
The individual resonances at different rotation angles result-

ing from magnetically nonequivalent nuclei may be assigned
using Eq. [7] or [8] depending on the interaction. To facilitate
this assignment we have developed the software package
ASICS(Analysis ofSingle-CrystalSpectra). This makes use of
a window on the screen of a workstation or the host computer
which displays the resonance frequencies versus the rotation
angle. The resonances are selected using the mouse, and the
optimum curvature, given by Eq. [7] or [8], is calculated
interactively. Thereby, a line corresponding to the optimum
curve is drawn on the screen in order to help the assignment.

Figure 4a shows the screen provided for the27Al resonances
from the 27Al single-crystal NMR spectra of the garnet
Y3Al5O12 (YAG) for rotation about the2zT axis. YAG has
seven magnetically nonequivalent Al31 sites in the unit cell
(21) and with five observable27Al single-quantum transitions
(spin I 5 5

2
) a maximum of 35 resonance frequencies is

expected in each spectrum. The complexity of the pattern of
the resonances obviously complicates the assignment, but with
ASICSwe have found 32 resonance curves as shown in Fig. 4b.
From the analysis (24) it turns out that four lines are overlap-
ping for this rotation axis, and thus it has actually been possible
to unravel the very complex pattern in Fig. 4a completely.

Following the assignment for the three rotation axes, it is

FIG. 4. Window on computer screen displaying the resonance frequencies
versus the rotation angle and provided by the software packageASICS.(a)
Unassigned27Al resonance frequencies for a garnet YAG (Y3Al5O12) single
crystal. A maximum of 35 resonance frequencies is observed for each rotation
angle. (b) The complete assignment of the complex pattern in (a).
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usually a straightforward matter to correlate the curves, result-
ing from the same magnetically equivalent nuclei, for each of
the rotation axes by means of Eqs. [1]–[3]. This allows a
determination of the relevant interaction parameters from the
coefficients in Eqs. [7] and [8]. However, it is necessary to
refine the parameters according to the minimum rms deviation

rms5 H 1

N O
i51

N

~n i
e 2 n i

c!2J 1/ 2

[9]

between theN experimental (n i
e) and calculated (n i

c) resonance
frequencies for all three rotation axes. Thereby, a simultaneous
fitting of (i) resonances from different transitions (e.g., satellite
transitions for quadrupolar nuclei) and (ii) different crystallo-
graphically nonequivalent but magnetically equivalent nuclei
(which have the same magnitudes and relative orientation for
the interaction tensors), for the three rotational axes, is
achieved.

For discussion of the quality of the parameters obtained and
for comparison of the single-crystal method with other tech-
niques it is important that the error limits be determined for
each of the parameters. These error limits are estimated as 95%
confidence intervals for the individual parameters (25), calcu-
lated from thex2 (5¥ i51

N [(n i
e 2 n i

c)/s i]
2, s i is the measure-

ment error forn i
e) function in a manner similar to that applied

for the analysis of MAS spectra (26). Thus, the error limitd( p)
for a parameterp is calculated from the curvature ofx2( p)
obtained from optimizations employing fixed values ofp near
its optimum value. This curvature may be approximated by a
second-order polynomial, and the 95% confidence interval is
defined asd( p) 5 2/=a, wherea is the second-order coef-
ficient of the polynomial (25). The optimizations and calcula-
tion of 95% confidence intervals are performed interactively by
ASICS.A 95% confidence interval calculation typically re-
quires 5–50 optimizations and uses 0.5–5 s of CPU time on a
Sun SPARC 10/51 workstation.

In the analysis of the87Rb single-crystal NMR spectra of
Rb2CrO4 (Fig. 3) it has been of particular interest to determine
accurate parameters for the CSA interaction (ds, hs) for the
two Rb1 sites (8). The CSA values (Rb(1):ds 5 280 6 7
ppm,hs 5 0.196 0.14; Rb(2):ds 5 109.76 0.6 ppm,hs 5
0.0376 0.010 (8)) are determined with a very high accuracy.
For demonstration of the goodness of these values, Fig. 5
shows plots of the minimumx2 value for different fixedds

values for the rubidium sites 1 and 2 (Figs. 5a and 5b). This
figure clearly displays well-defined minima forx2 for both
sites, and the 95% confidence intervals are calculated from the
optimum second-order polynomial shown with solid lines in
Fig. 5. This example demonstrates the capability of the single-
crystal technique for determination of CSA parameters in sam-
ples dominated by the quadrupole coupling where the powder

(static and spinning) methods fail because of the strong quad-
rupole coupling interaction (8).

DISCUSSION

Several geometries for single-crystal NMR goniometers
have been reported (1, 13–18, 27–30). The most common
design uses a three- or four-faced cube that fits into the goni-
ometer in three different ways, thereby resulting in rotation
about three mutually perpendicular axes (1, 13, 27, 28). The
crystal is fixed onto one of the faces of the cube and the design
allows an easy repositioning of the crystal on the three rotation
axes. However, when the cube–crystal setup is used for XRD
studies the cube material (e.g., Al2O3) usually causes an unfa-
vorable background scattering of the X rays. This problem is
essentially eliminated in the present goniometer design since
the crystal is covered only on one side by the tenon (18).
Moreover, the dovetail joint between the tenon and goniometer
gives an improved accuracy (0.3°) for the mounting of the
crystal on the three axes as compared to the conventional cube
design which has an accuracy of approximately 2° (10, 13, 18).

The low sensitivity that results from the poor filling factor of
the cube design within the rf coil has been adressed by Hauser
et al. (14). These authors presented a probe design with the
intention to gain sensitivity while retaining a good compatibil-
ity between NMR and XRD experiments. In their design the
crystal is mounted inside a small glass capillary and the goni-
ometer is located outside a split rf coil. This design gives an
improved sensitivity as demonstrated by the31P single-crystal
NMR spectra of a 0.24-mm3 HPA crystal (14). However, a
direct comparison of the sensitivity resulting from the im-
proved filling factor of the present goniometer design with that
of the split-coil probe of Hauseret al. is not possible at this
stage.

To facilitate the assignment of resonances for different ro-
tation angles, Grant and co-workers (15, 16) have presented a
modified version of the conventional three-rotation-axes de-

FIG. 5. Least-squares (x2) optimizations ofds for the two Rb1 sites in
Rb2CrO4. The experimental points ({) correspond to the minimumx2 value
obtained for different fixed values ofds for Rb sites 1 (a) and 2 (b). The solid
lines represent the optimum second-order polynomial which is used to calcu-
late the 95% confidence interval fords (Rb(1):ds 5 280 6 7 ppm; Rb(2):ds

5 109.76 0.6 ppm (8)).
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sign. This uses 2D correlation experiments to replace the
conventional rotation plot studies. The worm gear of the tra-
ditional design is replaced by a string and a lever arm that
allow a fast flip between two orientations of the crystal. Using
this setup it is possible to obtain 2D spectra that correlate two
crystal orientations. However, the flip-flop design still requires
“manual” correlation between rotation curves from the three
rotation axes. A more sophisticated probe design, also from the
Grant group (17), has demonstrated that a full CSA-tensor
study may be carried out by choosing only six different crystal
orientations. With the proper equipment these six orientations
may all be correlated by 2D flip-flop experiments (17). This
design completely removes the problem of the assignment of
resonances for different rotation angles and the correlation
between different rotation axes. It is excellent for the measure-
ment of chemical shielding tensors even from very complex
single-crystal spectra (17). Furthermore, a 3D flip-flop-dipole
experiment for the combined measurement of CSA and het-
eronuclear dipole tensors has been presented (4). However,
since this design uses only six different crystal orientations, the
method will generally fail when more than one NMR interac-
tion is to be determined. For example, in the presence of the
combined effect from quadrupole coupling and CSA the reso-
nance frequency for the central transition of a quadrupolar
nucleus depends on 11 parameters (CQ, hQ, ds, hs, diso, and
the six Euler angles describing the orientation of the two
tensors). Therefore, a minimum of 11 different crystal orien-
tations is required in this case. Moreover, as demonstrated in
Fig. 4, using the present software with a high-accuracy goni-
ometer as described here (however, of traditional design), the
assignment of even heavily overlapping rotation patterns can
readily be performed. Most importantly, the hardware/software
methodology described here for single-crystal studies does not
depend on the number of interactions to be considered. The
probe design of Grant and co-workers (17) therefore represents
a completely different approach to single-crystal NMR than the
present approach where the assignment is based on a semiau-
tomated software (ASICS) analysis of high-accuracy experi-
mental data. Whereas the present approach requires a careful
computer analysis of the experimental data, the Grant proce-
dure (17) generally results in a simpler analysis but requires
longer spectrometer time because of the need for 2D spectra.
Thus, the two methods appear complementary to one another,
with respect to both the kind and number of interactions
studied and the time spent either on the computer analysis or on
the spectrometer.

CONCLUSION

Improved hardware and software for performing state-of-
the-art single-crystal NMR are presented. The instrumentation
includes a single-crystal NMR probe with a newly designed
goniometer. The goniometer is rotated by a stepper motor
controlled by the host computer of the spectrometer using a

homebuilt interface. This instrumentation has made single-
crystal NMR an attractive alternative to powder methods (spin-
ning and static) with respect to the ease and accuracy for the
data acquisition and the required spectrometer time. Combined
with the software packageASICSthe assignment and analysis
of single-crystal NMR spectra become a fast and routine pro-
cedure even in the case of very complex spectra.
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