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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

resulting from overlap of patterns from many different sites
(4-9), (ii) samples for which one of the interactions of interes
is so weak that the effect of this interaction will be averaged b
MAS even at low spinning frequencie$, @) or is hidden in the
line broadening of the dominating anisotropic interaction whe
observed from static spectra of powder sampgs7( 9-13,
and (iii) quadrupolar nuclei for which the quadrupole interac
tion is so strong that even the second-order broadening of t
central transition is larger by more than an order of magnitud
than the available spinning frequencié&s §).

For single-crystal NMR to be an attractive alternative to the
powder methods the spectrometer time for acquiring the singl
crystal spectra and the computational time for the data analy:

powder methods fail. o 1998 Academic press must be comparable to those for powders. To accomplish the

requirements several strategies have been undertaken for i
proving state-of-the-art single-crystal NMR. For example, th
low sensitivity of the widely used three-face cube desitf) (
caused by a poor filling factor of the rf coil has been improve
Single-crystal NMR spectroscopy is traditionally used fausing a split-coil single-crystal probe in which the goniomete
the determination of the magnitude and orientation (in the placed outside the rf coilld). A different approach to
molecular/crystal frame) of the tensor for one or more of ttengle-crystal NMR has been proposed by the Grant gra6p (
anisotropic interactions encountered in solid-state NMR (e.d6), who designed a single-crystal probe that uses 2D spect
chemical shielding anisotropy (CSA))( dipolar coupling 2), to correlate two different crystal orientations. An improvec
or quadrupole coupling3j). However, single-crystal NMR is probe using the same approach but with only six properl
normally considered tedious, elaborate, experimentally sophiftosen crystal orientations has recently been presefi®d (
ticated, and a method that usually requires large crystals inWe have recently introduced the design and construction
order to avoid excessively long spectrometer time. For thesenew single-crystal NMR goniometet8) based on the tra-
reasons, it has been of interest to develop new methods dlitional three-axis rotation scheme. In this design the crystal
determining the interaction parameters from polycrystallimaounted on a dovetail-shaped tenon which fits into thre
powders particularly using spinning methods, e.g., magic-amortises of the goniometer. This design not only gives a
gle spinning (MAS). Although several techniques have beémproved accuracy for the angle setting in the rotation of th
developed, the powder methods generally provide no (or ordgystal but also allows for a better filling factor than the
partial) information about the orientation of the tensorial irthree-face cube design. In addition, when XRD experiment
teractions in the molecular frame. However, it has beconage performed the background scattering usually caused by t
possible to determine the relative orientation of two or momaterial (e.g., AJO;) of the latter cube design is eliminated by
tensors describing these interactions from powder spectra. the new goniometer design. In this work we present our cor
Because of its high-resolution properties and insensitivity timued efforts to improve single-crystal NMR. This involves (i)
intensity distortions caused by imperfect pulse excitation, sithte construction of a computer interface between the spectrol
gle-crystal NMR has recently experienced a renaissance, &er and the single-crystal probe which provides fully auto
spin—; as well as quadrupolar nuclei, in cases where powdeated rotation of the goniometer/crystal and acquisition of da
methods fail. Such cases include (i) complex powder spectom each rotation axis and (ii) a software package which in
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SINGLE-CRYSTAL NMR 127

HY 200-2220-0100-AX 08) fastened onto a heavy brick of lea
(20 X 20 X 5 cn, 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-lo
shaft produced from POM (polyoxymethylene) with flexible
aluminum couplings at each end and a universal coupling at tl
center. This makes the setup of the rigid single-crystal instrt
mentation simple, quick, and highly accurate. We note that tf
shaft must be produced from a nonconducting material to avo
pickup of noise in the spectra. The stepper motor has 200 ste
per revolution and a reduction in the rotation of the goniomete
of 1:20 is obtained by the worm geat§). This results in a
resolution of 360/(20< 200) = 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 commi
l cial) single-crystal probes, still provides no reference point fo
the rotation of the crystal. This appears to be a general defit
; i in single-crystal NMR spectroscopy where the usual approac
Sy A i has been to take advantage of the relations between the th
[ l rotational axesH) (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 optice
FIG. 1. Single-crystal NMR goniometerlg) showing the three dovetail fib€rs (one for transmission and the other for reflection of th
mortises and a black cylinder with a narrow white mark for the reference poigmitted light) pointing at the black cylinder (Fig. 1b) are usec
(a) The tenon with the crystal glued onto its surface can be mounted in g trigger the passage of the white mark and thereby tf
three mortises marked 1, 2, and 3, thereby resulting in rotation aboutthe reference point for the crystal rotation. The accuracies for th

1), y" (2), and —z" (3) axis of the tenon frame, respectively. (b) The . . .
goniometer is enclosed by the double-tuned rf coil and with the rf electronir:gtatlon of the goniometer and for the reference point ar

below. The optical fibers pointing at the black cylinder are used to locate tRa€asured by performing a 360° rotation of the goniomete
reference point for the rotation of the goniometer. starting from the reference point. Ideally this requires 400

steps of the stepper motor, and we actually find that th
[@Lgrence point is reached within 40801 steps, correspond-
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fast, simple, and semiautomated manner allows assignment
analysis of the resonances from even very complex sing
crystal NMR spectra.

to the maximum obtainable accuracy of 0.09° for the ang|

Stting of the goniometer/crystal.

The rotation angle of the goniomete)) (is defined as the
angle between the magnetic field anj z', andx" for the
mountings 1, 2, and 3, respectively (Fig. 1la). Since NMF
interactions are insensitive to rotation about the magnetic fie
axis, the spectra for the crystal orientations

Figure 1 shows the single-crystal NMR goniometer used in
this work and recently described elsewhet8)( 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 Mounting (6 = 90°) = Mounting 36 = 90°) [2]
the goniometer and with the indicated axes of rotation (Fig. . . ) .
1a), the three different mountings result in rotation abeu, Mounting 26 = 90°) = Mounting X6 = 0%) [3]

y", and —z" of the tenon (T) frame. The rotation of the

goniometer is perpendicular to the magnetic field and is peamwill be pairwise identical. This is used to determine the zer:
formed using a worm gear combined with a vertical shaft thpbint for the rotation § = 0) and thereby the anglefy)

is operated from the bottom of the probe (Fig. 1b). Employingetween the zero point and the reference point (provided by tl
counterclockwise rotation in all operations of the vertical shafthite mark (Fig. 1)) for the rotation of the crystal/goniometer.
results in an extremely high accuracy for the angular settiik@r instance, using mountings 1 and 2 for acquisition of spect
(18). The rotation of the vertical shaft is performed by a bipoldsy small rotation increments around the expected zero poi
stepper motor (MAE—Motori ed Apparecchiature Elettriche(,z"||B,) for the two rotation axes, the zero point is defined a

RESULTS

Hardware

Mounting 1(6# = 0°) = Mounting 26 = 0°) [1]
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,—m com 50 kHz), a relaxation delay of 2 s, and a total of 128 scans hay
p- been applied for each spectrum. Thereby, the total acquisitic
[Man. input| [ Display | .g time for all 63 spectra of the three rotatiohal axes was only 51
y [} [ The complete analysis of these spectra is given elsewBgre (
Interface l‘:’é
o
1 "y /| Light amp Software
Ref icro-
n controller r——— In the high-field and secular approximations, the resonan
Step g cﬂﬁ’,tmner N Steptper frequency for a NMR interaction is given b9
- motor

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 Vam= <m|%)\|m> —(m-— 1|%/\|m - 1), (4]
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.

0=0  f =«

the point where the spectra for mountings 1 and 2 are identical 9 J\A A
(i.e., Eq. [1] is fulfilled). Using a properly chosen crystal (e.qg., 18
23Na in NaNQy) this method provides a very accurate value for AN
0o- An accuracy oft0.3° for 0, is obtained and determined by 27 n \ A
comparison of the values fdk, obtained independently from
Egs. [1]-[3]. It should be noted that the determinatiorogfs 36 M A
a one-time measurement since its value does not change when 45
the single-crystal probe is taken out of the magnet. M a A
To obtain fully automated acquisition of all the spectra for 54
each rotation axis, the stepper motor is interfaced to the spec-
trometer according to the block diagram shown in Fig. 2. The 63 KA
heart of the interface is a stepper motor controller (SGS-
Thomson Microelectronics, GS-D200S) and a microcontroller 72 M
(SGS-Thomson Microelectronics, ST62E25) which takes two 81
input signals from the host computer of the spectrometer. One
of the inputs (marked “Step”) is used for the stepwise rotation 90 ﬂ M
of the goniometer; i.e., the stepper motor performs one step for
each input pulse from the host. The other input (marked “Ref") 99 | M
is used to set the reference point for the rotation of the goni- 108
ometer. Using this input the microcontroller automatically ro- M A
tates the goniometer until it senses the reference point by the 117 mn N
fiber optics. When the single-crystal probe is operated from the
spectrometer, finding the zero point for the rotation is per- 126 p A P
formed in two steps: (i) send a “Ref” signal and wait until the
reference point has been found (it taked0 s to perform a 135 A A A
complete rotation of the goniometer and thus, this delay is set 144
to 45 s) and (ii) send “Step” signals according to the deter- M A A
mined value fo, in order to set the zero point for the rotation. 153 M A A

In this way, any pulse sequences may be used along with the

single-crystal probe by adding a subroutine that controls the 162 ﬂ A A

rotation supplied with values fof and 6. 171 N

An example of the performance of the single-crystal instru-
mentation is given by the experimental 9.4%TRb single- 180 I
crystal NMR spectra of Rl€rO, recorded using a crystal of : r—
size 2X 3 X 4 mnt and shown in Fig. 3, for rotation about the 0  -200 -400  -600
—x" axis. For each rotation axis 21 spectra were recorded each ppm

following a 9° increment of the rotation angle. A spectral width rig. 3. Single-crystal®’Rb NMR spectra of RICrO,, each recorded
of 500 kHz, single-pulse excitationf = 2 us for yB,/2m ~ following a 9° incrementation for the rotation about thec" axis.
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wherem < m — 1 is the observed transition and= Q, o, a
and D (quadrupole coupling, CSA, and heteronuclear dipol wsicsms:
coupling) is the NMR interaction of interest. The Hamiltonian|cemmands
is usually dominated by the first-order term of its averag

Hamiltonian @¢, ~ %) given by

) BKiS: 7 =Tk

no calculation

Y = AssToo+ AdsTag (5]

whereA};| are spatial irreducible tensor elements of the inter
action tensor expressed in the laboratory (L) frameghglare
the spin-tensor elements. The spatial tensor elements :
readily calculated from the tensor expressed in the princip.
axis frame (P) by the coordinate transformations

o] o
A @ AP i L A
PT QTL 1 | I I

B0 a0 100

A/\,P A)\,T A)\,L1 [6]

whereQ3; = («,, B,, v,) are the Euler angles describing the
orientation of the (P) frame in the tenon/goniometer (T) framej
and Qf, are the Euler angles describing the transformatio
from (T) to (L) for a given rotation axis (= —x",y', or —z").
Explicit expressions foA*” and T* are given elsewherel ).
Applying the coordinate transformations in Eq. [6] the reso
nance frequency for the Hamiltoni&f" for each of the three
rotational axesd) is
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v¥(0) = A, + B,cos P + C,sin 26. (7]

In some cases the second-order term of the average Hamil
nian @#P = (1/2w) {ASEAS, (T3, T3, +
2A3AYS L [T3 4, T3 41}) must be included (e.g., for the
central transition of quadrupolar nuclei possessing large qu
drupolar interactionsg-12, 20), which results in the follow-

ing expression for the resonance frequency: FIG. 4. Window on computer screen displaying the resonance frequenci
versus the rotation angle and provided by the software packR&IES.(a)
. Unassigned’Al resonance frequencies for a garnet YAG,AY.0;,) single
(2) — 51,
VA,a(e) = A, + B,os ¥ + C,sin 20 crystal. A maximum of 35 resonance frequencies is observed for each rotati

+ D,cos 4 + E,sin 4. [8] angle. (b) The complete assignment of the complex pattern in (a).

Explicit expressions for the coefficientsd§’, v, andv” are  Figure 4a shows the screen provided for tal resonances
given in Refs. §, 11, 18-2. from the 2’Al single-crystal NMR spectra of the garnet
The individual resonances at different rotation angles resutAl 0, (YAG) for rotation about the—z" axis. YAG has

ing from magnetically nonequivalent nuclei may be assignegven magnetically nonequivalent®Al sites in the unit cell

using Eq. [7] or [8] depending on the interaction. To facilitaté21) and with five observablé’Al single-quantum transitions

this assignment we have developed the software packdgpin | = g) a maximum of 35 resonance frequencies i
ASICS(Analysis ofSngle-Crystal Spectra). This makes use ofexpected in each spectrum. The complexity of the pattern
a window on the screen of a workstation or the host computie resonances obviously complicates the assignment, but w
which displays the resonance frequencies versus the rotathBlCSwve have found 32 resonance curves as shown in Fig. 4
angle. The resonances are selected using the mouse, and~then the analysis24) it turns out that four lines are overlap-
optimum curvature, given by Eq. [7] or [8], is calculateging for this rotation axis, and thus it has actually been possib
interactively. Thereby, a line corresponding to the optimumo unravel the very complex pattern in Fig. 4a completely.

curve is drawn on the screen in order to help the assignmentFollowing the assignment for the three rotation axes, it i
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usually a straightforward matter to correlate the curves, result- a b
ing from the same magnetically equivalent nuclei, for each of
the rotation axes by means of Eqgs. [1]-[3]. This allows a x? x?
determination of the relevant interaction parameters from the 134
coefficients in Egs. [7] and [8]. However, it is necessary to 130 132
refine the parameters according to the minimum rms deviation 128 Bg
126 126
1N 12 -85 -80 -75 109 110
3 3
rms= N E(vie _ viC)Z [9] s [ppm] o [ppm]
i=1 FIG. 5. Least-squaresxf) optimizations ofs, for the two Rb" sites in

Rb,CrO,. The experimental pointsX) correspond to the minimurg?® value
obtained for different fixed values &f, for Rb sites 1 (a) and 2 (b). The solid

. lines represent the optimum second-order polynomial which is used to calc
between thé\ experimental (/'e) and calculatedif) resonance late the 95% confidence interval féy, (Rb(1): 6, = —80 = 7 ppm; Rb(2):5,,

frequencies for all three rotation axes. Thereby, a simultaneaugog 7+ 0.6 ppm ).
fitting of (i) resonances from different transitions (e.g., satellite
transitions for quadrupolar nuclei) and (ii) different crystallo-
graphically nonequivalent but magnetically equivalent nuclgitatic and spinning) methods fail because of the strong qua
(which have the same magnitudes and relative orientation f@pole coupling interactiongj.
the interaction tensors), for the three rotational axes, is
achieved. DISCUSSION
For discussion of the quality of the parameters obtained and
for comparison of the single-crystal method with other tech- Several geometries for single-crystal NMR goniometer
nigues it is important that the error limits be determined fdrave been reportedl( 13-18, 27-30D The most common
each of the parameters. These error limits are estimated as 9¥ign uses a three- or four-faced cube that fits into the gor
confidence intervals for the individual paramete2§){ calcu- ometer in three different ways, thereby resulting in rotatiol
lated from they? (==N_; [(vF — v)/a;]?, o; is the measure- about three mutually perpendicular axds {3, 27, 28. The
ment error forv?) function in a manner similar to that appliedcrystal is fixed onto one of the faces of the cube and the desi
for the analysis of MAS spectr@). Thus, the error limig(p) allows an easy repositioning of the crystal on the three rotatic
for a parametep is calculated from the curvature g (p) axes. However, when the cube—crystal setup is used for XR
obtained from optimizations employing fixed valuespofiear studies the cube material (e.g.,,®k) usually causes an unfa-
its optimum value. This curvature may be approximated byvarable background scattering of the X rays. This problem i
second-order polynomial, and the 95% confidence intervala@ssentially eliminated in the present goniometer design sin
defined asd(p) = 2/\Va, wherea is the second-order coef-the crystal is covered only on one side by the tend).(
ficient of the polynomial 25). The optimizations and calcula-Moreover, the dovetail joint between the tenon and goniomet:
tion of 95% confidence intervals are performed interactively lgives an improved accuracy (0.3°) for the mounting of the
ASICS.A 95% confidence interval calculation typically re-crystal on the three axes as compared to the conventional cL
quires 5-50 optimizations and uses 0.5-5 s of CPU time ordasign which has an accuracy of approximatelyl®, @3, 18§.
Sun SPARC 10/51 workstation. The low sensitivity that results from the poor filling factor of
In the analysis of th&'Rb single-crystal NMR spectra of the cube design within the rf coil has been adressed by Haus
Rb,CrQ, (Fig. 3) it has been of particular interest to determinet al. (14). These authors presented a probe design with tf
accurate parameters for the CSA interactiép, (n,) for the intention to gain sensitivity while retaining a good compatibil-
two Rb" sites ). The CSA values (Rb(1)5, = —80 = 7 ity between NMR and XRD experiments. In their design the
ppm,n, = 0.19+* 0.14; Rb(2):§, = 109.7* 0.6 ppm,n, = crystal is mounted inside a small glass capillary and the gor
0.037= 0.010 @)) are determined with a very high accuracyometer is located outside a split rf coil. This design gives a
For demonstration of the goodness of these values, Figinproved sensitivity as demonstrated by i single-crystal
shows plots of the minimuny?® value for different fixeds, NMR spectra of a 0.24-miHPA crystal (L4). However, a
values for the rubidium sites 1 and 2 (Figs. 5a and 5b). Thiérect comparison of the sensitivity resulting from the im-
figure clearly displays well-defined minima fo for both proved filling factor of the present goniometer design with tha
sites, and the 95% confidence intervals are calculated from tifethe split-coil probe of Hausest al. is not possible at this
optimum second-order polynomial shown with solid lines istage.
Fig. 5. This example demonstrates the capability of the single-To facilitate the assignment of resonances for different rc
crystal technigue for determination of CSA parameters in samation angles, Grant and co-workefib( 1§ have presented a
ples dominated by the quadrupole coupling where the powduapdified version of the conventional three-rotation-axes de
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sign. This uses 2D correlation experiments to replace themebuilt interface. This instrumentation has made single
conventional rotation plot studies. The worm gear of the trarystal NMR an attractive alternative to powder methods (spir
ditional design is replaced by a string and a lever arm thaing and static) with respect to the ease and accuracy for tl
allow a fast flip between two orientations of the crystal. Usindata acquisition and the required spectrometer time. Combin
this setup it is possible to obtain 2D spectra that correlate twath the software packagaSICSthe assignment and analysis
crystal orientations. However, the flip-flop design still requiresf single-crystal NMR spectra become a fast and routine pre
“manual” correlation between rotation curves from the threzedure even in the case of very complex spectra.
rotation axes. A more sophisticated probe design, also from the
Grant group 17), has demonstrated that a full CSA-tensor ACKNOWLEDGMENTS
study may be carried out by choosing only six different crystal
orientations. With the proper equipment these six orientationsrhe use of the facilities at the Instrument Centre for Solid-State NMF
may all be correlated by 2D flip-flop experiments?). This Spectroscopy, University of Aarhus, sponsored by Teknologistyrelsen, tt
design completely removes the problem of the assignment'?ﬁ”iSh Research Councils (SNF and STVF), Carlsbergfondet, and Direktgr
resonances for different rotation angles and the correlatiﬁﬁ””ks"tns Fond, is acknowledged. We thank Aarhus University Resear
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