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Abstract

’H chemical shift anisotropies (CSAs) have been determined for the first time for polycrystalline samples employing >H MAS
NMR spectroscopy at high magnetic field strength (14.1T). The >H CSA is reflected as distinct asymmetries in the manifold of
spinning sidebands (ssbs) observed for the two overlapping single-quantum transitions. Least-squares fitting to the manifold of ssbs
allows determination of the 2H CSA parameters along with the quadrupole coupling parameters. This is demonstrated for KD,PO,,
ND4D,P0O,, KDSO4, KDCO3, 0-(COOD),, a-(COOD); - 2D,0, and boehmite (AIOOD) which exhibit 2H shift anisotropies in the
range 13 < 8, < 27 ppm. For fixed values of the shift anisotropy and the 2H quadrupole coupling it is shown that the precision of
the CSA parameters depends strongly on the asymmetry parameter (1) for the quadrupole coupling tensor, giving the highest
precision for ng ~ 0. The 2H CSA parameters (5, and 7,,) are in good agreement with 'H CSA data reported in the literature for the
corresponding protonated samples from 'H NMR spectra employing various homonuclear decoupling techniques. The determi-
nation of 2H quadrupole coupling parameters and 2H ('H) CSAs from the same 2H MAS NMR experiment may be particularly
useful in studies of hydrogen bonding since the 2H quadrupole coupling constant and the CSA appear to characterize bond lengths

in a hydrogen bond in a different manner.
© 2003 Elsevier Inc. All rights reserved.

1. Introduction

Deuterium NMR spectroscopy in combination with
lineshape simulations is a well-established tool for in-
vestigating structural and dynamic processes in solids
and liquid crystals [1-3]. Most studies have employed
static-powder 2H NMR using the quadrupolar spin-
echo technique in studies of molecular motions for a
range of materials such as polymers, liquid crystals [4,5],
amino acids [6-8], and zeolitic systems [9-11], where
information about rate constants and the mechanism of
the molecular motions are obtained from the powder
line shape resulting from the quadrupole coupling in-
teraction. Considering the small chemical shift range for
’H, static-powder 2H NMR first of all provides infor-
mation about the 2H quadrupole coupling constant
which typically falls in the range Co = 100-270 kHz.
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Information about the 2H isotropic chemical shift has
been obtained from >H MAS NMR experiments em-
ploying rotor-synchronized acquisition [12] or double-
quantum excitation [13]. Furthermore, it has been
shown that observation of the complete manifold of
spinning sidebands from the (m = £1 < m = 0) transi-
tions by 2H MAS NMR [14-17] allows precise deter-
mination of the >H quadrupole coupling parameters (Cq
and 1) and the isotropic chemical shift (diso). More-
over, this method gives a significant increase in S/N as
compared to the static quadrupolar-echo experiment
and allows resolution of overlapping powder patterns in
cases of multiple 2H sites [15-17].

Although ’H NMR generally requires isotopic enrich-
ment, this technique has become an important supplement
to solid-state 'H NMR where structural information
primarily is derived from the isotropic chemical shift and
the 'H chemical shift anisotropy (CSA). However, for the
abundant 'H spins, homonuclear dipolar couplings may
hamper a direct determination of 'H CSAs by MAS


mail to: jskib@chem.au.dk

A. Hauch et al. | Journal of Magnetic Resonance 165 (2003) 282-292 283

NMR and thus methods for homonuclear multiple-pulse
decoupling are required. '"H CSA tensors have been de-
termined from (i) static-powder [18] and single-crystal
[19,20] NMR spectra employing multiple-pulse line-
narrowing methods, (i) MAS NMR spectra using com-
bined rotation and multipulse spectroscopy (CRAMPS)
[21] or the high-order truncating MSHOT-3 homonu-
clear decoupling sequence [22,23], and (iii) static-powder
'H-2H dipolar NMR spectroscopy on magnetically 'H
diluted samples [24].

'H CSA tensors have mainly been reported in studies
of O-H---O hydrogen bondings, where early work in-
dicated relationships between di,('H) as well as the
magnitude of the 'H CSA tensor (i.e., Ac = |5, — 0|)
and the bond length rg..0 for the O-H---O hydrogen
bonds [25]. Moreover, in that study it was shown that
diso('H) and the principal component of the 'H tensor
perpendicular to the hydrogen bond (i.e., o) exhibit
linear correlations with the >H quadrupole coupling
constants determined for the corresponding O-D---O
sites. Linear correlations between d;s,('H) and the ro..0
bond length have also been reported for carboxylic acids
[26], trihydrogen selenites [27], and for metal phosphates
and other minerals [28]. Furthermore, correlations be-
tween Ji,('H) as well as CQ(ZH) and the inverse of the
hydrogen bond distance (rﬁ'ﬂo) have been observed for a
number of 'H/?H sites in hydrogen bonds [29].

In this work, we demonstrate the determination of 2H
CSAs from slow-speed 2H MAS NMR spectra recorded
at a high magnetic field (14.1 T) by least-squares optimi-
zation to the intensities of the spinning sidebands from the
(m = +1 < m = 0) transitions. This is illustrated by a
determination of the ?H CSA and quadrupole coupling
parameters for KD,PO4, ND4D,PO,4, KDCO3;, KDSOy,
a-(COOD),, a-(COOD), - 2D,0, and boehmite (AIOOD).
With the exception of boehmite, 'H CSAs have been re-
ported for these compounds and the >H CSA parameters
determined here are in good agreement with the 'H CSA
data. Thus, information about 2H quadrupole couplings
and ?H ("H) CSAs can simultaneously be obtained from
high-field 2H MAS NMR spectra without the use of
multiple-pulse schemes for reduction of homonuclear
dipolar interactions. To our knowledge, ’H CSAs have
been reported for a-(COOD), - 2D,0 [30], KDCOs; [31],
a-Ca(COOD); [32], a-glycine [33], and for the amide and
carboxyl hydrogens of N-acetyl-D,L-valine [34]in all cases
employing single-crystal >H NMR spectroscopy.

2. Experimental

Samples of KH2PO4, NH4H2PO4, KHCO3, KHSO4,
and o-(COOH); - 2H,0 of analytical purity grade from
commercial sources were used without further purifica-
tion and the deuterated compounds were obtained by
recrystallization from D,0O (99.9%, Aldrich, WI, USA).

o-(COOD), was prepared by heating the dihydrate
a-(COOD); - 2D,0O overnight at 130°C. Boechmite
(Catapal B Alumina) was purchased from Condea Vista
(Texas, USA) and AIOOD was obtained by hydrothermal
treatment of boehmite with D,O at 220 °C for 3 days.

The solid-state ’H MAS NMR spectra were recorded
at ambient temperature on a Varian INOVA-600 (14.1 T)
spectrometer (v = 92.1 MHz for >H) using a homebuilt
CP/MAS probe for Smm o.d. rotors. Stable spinning
frequencies (+2 Hz) were achieved using the Varian rotor-
speed controller which controls the drive-gas pressure for
a fixed bearing-gas pressure. All experiments used single-
pulse excitation with a pulse width of 1.0 us for a rf-field
strength of yB;/2n = 50kHz and relaxation delays of 1-
4. The magic angle was adjusted by optimization of the
linewidths for the spinning sidebands in the 2H MAS
NMR spectrum of KD,PO,4. At optimum magic-angle
setting these spinning sidebands (ssbs) exhibit a linewidth
of FWHM =50 Hz at 14.1 T (0.54 ppm). The symmetry of
the intensities of the ssbsin >’H MAS NMR spectra may be
affected by rf offsets caused by filters or improper cable
lengths either between the probe and the preamplifier or
of the 4/4 cable in the duplexer of the preamplifier. The
length of either of these cables was adjusted employing a
spinning frequency of vg = 7.0kHz for ’H MAS NMR
spectra of Ca(OD);, since this sample exhibits a large H
quadrupole coupling (Cq = 262kHz) and a small CSA
(0-("H) = 9.3 + 1 ppm [35]), the latter being efficiently
averaged for vg = 7.0kHz. Thus, a highly symmetric
manifold of ssbs is observed for Ca(OD), with the proper
choice for the length of both of these cables. The *H iso-
tropic chemical shifts are reported in ppm relative to
TMS, employing chloroform (d;s,(CDCl3) = 7.27 ppm)
as an external reference. Simulations [36,37], least-
squares optimizations and error analysis [38] of the ex-
perimental spectra were performed using the STARS
software package, which has been incorporated into the
Varian VNMR software.

The quadrupole coupling and CSA parameters are
defined as: Cq = eQV../h, ng = (Vy — Vir) /Vezs 06 = diso
—0z, Ne = (5xx - 5}’)’)/509 and di5o = 1/3(5)0: + 5yy + 522)
employing the following definition of the principal tensor
elements for the CSA (d) and electric field gradient (V)
tensors: |4 — 1/3Tr(A)| = |Aw — 1/3Tr(4)| = |4y — 1/
3Tr(4)|, where 2; = 0y, V. The Euler angles (, y, &),
describing the orientation of the CSA tensor relative to
the quadrupole coupling tensor, correspond to positive
rotations about d..(}/), the new d,,(x), and the final 6..(¢&)
axis. These angles are defined in the ranges 0 < < mand
0< 7, E<n/2[39]

3. Results and discussion

Figs. 1A and 2A illustrate ’H MAS NMR spectra of
KD,PO, recorded using the spinning speeds vg = 3.0
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and 7.0 kHz, respectively. In agreement with the crystal
structure reported for KD, PO, [40], both spectra exhibit
a single manifold of ssbs, where the individual ssbs have
a Gaussian-like lineshape with a linewidth of FWHM =~
50 Hz. Inspection of the spectral regions for the singu-
larities (“horns”) at about +40kHz and for the outer
edges (i.e., at 50 to £90kHz) in these spectra shows
distinct asymmetries for the intensities of the ssbs. These
asymmetries demonstrate that the spectra are not in-
fluenced only by the *H quadrupole coupling interac-
tion. Similar spectral features have recently been
observed in YN (I = 1) MAS NMR spectra of some
tetraalkylammonium halides [41] and are ascribed to the
presence of a small CSA. Considering the actual *H
spin system and the fact that the ssbs do not exhibit any
characteristic lineshapes originating from the second-
order quadrupolar interaction suggest that the manifolds
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Fig. 1. (A) 2H MAS NMR spectrum (14.1 T) of KD,PO4 employing
vg = 3.0kHz, a relaxation delay of 1s, and 2048 scans. The asterisk
indicates the isotropic peak. (B) Simulated spectrum employing the
optimized 2H quadrupole coupling and CSA parameters listed in Table
1 and assuming coincidence of the two tensors. (C) Simulated spectrum
where only the >’H quadrupole coupling interaction has been taken into
account and using the Cq, 11q, and Jis, values for KD,POy in Table 1.

of ?H ssbs observed at 14.1 T can be simulated by con-
sideration of only the first-order average Hamiltonians
for the quadrupole coupling and CSA interactions (i.e.,

H 8 and H [37]). This approach has been successfully
employed for a number of half-integer spin quadrupolar
nuclei [37-39]. Least-squares optimization of simulated
to experimental ssb intensities for the spectrum recorded
at vg = 3.0kHz results in the ’H quadrupole coupling
and CSA parameters listed in Table 1 for KD,PO4 and
the optimized simulation shown in Fig. 1B. To test the
validity of the theoretical approach employed in the
simulations, a least-squares optimization was per-
formed, which also included the second-order term of
the average Hamiltonian for the quadrupole interaction

(HQ ). This optimization resulted in the same *H pa-

rameters as those listed in Table 1.

The optimizations to the spectrum in Fig. 1A show
that the ssb intensities are insensitive to the Euler angles
(Y, x, &) describing the relative orientation of the two
tensors. This is partly due to the fact that 5, ~ nq ~ 0
(Table 1), which implies that the simulated ssb manifold
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Fig. 2. Experimental (A) and simulated (B and C) 2H MAS NMR
spectra (14.1 T) of KD,POy using vg = 7.0 kHz. The simulated spec-
trum in (B) employs the optimized 2H quadrupole coupling and CSA
parameters listed in the text whereas the simulation in (C) only con-
siders the quadrupole coupling interaction. The asterisk indicates the
isotropic peak.
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Table 1
2H quadrupole couplings (Cq, 11¢), 'H/*H isotropic chemical shifts (8iso), and chemical shift anisotropies (34, 7,) for the samples studied in this work
Compound Nucleus Cq (kHz) o Jiso® (ppm) 5, (ppm) 1,° Ref.
KD,PO, ’H 119.0+0.7 0.06 £0.01 139 26.7+1.4 0.17+0.16 This work
'H 14.9 24.9 0.28 [23]
ND;D,PO,¢ ’H 119.0+0.6 0.07£0.01 14.8 255+1.4 0.09+0.13 This work
KDSO, Site 1 ’H 175.94+0.7 0.1440.01 11.0 154+5.7 0.58+0.23 This work
'H 12.6 16.2 0.06 [20]
'H 10.8 16.6+0.2 0.1640.10 [22]
KDSO; Site 2 ’H 156.41+0.7 0.12+£0.01 12.3 174+£53 0.000+0.43 This work
'H 14.4 18.0 0.09 [20]
'H 12.1 18.3+£0.2 0.45+0.10 [22]
KDCO; ’H 153.1+0.3 0.1940.01 12.9 18.7+3.0 0.18+0.15 This work
’H 12.6 17.6£0.3 0.09 £0.02 [31]
'H 16.1 17.8+1.7 0.20+0.12 [20]
AIOOD ’H 212.4+0.7 0.04 £0.01 7.4 19.9+£28 0.09+£0.23 This work
a-(COOD), ’H 177.0+0.5 0.1440.01 12.9 13.7+£2.7 0.434+0.23 This work
'H 12.6 11.1 0.19 [19,25]
a-(COOD), - 2D,0¢ ’H 116.94+0.2 0.1040.01 16.4 18.1+1.2 0.48+0.05 This work
’H 19.8 21.3+2.7 0° [30]
'H 16.1 19.8+£0.2 0.10£0.02 [53]
'H 18.4 19.8£1.5 0.19£0.06 [54]

2The 2H isotropic chemical shifts are corrected for the second-order quadrupolar-induced shift and reported relative to TMS.
®The CSA parameters are defined as d; = diso — 9z and 5, = (dxx — 0,,)/0, Using the convention |J.. — diso| = [dxx — Jiso| = |01y — iso]-

¢ Parameters for the D,PO,;~ ion.
d Parameters for the 2H ion in oxalic acid.
¢ Axial symmetry (5, = 0) was assumed in [30].

is not influenced by the y and ¢ angles [37]. Moreover,
the spectrum is insensitive to variations in the y angle
and thus, this angle cannot be determined from the
present spectra. This is a general conclusion for the
samples studied in this work and may reflect the fact
that 2H MAS NMR spectra are only influenced by small
CSAs (ie., 0, = 10-25ppm) and that the unique ele-
ments of the electric field gradient (V) and CSA (9..)
tensors are oriented nearly along the internuclear O-H
axis, the latter implying that y = 0°. Thus, it is assumed
in the simulations that the two tensors coincide. Fig. 1C
shows that a simulated spectrum employing the *H
quadrupole coupling parameters for KD,PO4, and
without taking the CSA interaction into account, results
in a symmetric manifold of ssbs around the isotropic
peak. Comparison of this spectrum with the simulation
in Fig. 1B clearly illustrates the distinct features on the
ssb intensities originating from the 2H CSA. Fig. 2
shows that the effects from the 2H CSA are still apparent
at higher spinning speeds (vg = 7.0 kHz), although
somewhat less clear-cut. The simulated spectrum in
Fig. 2B corresponds to the result from a least-squares
optimization to the experimental ssb intensities in
Fig. 2A, resulting in the parameters Cq = 1189+
0.9kHz, g = 0.08 +0.04, 6, = 22.6 ppm, and 5, = 0.75
which are in favourable agreement with those (Table 1)
determined from the spectrum recorded at lower spin-
ning speed (vg = 3.0kHz, Fig. 1). However, the error

analysis for the vg = 7.0kHz spectrum demonstrates
that a reliable determination of the CSA parameters
cannot be achieved from the spectrum recorded at the
higher spinning speed, although the simulations in Figs.
2B and C of this spectrum show that effects from the
CSA are clearly observed. Similar analyses of 2H MAS
NMR spectra for KD;PO,4 recorded at vg = 5.0 and
4.0 kHz show that the precision of the CSA parameters
increases with decreasing spinning speed in agreement
with the expectation that highest precision is achieved at
the lowest spinning speed. The 2H quadrupole coupling
parameters determined from the spectra recorded at
vk = 3.0 kHz (Table 1) and vg = 7.0 kHz are in excellent
agreement with those reported earlier for KD,POy
(Cq = 119.5kHz and 5 = 0.05) from a 2H single-crys-
tal NMR study at 30°C [42]. In addition, the 2H CSA
data agree excellently with those determined for 'H in
KH,PO, (Table 1) from 'H MAS NMR employing the
high-order truncating MSHOT-3 homonuclear decou-
pling sequence [23].

ND4D,PO, has been studied by 2H MAS NMR us-
ing spinning speeds of 3.0 and 8.0kHz, where the
spectrum for vg = 8.0kHz is shown in Fig. 3A. The
most intense resonance in the spectrum is the isotropic
peak from the NDj ions, which is flanked by only first-
and second-order ssbs at vg = 8.0kHz as a result of
motional averaging of the 2H quadrupole coupling for
the NDJ ions. The centerband and ssbs for the ND T,
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Fig. 3. (A) >H MAS NMR spectrum of ND4D,PO4 (vg = 8.0kHz,
14.1T) with the centerband from the NDj ion cut-off at 1/30 of its
total height. The inset illustrates the resolution of separate centerbands
from the ND} and D,PO; (asterisk) ions. (B) Simulated spectrum of
the ssbs observed in (A) for the D,POy ion, employing the CSA and
quadrupole coupling parameters in Table 1. Simulations illustrating
the effect of the CSA on the 1 < 0 and 0 < —1 transitions are shown
in (C) and (D), respectively, and correspond to the >H parameters
listed in Table 1 for the D,PO, ion in ND4D,PO;.

ion are completely resolved from the corresponding
resonances originating from the D,PO, ion. Even at a
spinning speed of vg = 8.0 kHz, distinct asymmetries in
the manifold of ssbs are observed for the D,PO, ion,
especially in the spectral region for the “horns” and
outer edges. Least-squares optimization to the ssbs from
the D,PO, ion in Fig. 3A gives the parameters Cqo =
119.2kHz, ng = 0.07,6, = 25.8ppm, and n, =0.18
which correspond to the simulated spectrum in Fig. 3B.
An improved precision for these parameters is achieved
by optimization to the spectrum recorded at vg =
3.0kHz (not shown) which results in the parameters
listed in Table 1 for the D,PO; ion. The 2H quadrupole
coupling parameters are in good agreement with those
determined by single-crystal NMR at room temperature
(Cq = 119.6 kHz and 5y = 0.053) [43] while the ’H CSA
parameters are very similar to those determined for
KD,POq.

Figs. 3C and D illustrate simulated 2ZH MAS NMR
spectra for the 1< 0 and 0+« —1 transitions, re-
spectively, for the D,PO, ion using the parameters in
Table 1. These simulations show that the 2H CSA results

in slightly different intensities of the ssbs for the two
transitions, especially in the spectral region for the
“horns.” Furthermore, for one of the transitions, de-
pending on the signs of Cq and &,, the 2H CSA reduce
the spectral width of the transition whereas the width is
increased for the other transition. From a theoretical
analysis of the corresponding static spectra for the two
transitions [42], it is apparent that the difference in width
of the two transitions equals 3J,vy if axial symmetry
and coincidence of the CSA and quadrupole tensors are
assumed, i.e., a difference in width of 7.05kHz for *H in
the D,PO; ion of ND4D,PO, at 14.1T. The difference
in ssb intensities for the two transitions caused by the
CSA strongly depends on the asymmetry parameters 7
and #,, which may affect the precision in the determi-
nation of the 2H CSA parameters. The effect of the
asymmetry parameters on the precision in the determi-
nation of the 2H CSA is investigated in more detail in
Fig. 4 which illustrates a contour plot of the rms devi-
ation between simulated ssb manifolds for both transi-
tions with and without the consideration of the >H CSA.
The simulations which consider the CSA employ
vr =3.0kHz, vy =92.1MHz (14.1T), Cq = 120kHz
and d, = 25ppm (i.e., parameters similar to those ob-
served for the D,PO, ions in KD,PO4 and ND4D,PO4,
Table 1) and fixed asymmetry parameters in the range
0<1nq, n,<1. For each set of these parameters the
simulated ssb intensities were used as input to a
least-squares optimization which disregard the CSA and
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Fig. 4. Contour plot of the rms deviation between simulated 2H MAS
NMR spectra (vg = 3.0kHz, 14.1 T) in the presence and absence of a
CSA (6, = 25 ppm) and as a function of the asymmetry parameters 1,
and n,. The simulated spectra, which include the CSA, employ a fixed
value for the 2H quadrupole coupling constant Cq = 120 kHz whereas
the simulated spectra, which do not take the CSA into account, employ
optimized values for Cq and 7 (see text for further details).
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optimize only the quadrupole coupling parameters.
Fig. 4 illustrates a contour plot of the rms deviation
from these optimizations as a function of 5q and 7,
where the rms deviation is defined as

1 N 1/2
rms = {N Z(Iéxp - Isiln)z} (1)

i=1

with Iéxp being the intensity of the simulated ssbs that in-
cludes the CSA. These intensities (I;,,) are normalized
relative to the intensity for the most intense ssb in the
simulated spectrum. An impression of the effect of the
CSA on the ssb intensities is obtained from the rms values
which give the mean deviation for the ssb intensities rel-
ative to the most intense peak. Thus, an increase in rms
corresponds to a larger deviation between the simulated
ssb intensities with and without consideration of the CSA
and thereby an improved reflection of the CSA. The
contour plot (Fig. 4) shows that the effects of the CSA
depend strongly on the 5, parameter and only to small
extent on #,. Moreover, it is observed that the best re-
flection of a CSA of 6, = 25 ppm is expected for small
values of 7o whereas the combination of large asymmetry
parameters for both interactions (17 ~ 1, =~ 1) will result
in very small effects from the CSA. This may reflect the
fact that effects from the CSA are mainly observed for the
singularities (“horns”), which are most clearly observed
for small 5, values, and that 5 ~ 1 results in very similar
effects of the CSA on the two transitions.

The applicability of the method for resolving inequiv-
alent 2H sites is investigated for KDSO4 and KDCO3 by
their ’H MAS NMR spectra shown in Figs. 5 and 6, re-
spectively. The 2H MAS NMR spectrum of KDSO,
clearly resolves two manifolds of ssbs, corresponding to

very similar quadrupole couplings. Least-squares analysis
of these manifolds results in the 2ZH NMR data listed in
Table 1 and illustrated by the simulated spectra in Figs.
5B-D. The observation of two inequivalent >H sites is in
agreement with the single-crystal XRD structure for
KHSO, [44] and an early >H NQR study which reports the
parameters Cq = 176.0kHz, 5q = 0.156 for site 1 and
Cq = 174.4kHz, ng = 0.164 for site 2 [45]. The quadru-
pole coupling parameters from that work are in good
agreement with our data for one of the ?H sites whereas we
observe a somewhat smaller Cq value (Cq = 156.4kHz)
for the other site. Interestingly, this value is in good
agreement with the H quadrupole coupling (Cq =
158 kHz) predicted in the early work from point-charge
calculations [45]. Furthermore, the magnitudes of the >H
CSAs (i.e., §,) determined from Fig. 5 are in good
agreement with those reported for the two 'H sites
in KHSO,4 from 'H single-crystal NMR spectra [20]
(Table 1), employing homonuclear decoupling (MREYV),
and from 'H MAS NMR, using the high-order trun-
cating MSHOT-3 homonuclear decoupling sequence
[22] (Table 1). However, a comparison of the n, values
(Table 1) shows some deviations for the results from *H
and 'H NMR, which suggests that 1, is less precisely
determined from the 2H MAS spectrum of KHSO,
(Fig. 5A) as indicated by the large error limits for this
parameter. The resolution of two different 2H sites in the
H MAS spectrum of KDSO, is mainly a result of the
1.3 ppm difference in isotropic chemical shifts for the two
sites. On the contrary, the ’H MAS NMR spectrum of
KDCO:; (Fig. 6A) exhibits only a single manifold of ssbs,
where each ssb possesses a quite narrow linewidth
(FWHM = 0.7 ppm), although two different 2H sites are
reported from a single-crystal neutron diffraction study of

A * ) C
Mo {AVVWW"J R
" 758(kHZ)
B D
T i,
120 1 80 40 0 4o T 0 D120 (kHo) "0 T T80 40 0 40 80 L120 (kHp

Fig. 5. (A) 2H MAS NMR spectrum of KDSOy4 (14.1 T, vg = 3.0kHz). The inset illustrates the resolution of separate ssbs from the two 2H sites in
KDSO,4 where the individual resonances exhibit widths of FWHM = 0.5 ppm. The asterisk indicates the resonance from a very small amount of
mobile D,O/DOH in the sample. The optimized simulations for the individual ssb manifolds are shown in (D) and (C) for sites 1 and 2 (cf. Table 1),
respectively, while a simulation including both sites (from a 1:1 addition of (C) and (D)) is shown in (B). The simulated spectra correspond to the >H

quadrupole couplings and CSAs listed in Table 1 for KDSO,.
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Fig. 6. Experimental (A) and simulated (B) >H MAS NMR spectra (14.1 T) of KDCO; employing vg = 3.0 kHz. The inset in (A) illustrates the
spectral region for the centerbands and the asterisk the centerband from a small amount of mobile D,O/DOH in the sample. The simulated spectrum

corresponds to the 2H NMR parameters listed in Table 1 for KDCOs.

KDCOj3 at 298 K [46]. The latter work reports a disor-
dered structure for KDCOj3 including two different 2H
sites with an estimated relative occupancy of 4:1 which
corresponds to the two types of O,-D---O3; and
0, - -- D-0; hydrogen bonds in the (DCO3)5~ dimer [46].
Poplett and Smith [45] observed separate resonances for
the two 2H sites by NQR at room temperature and re-
ported very similar ’H quadrupole coupling parameters
for these sites (i.e., Cq = 154.7kHz, 5o = 0.189 for site 1
and Cq = 152.6 kHz, g = 0.193 for site 2). However, no
indication of two different 'H sites in KHCOj3 could be
inferred from the early 'H single-crystal NMR investi-
gation [20] using homonuclear decoupling (MREYV).
Thus, '"H CSA parameters have been obtained for an
average CSA tensor for the two 'H sites (Table 1). A
similar result was obtained in an early >H single-crystal
NMR study of KDCOj [47], where the quadrupole cou-
pling parameters Cq = 154.4kHz, g = 0.194 were re-
ported for a single 2H site. These disagreements between
neutron diffraction and '"H/”H NMR have been clarified
by Benz et al. [48] from a variable-temperature H spin—
lattice relaxation study of a single crystal of KDCOj.
Their study shows that the hydrogen atoms jump between
the two sites and that the exchange rate for this process is
fast enough that only an average site is observed by NMR
at room temperature. The 2H MAS NMR spectrum in

Fig. 6A is quite similar to that reported in an earlier study
of KDCOs [17]. Least-squares optimization to the ssb
intensities in Fig. 6A results in the >H data in Table 1 and
in an excellent agreement between the experimental and
simulated spectrum (Fig. 6B). Moreover, the ’H NMR
data derived from Fig. 6 agree very well with the average
quadrupole coupling parameters determined from *H
single-crystal NMR [47] and the average CSA tensor re-
ported from 'H and 2H single-crystal NMR [20,31].

The determination of 2H CSA in the presence of a
somewhat larger quadrupole coupling is illustrated in
Fig. 7 by the 2H MAS NMR spectrum for a partially
deuterated sample of boehmite (AIOO(H,D)). The ob-
servation of a single manifold of ssbs is an accord with
the crystal structure reported for boehmite from neutron
diffraction [49] and least-squares optimization to the
experimental ssb intensities results in the >H parameters
listed in Table 1 for boehmite. The larger Cq value
observed for boehmite as compared to the quadrupole
couplings for the other compounds studied in this work
(Table 1) does not result in a similar increase of the shift
anisotropy (d,), indicating that these parameters (Cq
and J,) reflect the hydrogen bonding in a different
manner. Sternberg and Brunner [29] have reported a
convincing correlation between CQ(ZH) and the inverse
of the hydrogen-bond distance (1! ). Employing this
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Fig. 7. (A) Experimental >’H MAS NMR spectrum of boehmite (AIOOD) recorded at 14.1 T using a spinning speed vg

= 3.0kHz, a relaxation delay

of 45, and 8192 scans. The asterisk indicates the isotropic peak. (B) Optimized simulation of the spectrum in (A) corresponding to the >H quadrupole

coupling and CSA parameters in Table 1 for boehmite.

correlation and the Cq value determined for boehmite
predicts a hydrogen-bond distance of ryg..o = 1.84 A
and thereby a hydrogen bond of moderate strength. The
predicted value is in very good agreement with the value
rg..o = 1.81 £0.02 A reported from powder neutron
diffraction for AIOO(H,D) [49], thereby illustrating the
potential of 2H MAS NMR in studies of hydrogen
bondings in inorganic systems.

Finally, the distinction between 2H in a carboxylic
acid and its water of crystallization by 2ZH MAS NMR
is illustrated in Fig. 8 which shows H MAS NMR
spectra obtained for anhydrous o-(COOD), and its
dihydrate a-(COOD); - 2D,0. A single manifold of ssbs
is observed for a-(COOD), (Fig. 8A) in agreement with
the reported single-crystal XRD structure [50]. Least-
squares fitting to this manifold gives the 2H parameters

in Table 1 and the simulated spectrum shown in
Fig. 8B. Of the samples studied in this work, the *H
site in a-(COOD), exhibits the smallest CSA, which is
determined with a decent precision. However, the 2H
CSA data are in good agreement with those determined
from single-crystal '"H NMR (Table 1), employing the
WAHUHA homonuclear decoupling scheme [19]. The
H MAS NMR spectrum of a-(COOD),-2D,0
(Fig. 8C) is dominated by a manifold of ssbs with the
isotropic resonance at 16.4 ppm and where each ssb
exhibits a narrow linewidth (FWHM =0.76 ppm). This
manifold is assigned to the H ion of the carboxylic
acid, whereas the broad resonances observed in the
lower part of the spectrum are ascribed to the water of
crystallization. The reduced intensity and significant
line broadening of the latter resonances are ascribed to
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Fig. 8. 2H MAS NMR spectra (14.1 T) of (A) a-(COOD), and (C) a-(COOD), - 2D, 0 both recorded with a spinning speed of vg = 3.0 kHz. The inset
in (C) illustrates the narrow ssbs from >H in oxalic acid and the broad resonances from the mobile crystal water of (COOD), - 2D,0. The asterisks
indicate the isotropic peaks and the diamond in (C) a minor resonance from mobile D,O/DOH in the sample. Optimized simulations of the spectra in
(A and C) are shown in (B and D), respectively, and correspond to the >H data in Table 1 for a-(COOD); and a-(COOD); - 2D, 0. The resonances
from the crystal water in o-(COOD), - 2D,0 have not been included in the simulation in (D).

spectral effects from flipping motions of the water
molecules at ambient temperatures, employing the re-
sults from theoretical evaluations of molecular motions
in 2H MAS NMR [51,52]. The ssbs from the carboxylic
acid and the water molecules are fully separated, al-
lowing a straightforward determination of the 2H
quadrupole coupling and CSA parameters for the
carboxylic acid site from least-squares fitting to the
experimental integrated intensities for the ssbs. This
gives the *H data listed in Table 1, where the CSA
parameters are in good agreement with those deter-
mined earlier from *H double-quantum NMR of a
single crystal [30] as well as with those reported for a-
(COOH),-2H,0 (Table 1) using single-crystal 'H
NMR and multiple-pulse homonuclear decoupling
[53,54]. A comparison of the >H parameters with those
determined for the anhydrous form of a-oxalic acid
shows that the dihydrate exhibits a smaller quadrupole
coupling but a larger shift anisotropy (d,) indicating
again, that these parameters (Cq and J,) reflect hy-
drogen bondings in a different manner.

4. Conclusions

H chemical shift anisotropies on the order of
3, =1327ppm can be determined from *H MAS
NMR spectra recorded at a high magnetic field (14.1 T)
for a number of polycrystalline solids. The ?H CSA
gives rise to distinct asymmetries in the manifolds of
spinning sidebands from the two single-quantum tran-
sitions, thereby allowing determination of the 2H CSA
in addition to the quadrupole coupling parameters by
least-squares fitting. However, the ssb intensities in the
H MAS NMR spectra are found to be insensitive to the
Euler angles, describing the relative orientation of the

CSA and quadrupole coupling tensors and thus, coin-
cidence of the tensors has been assumed. From a nu-
merical evaluation, the precision of the H CSA
parameters for a fixed 2H quadrupole coupling constant
and a fixed shift anisotropy (d,) is analyzed. The preci-
sion is shown to depend strongly on the asymmetry
parameter for the quadrupole coupling tensor (1) and
results in the highest precision of the CSA parameters
for ng = 0. The ’H CSA parameters and the isotropic
chemical shifts are in good agreement with the corre-
sponding 'H CSA parameters reported for most of the
studied samples from 'H single-crystal and MAS NMR
experiments employing multiple-pulse homonuclear de-
coupling sequences. Thus, one of the advantages of the
present method is the fact that information about 2H
quadrupole couplings and *H ('H) CSAs can be ob-
tained simultaneously from high-field 2H MAS NMR
spectra without the use of multiple-pulse homonuclear
decoupling schemes. This approach may be of particular
interest in studies of hydrogen bonding in inorganic and
organic systems, since it is known from literature that
’H quadrupole coupling constants, 'H (*H) isotropic
chemical shifts, and '"H (*H) CSAs are all related, al-
though in a different manner, to the strength of the
hydrogen bond.
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