Journal of Magnetic Resonance 203 (2010) 226-235

Journal of Magnetic Resonance ﬁ\q

journal homepage: www.elsevier.com/locate/jmr =

Contents lists available at ScienceDirect

Improving sensitivity and resolution of MQMAS spectra: A “>Sc-NMR case study
of scandium sulphate pentahydrate

C. Vinod Chandran?, Jérdme Cuny®, Régis Gautier®, Laurent Le Pollés®, Chris J. Pickard ¢,

Thomas Brauniger **

2 Max-Planck-Institute of Solid-State Research, Heisenbergstr. 1, D-70569 Stuttgart, Germany
b Sciences Chimiques de Rennes, UMR 6226, Ecole Nationale Supérieure de Chimie de Rennes — CNRS, Avenue du Général Leclerc, CS 50837, F-35708 Rennes cedex 7, France
¢ Department of Physics & Astronomy, University College London, Gower Street, London WCIE 6BT, UK

ARTICLE INFO

Article history:

Received 12 November 2009
Revised 18 December 2009
Available online 4 January 2010

Keywords:

Solid-state NMR
MQMAS

FAM pulse sequences
Spin decoupling

DFT calculations

1. Introduction

ABSTRACT

To efficiently obtain multiple-quantum magic-angle spinning (MQMAS) spectra of the nuclide 4°Sc (I = 7/2),
we have combined several previously suggested techniques to enhance the signal-to-noise ratio and to
improve spectral resolution for the test sample, scandium sulphate pentahydrate (ScSPH). Whereas the
455¢-3QMAS spectrum of ScSPH does not offer sufficient resolution to clearly distinguish between the
3 scandium sites present in the crystal structure, these sites are well-resolved in the 5QMAS spectrum.
The loss of sensitivity incurred by using MQMAS with 5Q coherence order is partly compensated for
by using fast-amplitude modulated (FAM) sequences to improve the efficiency of both 5Q coherence
excitation and conversion. Also, heteronuclear decoupling is employed to minimise dephasing of the
45Sc signal during the 5Q evolution period due to dipolar couplings with the water protons in the ScSPH
sample. Application of multi-pulse decoupling schemes such as TPPM and SPINAL results in improved
sensitivity and resolution in the F; (isotropic) dimension of the 5QMAS spectrum, the best results being
achieved with the recently suggested SWTPPM sequence. By numerical fitting of the **Sc-NMR spectra
of ScSPH from 3QMAS, 5QMAS and single-quantum MAS at magnetic fields Bo=9.4T and 17.6 T, the
isotropic chemical shift §;5, the quadrupolar coupling constant y, and the asymmetry parameter n were
obtained. Averaging over all experiments, the NMR parameters determined for the 3 scandium sites,
designated (a), (b) and (c) are: Ji0(a)=—15.5+0.5ppm, y(a)=5.60+0.10 MHz, #(a)=0.06 +0.05;
Siso(b)=—12.9+0.5 ppm, y(b)=4.50+0.10 MHz, #n(b)=1.00£0.00; and J,(c)=—4.7+0.2 ppm,
x(c)=4.55+0.05 MHz, 5(c)=0.50 + 0.02. The NMR scandium species were assigned to the independent
crystallographic sites by evaluating their experimental response to proton decoupling, and by density
functional theory (DFT) calculations using the PAW and GIPAW approaches, in the following way:
Sc(1) to (c), Sc(2) to (a), and Sc(3) to (b). The need to compute NMR parameters using an energy-opti-
mised crystal structure is once again demonstrated.

© 2009 Elsevier Inc. All rights reserved.

transitions by a frequency vy, m+1, which depends on the relative
orientation of the V-tensor to the external magnetic field, ex-

Most atomic nuclei observable by nuclear magnetic resonance
(NMR) spectroscopy have half-integer spin I>1/2, and thus pos-
sess a quadrupole moment [1-4]. The quadrupole moment is usu-
ally expressed by eQ, with e being the elementary charge, and Q
being a quantity with dimension length?. This moment interacts
with the electric field gradient (EFG) tensor V, generated by the
electronic surroundings of the nucleus, with the largest tensor
component defined as V,, = eq. The additional NMR interaction en-
ergy is taken into account by quadrupolar Hamiltonians of first and
second order. The first order contribution shifts the m - m+1
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pressed by the Euler angles o and g [2,3]:

3y 3cos?Bf—-1 n .,
Vinmil = 220 1) ( 5 +5 sin ﬁcosZa)
x <m+%) (1)

Here, y = (e2qQ)/h is the quadrupolar coupling constant, and  is the
asymmetry parameter of the EFG tensor V:

n=Vwu—Vy)/Vz (2)

As can be seen from Eq. (1), the resonance of the central transition
(CT) with m = — ] remains unaffected by this shift, and is therefore
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easier to observe than the satellite transitions (ST). Even the CT sig-
nal, however, is shifted by the second order contribution of the
quadrupolar interaction [2]:

9 _3
6vo[21(2 — 1)) {I(H b 4}
x (Acos* p+ Bcos? f + C) 3)

Vo412 =

with vg being the Larmor frequency of the nucleus. The coefficients
A, B and C in Eq. 3 enclose the dependencies on « and #, and are
listed in Ref. [2]. Because of the spatial dependence of v_1j5+1/2,
the CT resonances of quadrupolar nuclei appear broadened. To a
certain extent, this broadening remains even under magic-angle
spinning (MAS) conditions, as MAS averages out only contributions
that scale with cos?g. In practice, solid-state NMR characterization
of materials containing quadrupolar nuclei is often restricted to
observing the position and shape of such broadened CT peaks,
either under static or MAS conditions. If the singular, characteristic
‘second-order shape’ of the CT resonance can be observed, the NMR
interaction parameters may be determined from one-dimensional
spectra [2-4], and may be correlated to structure and properties
of the compounds under investigation. If multiple sites of the ob-
served nucleus are present, however, the second-order shapes will
often overlap in the spectrum, making spectral deconvolution diffi-
cult. A number of experimental approaches have been suggested to
overcome this problem, e.g. DOR, DAS and STMAS [5]. The most
popular method appears to be two-dimensional Multiple Quantum
Magic Angle Spinning (MQMAS) spectroscopy [6-9], which adds a
high-resolution dimension by averaging contributions scaling with
cos*B in spin space.

However, the acquisition of solid-state NMR spectra of quadru-
polar nuclei with half-integer spin is often hampered by inherently
low sensitivity, due to small gyromagnetic ratios, low natural
abundance, strong quadrupolar interaction or by any combination
of these factors [10,11]. The problem of low sensitivity is especially
severe for acquisition of MQMAS spectra, because of the low effi-
ciency of excitation and conversion of multiple-quantum coher-
ences. As shown by extensive tabulations of MQMAS studies in a
recent review [9], the most widespread application of MQMAS is
in the form of the three-quantum (3Q) experiment. The 3QMAS
experiment can be performed on all nuclei with half-integer spin
I > 3/2, and may be acquired with a reasonable signal-to-noise ra-
tio. For spin-7/2 nuclei, also the 5Q or 7Q coherence pathway may
be chosen for acquisition of MQMAS spectra, however the sensitiv-
ity is sharply declining for the higher coherence orders. For nuclei
with spin I = 7/2, namely 4°Sc and '*°La, the ratio of the respective
3Q:5Q:7Q signals has been estimated to be 62:22: 1 [10]. Never-
theless the acquisition of 5Q or 7Q spectra is of interest, as it has
been shown in several instances that higher coherence orders
may yield a substantial improvement in resolution in the F; (iso-
tropic) dimension of the MQMAS spectrum [12,13]. For exploring
the resolution limits of *Sc-MQMAS, Wimperis and co-workers
[12] used scandium sulphate pentahydrate, Sc,(SO4)s -5 H,0,
(henceforward abbreviated to ScSPH) as a test sample. In ScSPH,
the scandium ions occupy three crystallographically independent
sites [14], two of which are difficult to resolve in the MQMAS spec-
trum. The complex line shape originating from the 3 distinct sites,
plus the fact that 3Sc is a comparatively convenient nucleus for
NMR (with 100% natural abundance and a resonance frequency
close to '3C) also make ScSPH a popular model compound for
NMR method-development [10-12,15,16].

In addition, because of the presence of water protons, SCSPH
constitutes a good sample to explore the effects of heteronuclear
decoupling on MQMAS spectra. For proton-containing systems, it
has been shown that application of proton decoupling during the
evolution period of a MQMAS experiment may drastically improve

the resolution obtained in the F; dimension of the spectrum [17-
22]. In two recent publications [21,22], it was also demonstrated
that the use of more advanced decoupling techniques such as
SPINAL [23] or SWTPPM [24-27] gives better results than the
application of continuous-wave (CW) or TPPM [28] decoupling.
In this paper, a test of these heteronuclear decoupling sequences
for the 4°Sc-MQMAS spectra of ScSPH finds a similar performance
trend. Also, we show that by combining previously suggested tech-
niques to improve resolution and MQ excitation/conversion, a
well-resolved #°Sc-5QMAS spectrum of ScSPH may be recorded
with reasonably good sensitivity. The acquired #*Sc spectra are
used to re-determine the NMR parameters of ScSPH, which are
found to be in good agreement with previously published data
[12]. Finally, the NMR “>Sc species are assigned to the crystallo-
graphic sites by evaluating their experimental response to proton
decoupling, and by density functional theory (DFT) calculations.

2. Experimental

The crystalline sample of scandium sulphate pentahydrate
(ScSPH) was obtained from Alfa Aesar and used without further
purification. *°Sc-MQMAS spectra of ScSPH were acquired on a Bru-
KER AVANCE-I 400 spectrometer, at a Larmor frequency of
vo(*°Sc) = 97.214 MHz, using a 4 mm MAS probe. All spectra were
referenced to a dilute ScCl; solution at 0 ppm. For the 5QMAS
and 3QMAS spectra acquisition, a split-t;-whole echo sequence
[29,30] was used. The isotropic (F;) dimension of the MQMAS
experiments have been labeled according to the convention which
scales the evolution period by (1 + k) [31,8,32], with k depending
on the observed spin and coherence order. In the case of *Sc with
I=7/2, the scaling factor (1 + k) is 146/45 for 3QMAS, and 20/9 for
5QMAS, with the k values being 101/45 and 11/9, respectively [32].
Relevant details for acquisition of the MQMAS spectra are summa-
rised in Table 1. The RF nutation frequencies were calibrated by
observing the response of the #°Sc signal in the ScCl; solution.
Listed are the nutation frequencies of the central transition (Vi)
which are related to the solution frequencies (vgi) by
vt — (I +1/2)vgh = 4vgl. For the composite [Pf{°~-FAM-I] excitation
scheme, the FAM train pulses were phase-cycled in conjunction
with the P§;° pulse phase (i.e. 0° + @, and 180° + &), to prevent
the mixing of unwanted coherences into the acquired signal. For a
comparison of resolution at different magnetic fields, the 4°Sc MAS
NMR spectrum of ScCSPH was acquired on the Leipzig BRUKER AVANCE-II
750 spectrometer at vo(*°Sc)=182.13 MHz, using a 2.5 mm MAS
probe at a spinning frequency of 20 kHz.

The parameters governing decoupling performance were opti-
mised for different sequences. While the phase angle (&) used
for TPPM (6.25°) and SPINAL-64 (12.5°) are different, those used
for SW}“”—TPPM and SW}"’—TPPM are the same (7.5°). The phase
increments o and g in SPINAL-64 were 5° and 10°, respectively.
In the case of SW}“"—TPPM, the best tangent cut-off angle was found
to be 60°, and the optimised sweep widths of both Sme”—TPPM and
SW}"’—TPPM were 0.80 and 0.92 with sweep windows of 0.60-1.40
and 0.54-1.46 (11 pulse pairs each), respectively.

Deconvolution and fitting of the NMR data were done with the
help of the DMFIT simulation program [4].

3. Results and discussion
3.1. Sensitivity enhancement of 5QMAS spectra using FAM pulse trains

Because of the poor signal-to-noise ratio of MQMAS spectros-
copy, numerous efforts have been devoted to achieving better sen-
sitivity. The majority of enhancement schemes developed so far
has been aimed at improving the efficiency of the MQ — 1Q
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The experimental parameters used to acquire comparative “>Sc 5QMAS spectra of scandium sulphate pentahydrate for different pulse sequences (Fig. 1), and the 3QMAS spectrum

shown in Fig. 5.

Coherence order 5QMAS 3QMAS

Pulse sequence (Fig. 1) (a) (b) (c)

MQ excitation P&e Py¢ [Pf“-FAM-1] Pie

MQ conversion I FAM-II FAM-II FAM-II

Data points (t; x t1) (1600 x 256) (1600 x 256)
Dwell times (Aty x Aty) (10 x 20) ps (10 x 40) ps
RF nutation, vt ~94 kHz ~94 kHz

Pf excitation pulse 4.0 us 4.0 ps 3.6 s 4.5 pus

PZ" conversion pulse 1.75 ps - - -

FAM-I excitation pulse? - - 1 % (0.8,0.8) us -

FAM-I interpulse delay - - 0.8 us -

FAM-II conversion pulse? - (1.8,1.2) ps (1.4,1.0) us
FAM-II interpulse delay - 0.1 ps 0.1 ps

Echo pulse (Vi) 8 us (~31 kHz) 8 us (~31 kHz)
Echo delay 96 x TR =8 ms 96 x TR =8 ms
MAS frequency (1/tr) 12 kHz 12 kHz
Relaxation delay 5s 5s

Phase cycle (nested) 80-step 48-step

No. of t, transients 80 x 4=320 48 x 3=144

2 The overbar symbolises a 180° phase shifted pulse.

conversion process. Instead of employing a hard radio-frequency
(RF) pulse P{", a number of schemes replacing P{;" has been sug-
gested for more efficient conversion, the principles and applica-
tions of which have been discussed in recent review articles [7-
9]. These pulse schemes include double frequency sweeps (DFS)
[33,34], rotationally induced adiabatic coherence transfer (RIACT)
[35], hyperbolic secant pulses (HS) [36] and fast-amplitude modu-
lation (FAM) [37-39]. The FAM method approximates an ampli-
tude modulation of appropriate frequency by a series of pulse
pairs, with each of the pairs consisting of two pulses with a 180°
phase shift between them. The simplest FAM pulse train (“FAM-
I") is formed by a block of pulse pairs of uniform duration t,, sep-
arated by constant interpulse delays 7,,, which are usually of dura-
tion 7, as well. With x and x representing the phases of the pulses,
the basic building block of a FAM-I sequence may be written as
[Tp(X) — Tw — Tp(X) — Tw]y, With the basic block repeated N times.
A FAM-II pulse train, on the other hand, consists of a short series
of pulses with decreasing duration, and may be written
[T)(X) — Tw — T3(X) — Tw - - ], with the durations 7} > 75 > - - short-
ening. For the FAM-II sequence employed here, the interpulse de-
lay was kept constant at 7,,=0.1 ps. In a sense, FAM-II mimics
double frequency sweeps, and it has recently been suggested to
use DFS generation routines to find good starting values for FAM-
Il pulse durations [40]. Another way of finding a good FAM-II se-
quence is optimising the pulse durations sequentially, as described
in detail in Refs. [10,41].

In general, FAM-I trains are a good choice to convert highest
coherence orders (such as 3Q for spin-3/2), whereas FAM-II trains
are more efficient in converting lower coherence orders (such as
3Q for spin-5/2) [8,9]. Improved coherence conversion may also
be achieved using soft-pulse added mixing (SPAM) [42,43]. For
SPAM, no additional parameters (as compared to a z-filter MQMAS
spectrum) need to be optimised [43], which makes it easier to
implement than the methods listed above. However, in a recent
comparison of FAM and SPAM [44], it was found that FAM may
give better maximum enhancement, even though additional
parameters need to be adjusted.

The utilisation of enhancement techniques for improving exci-
tation efficiency has received less attention. It has been shown that
for spin-3/2 nuclei, higher 3Q intensity can be obtained by preced-
ing the RIACT [35] or RIACT-FAM sequence [45] by a FAM block
lasting for a rotor period [46-48]. Very recently, shaped RIACT

pulses have also been suggested for both coherence excitation
and conversion [49]. Initial generation of 3Q coherence for spins
with I=5/2 may be also improved by application of multiple fre-
quency sweeps (MFS) [50]. In 2002, Goldbourt and Vega [51] sug-
gested an improved excitation scheme for creating 5Q coherences
of spin-5/2 nuclei, employing a hard RF pulse immediately fol-
lowed by a FAM-I train. The idea underlying this approach is to
convert 3Q coherence generated by the initial P;° pulse into the
desired 5Q coherence by use of the FAM train, which induces a
population transfer between the | £ 3/2) and | £ 5/2) energy levels.
The subsequent 5Q — 1Q conversion is then effected by means of a
FAM-II pulse sequence [51], or by a simple FAM-I train [52]. For
spin-7/2, the composite excitation scheme is also applicable for
5QMAS, but since a coherence order lower than 7Q needs to be
converted, a FAM-II train is the method of choice.

We now aim to record a 4°>Sc-MQMAS of ScSPH where all three
crystallographically independent scandium sites [14] are well-
resolved. It has been demonstrated before that the 3QMAS spec-
trum of the compound offers insufficient resolution, whereas in
the 5QMAS spectrum, the spectral overlap seen in the 3QMAS is re-
solved [12,15]. To compensate for some of the sensitivity loss that
occurs for MQMAS of higher coherence orders, we apply the FAM
enhancement schemes outlined above to the acquisition of a
45Sc-5QMAS of ScSPH. The “classical” hard pulse scheme,
P—P7", is used for comparison purposes. In Fig. 1a, the 5Q-fil-
tered spectrum of ScSPH is shown. It was recorded using a split-
t; sequence [29,30] with a 5Q evolution delay of 3 ps, in effect
acquiring the first t; slice of a 2D experiment, and then transform-
ing it in the (anisotropic) F, dimension. For short evolution delays
as used here, the F, spectrum can be phased without difficulty, and
be used for intensity comparison and pulse sequence optimisation.
The hard pulse P7" for 5Q coherence conversion was then replaced
by a FAM-II pulse train, which was optimised by experimentally
searching for the best pulse durations r;, in sequential fashion
[10,41]. The best spectrum from this P;;°—FAM-II sequence is
shown in Fig. 1b, with the obtained intensity improved by a factor
of 1.5 over the hard pulse. Finally, a FAM-I pulse train was included
into the excitation block of the 5QMAS pulse sequence, resulting in
the pulse sequence [P;°-FAM-I]—FAM-II. The FAM-I pulse train
parameters were experimentally optimised, with a subsequent
re-optimisation of the P§;° duration, which tends to shorten with
the inclusion of a FAM-I train [52]. The highest intensity thus
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Fig. 1. Diagrammatic representation of the 5QMAS split-t; pulse sequences with different 5Q coherence excitation and conversion parts. (a) Use of hard RF pulses, P;;*—Pg";
(b) use of FAM-II coherence conversion, P;;°—FAM-II; (c) additional use of a FAM-I pulse train for improved 5Q excitation, [P{{°~-FAM-I|—FAM-II. Below, the schematic
coherence pathway of the 5QMAS experiment is given. The 5Q-filtered #>Sc-NMR spectra of scandium sulphate pentahydrate (ScSPH) obtained with the pulse schemes (a)-(c)
are shown on the right, labeled with their relative integrated intensities. All spectra were acquired without application of proton decoupling, and with the pulse sequence

parameters listed in Table 1.

obtained is displayed in Fig. 1c, and shows an intensity gain over
the hard pulse scheme by factor 3. When comparing the different
traces shown in Fig. 1, some small deviations in line shape are ob-
served, which is chiefly due to uneven coherence conversion for
differently orientated crystallites. It is however well documented
in the literature (see, e.g. [33]) that improving overall conversion
efficiency also improves the line shape. Therefore, the spectrum
shown in Fig. 1c is that with the highest intensity, but also with
the most faithful line shape, even though some deviation from
the MAS shape still does exist. The pulse sequence parameters used
for best signal enhancement are listed in Table 1. More detailed
descriptions of the optimisation procedure for the various pulse se-
quences, including protocols to enhance sensitivity for acquisition
of 7QMAS spectra, may be found in references [10,11,40,41,52].

Thus, by augmenting the 5QMAS pulse program with FAM-type
pulse trains to enhance the efficiency of both excitation and con-
version of 5Q coherences, we were able to realise a signal enhance-
ment factor of 3. There is however another factor which strongly
influences the possible resolution and sensitivity which may be
gained for the #°Sc-5QMAS spectrum of ScSPH, and this is the
application of heteronuclear decoupling.

3.2. Improvement of sensitivity and resolution of MQMAS spectra by
applying heteronuclear decoupling

It has long been understood that application of heteronuclear
dipolar decoupling sequences [53,54] may aid the quality of so-
lid-state NMR spectra acquired from quadrupolar nuclei [17-22].
In particular, the use of advanced multi-pulse techniques such as
TPPM [28], SPINAL-64 [23], DROOPY [55,56], and SWTPPM [24-
27] leads to a decoupling efficiency that is much superior to what
may be achieved using continuous-wave (CW) decoupling. The
SPINAL (Small Phase Incremental Alteration) [23] was originally
designed for liquid crystalline systems, but was later shown to also
work very efficiently for crystalline compounds under MAS and to
outperform TPPM in many instances [56,57].

The recently introduced SWTPPM sequence [24-27] has been
shown to outperform other methods by a small, but consistent
margin. In the SWFTPPM sequence, the pulse durations 7 are

repeatedly swept through a range, whereas the phase modulation
(+¢, —¢) remains constant. Inside a SW~TPPM block with N pulse
pairs, the pulse duration of the nth pulse, 7; (with n=0,1, ..,
N — 1), is modified by a multiplication factor, 7 = f"1,, with the
duration t, being usually close to the value found for TPPM. The se-
quence of multiplication factors defines a sweep profile, where dif-
ferent functional shapes such as tangential or linear functions may
be employed [24-27]. It has been suggested by theoretical evalua-
tion [26] that a simple linear sweep (SW'™) may work as efficiently
as more complex profile shapes, while being more convenient to
implement. The good performance of SW}”’—TPPM has also be con-
firmed by experiments [26,27].

We now compare the efficiency of several multi-pulse se-
quences to decouple the dipolar interactions present in ScSPH,
for acquisition of the 5Q-filtered 4°Sc-spectrum. The secular di-
pole-dipole coupling constant, dj( @), depends on the angle @
between the vector connecting the two spins and the external
magnetic field, the gyromagnetic ratios 7y; of the involved nuclei,
and the distance rj, between the spins [1]. In units of Hertz, dj( ©@jx)
is given by:

Uy Vi7h (3cos? O —1)

dic(Os) = g5 5 3 (4)

The largest dipolar coupling is observed for ®@; =0, i.e. with the
internuclear vector parallel to By. These maximum coupling con-
stants, d;x(0), have been calculated from the corresponding dis-
tances, 1j, derived from both the X-ray structure [14] and the
energy-optimised structure from DFT calculations (see below). As
can be seen from Table 2, the homonuclear (Sc-Sc) couplings are
too small to be of any consequence, even though #°Sc is a nuclide
with 100% natural abundance. Interestingly, the shortest Sc-Sc dis-
tance (with the resulting largest dipolar coupling) does not occur
within the unit cell, but is generated by translational symmetry
along the a-axis, which has a length of 5.631 A. The heteronuclear
(Sc-H) dipolar couplings in ScSPH are much larger than the homo-
nuclear Sc-Sc couplings. However, even these heteronuclear cou-
pling constants do not exceed 2.5 kHz, when calculating them
from the X-ray structure, and are even lower (maximum 1.5 kHz)
for the energy-optimised structure. Therefore, the Sc-H dipolar
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couplings should easily be averaged out by the applied MAS of
12 kHz. This is indeed the case for acquisition of single-quantum
455c-MAS spectra, which remain entirely unaffected by irradiation
of the proton channel. However, the situation is different for
MQMAS: quantum coherences of order p are more sensitive to dipo-
lar couplings, because of the p-fold dephasing of the signal during
the p-quantum coherence evolution period [18,19]. This also means
that a 5QMAS spectrum benefits more from the application of
decoupling than a 3QMAS experiment. If the single-quantum spec-
trum remains unaffected by proton decoupling, as is the case for
ScSPH, it is sufficient to apply decoupling during the evolution time
of the MQ coherence. As schematically shown in Fig. 2a, we applied
decoupling only until creation of (—1) coherence by the 7 echo
pulse, to avoid unnecessary RF load on the probe during the acqui-
sition time, which is particularly long when acquiring the whole
echo.

In Fig. 2, the *°Sc-5Q-filtered spectra of ScSPH obtained with the
decoupling techniques TPPM, SPINAL-64, SW}Q”—TPPM, and
SW}”’—TPPM are shown, and compared to the spectrum acquired
without decoupling. Since all our *Sc-NMR spectra were acquired
at moderate MAS speed, decoupling methods specifically designed
for fast MAS, such as XiX [58] and PISSARRO [59] have not been
considered. Similarly, since the inception of TPPM, the superiority
of multi-pulse techniques over CW decoupling has been demon-
strated sufficiently (see [21] for an example in the MQMAS con-
text) to omit CW from the comparison. In Fig. 2, the effect of
proton decoupling on the 5Q-filtered spectra is clearly observed,
quite in contrast to the single-quantum MAS spectra of ScSPH. Sim-
ilar results have recently been reported for the MQMAS and STMAS
spectra of 2Al [21,22]. As can be seen from Fig. 2, the SW/"-TPPM
sequence [26,27] performs best for the ScSPH sample. Acquisition
of MQ-filtered spectra with short evolution delay may thus be used
for finding and optimising the best decoupling scheme. The actual
improvement, however, becomes apparent only when comparing
the isotropic (F;) projections of the full 2D 5QMAS experiment,
as shown in Fig. 3. The application of efficient heteronuclear decou-
pling leads to a dramatic intensity increase with a concomitant
improvement in resolution. Another aspect reflecting on the
importance of high quality heteronuclear decoupling is the fact
that, according to the crystallographic data [14], the three 4>Sc res-
onances observed in the F; dimension of the 5QMAS spectrum
should be of equal intensity. Even with the most efficient proton

Table 2

Scandium-scandium and scandium-proton distances, and resulting dipolar coupling
constants® in scandium sulphate pentahydrate, from both XRD structure [14] and the
energy-optimised structure from DFT calculations (see text for details).

Atom pair® XRD structure DFT structure

Distance d;(0) Distance d;i(0)
Sc(1)-Sc(2 5.8760 A 35Hz 5.9496 A 34 Hz
Sc(1)-Sc(3) 5.7986 A 36 Hz 5.8672 A 35 Hz
Sc(2)-Sc(3) 5.7768 A 37 Hz Unchanged
Sc(n)-Sc(n)* 5.6315 A 40 Hz Unchanged
Shortest
Sc(1)-H(5) 2.3984 A 2118 Hz 2.7477 A 1409 Hz
Sc(2)-H(7) 2.2879 A 2440 Hz 2.7256 A 1443 Hz
Sc(3)-H(9) 24417 A 2008 Hz 2.6824 A 1514 Hz
Average
Sc(1) — —H(n) 3.8042 A 531 Hz 3.9941 A 459 Hz
Sc(2) — —H(n) 6.0027 A 135 Hz 6.2185A 121 Hz
Sc(3) — —H(n) 5.9359 A 140 Hz 6.1212 A 127 Hz

¢ Dipolar coupling constants for @ =0, calculated using Eq. 4 with the gyro-
magnetic ratios y('H)=26.7522 x 10’rad s 'T"!, and 9(*Sc)=6.5088 x 10’
rads~'T~, (taken from Ref. [60]), and rounded to full Hz.

b Adopting the atomic designations of the X-ray structure [14].

¢ Distance between crystallographically equivalent scandium positions, gener-
ated by translational symmetry along the a-axis.

decoupling, the F; projection shown in Fig. 3a still does not exhibit
equality of intensities. However, the respective ratios are better
than what may be found in previously recorded 5QMAS spectra
of ScSPH [12,15]. While for these spectra [12,15], the exact decou-
pling technique has not been reported, it is clear from the time of
publication that nothing more sophisticated than TPPM could have
been employed.

With the combined benefits of improved 5Q coherence excita-
tion and conversion, plus application of efficient heteronuclear
decoupling, it is now feasible to record a well-resolved 5QMAS
spectrum of ScSPH with a good signal-to-noise ratio. These spectra
may be used for a re-determination of the quadrupolar and chem-
ical shift interaction parameters. The full 4°Sc-5QMAS spectrum
collected using the [Pjj° — FAM-I|—FAM-II enhancement scheme
and SW}”’-TPPM proton decoupling is displayed in Fig. 4. As can
be seen, the three scandium sites are sufficiently resolved in the
F; dimension to be able to unequivocally assign the corresponding
F, traces, which are shown in the right of Fig. 4. These traces were
fitted with the DMFIT program [4], to obtain the isotropic chemical
shift d;s0, the quadrupole coupling constant y, and the asymmetry
parameter 7, with the results listed in Table 3. For comparison, a
full “°Sc-3QMAS experiment was also acquired, using a
Pi*—FAM-II pulse scheme for improved 3Q coherence conversion,
and applying SW}’“—TPPM proton decoupling. As can be seen from
Fig. 5, resolution of the scandium sites is incomplete in the *>Sc-
3QMAS spectrum, resulting in a less precise assignment of F,
traces. Nevertheless, with judicious choice of the traces, the
3QMAS data could also be fitted to extract the **Sc-NMR parame-
ters (see Table 3). Improvements of resolution in the F; dimension
of MQMAS spectra when using higher coherence orders similar to
that seen in the comparison of 3QMAS and 5QMAS of ScSPH have
been frequently reported in the literature. It has been suggested
that for higher coherence orders, a reduction of homogeneous
broadening occurs, and the observable resolution enhancement
therefore depends on the ratio of homogeneous to inhomogeneous
broadening in the sample [12,13]. At the present time, it remains
unclear if this fully explains the observed resolution enhancement
for higher-order MQMAS spectra.

Another very efficient way to improve resolution for the cen-
tral-transition signal of quadrupolar nuclei with half-integer spin
is to increase the strength of the magnetic field. As can be seen
from Eq. 3, the second-order broadening of the CT resonances is
scaled down by the Larmor frequency, and therefore spectral over-
lap is reduced. This is demonstrated in Fig. 6, which shows the 4°Sc
MAS spectrum of ScSPH recorded at two different By fields, namely
9.4T and 17.6 T. Both MAS spectra were also deconvoluted with
DMEFIT, with the results added to the list of *Sc-NMR parameters
in Table 3. The last entries in Table 3 are the average values for
the 4°Sc-NMR parameters as determined from all NMR experi-
ments presented here, being in reasonably good agreement with
the previously determined parameters of Pike et al. [12].

3.3. Assignment of *°Sc sites from NMR experiments and DFT
calculations

Finally, we will attempt a correlation of the species observed in
the 4°Sc-NMR spectrum of ScSPH with the three crystallographi-
cally independent scandiums in the lattice. From the single-crystal
X-ray data [14], it is known that one scandium is residing in a gen-
eral position, designated as Sc(1), while the other two, Sc(2) and
Sc(3), are occupying special positions, namely inversion centres.
We can derive some information about the location of the scan-
dium species by evaluating the response of the 4>Sc-5QMAS reso-
nances to application of proton decoupling. The heteronuclear
decoupling diminishes (or in the ideal case, eliminates) the
dephasing of the scandium resonance caused by the surrounding



C.V. Chandran et al./Journal of Magnetic Resonance 203 (2010) 226-235

231

“ L
decoupling
AR
(@) FAM-I FAM-II
R
Psc | . ﬁU Uﬁ
| A

(b) (€) (d)

i Wil

(€)

by e

0 -20 -40 0 -20 -40 0

T rrrr

-20 -40 0

T U s e
-20 -40 0 -20 -40

ppm

Fig. 2. (a) Diagrammatic representation of the **Sc-5QMAS [P¢‘~-FAM-I]—FAM-II pulse sequence with 'H heteronuclear decoupling applied during the 5Q evolution period.
Below, the 5Q-filtered >Sc-NMR spectra (F, dimension) of ScSPH are shown. They were acquired with the pulse sequence shown in (a), using (b) no proton decoupling; (c)
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Fig. 3. The F, (isotropic) projections of 4°Sc-5QMAS spectra of ScSPH at By=9.4 T
and 12 kHz MAS. Sensitivity as well as resolution improves considerably for (a),
which was acquired with 'H heteronuclear decoupling using the SW/"-TPPM
[26,27] sequence, as compared to (b), where no proton decoupling was applied.

protons of the crystal water. This collective response may be inter-
preted in terms of proton proximity, similar to obtaining MQMAS
spectra by cross-polarisation from the protons [15]. From Fig. 3,
it can be seen that the intensity increase caused by proton decou-
pling is most dramatic for NMR species (c). Calculating the average
of all dipolar proton-scandium couplings present in the unit cell

(as listed in Table 2) shows that the scandium in the general posi-
tion, Sc(1), experiences an average coupling more than three times
higher than that of Sc(2) and Sc(3). From the response to decou-
pling, the crystal site Sc(1) should therefore clearly be assigned
to NMR species (c). The remaining NMR species (a) and (b) thus be-
long to the scandium species situated at special positions in the
lattice. The similarity of the lattice sites for Sc(2) and Sc(3), as well
as their almost identical average dipolar couplings (see Table 2), is
consistent with the fact that their respective *°Sc resonances are
very close in the F; dimension of the MQMAS spectra.

In order to be able to make a distinction between NMR species
(a) and (b), and to confirm the assignment of species (c), density
functional theory (DFT) calculations were carried out. The GIPAW
(Gauge-Including Projector Augmented Wave) method [61] has
been used for calculation of the chemical shift, whereas the quad-
rupolar parameters have been computed using both the PAW (Pro-
jector Augmented Wave) [62] and the APW + lo (Augmented Plane
Wave + local orbital) [63,64] approaches. Previous studies have
demonstrated that these methods are capable of calculating quad-
rupolar and chemical shift interaction parameters from structural
data to a sufficiently high degree to allow site assignments [65-
69]. PAW [62] and GIPAW [61] calculations were carried out with
the CASTEP 4.3 code [70] using the PBE generalised gradient
approximation [71]. Pseudo-potentials were generated using the
OTF_ultrasoft pseudo-potential generator included in the program.
Electric field gradients (EFG) and chemical shift (CS) calculations
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Fig. 4. Full 45S‘c—SQMAS spectrum of ScSPH at By = 9.4 T and 12 kHz MAS, acquired with the pulse sequence shown in Fig. 2a. The acquisition parameters given in Table 1 were
used, and SW}‘”—TPPM proton decoupling was applied. On the right hand side, the F, traces corresponding to the different scandium sites (a)-(c) are shown, together with the
best-fit simulation spectra calculated with the DMFIT program [4]. The NMR parameters obtained from the computer fits are listed in Table 3.

Table 3

NMR parameters obtained from DMFIT? analysis of 4*Sc-MQMAS and MAS NMR
spectra of scandium sulphate pentahydrate. Listed are the isotropic chemical shift
(diso), the quadrupole coupling constant () and the asymmetry parameter ().

Source By (T) MAS (kHz) Site ;5 (ppm) x (MHz) n
(a) - 5.20 0.10
Pike et al.® 9.4 12 (b) - 4.30 0.80
() - 4.50 0.50
(a) -15.16 5.62 0.08
5QMAS 9.4 12 (b) —12.76 449 1.00
(c) -4.54 4.52 0.48
(@) -15.15 5.59 0.02
3QMAS 9.4 12 (b) —-12.59 4.57 1.00
(c) -4.55 4.50 0.50
(a) -16.18 5.47 0.01
MAS 9.4 12 (b) —12.52 4.70 1.00
(c) -4.77 4.58 0.51
(a) -15.64 5.60 0.12
MAS 176 20 (b) -13.61 4.35 1.00
(c) -4.96 4.60 0.52
(@) -155%0.5 5.60+0.10 0.06+0.05
Average© (b) -129+0.5 4.50+0.10 1.00=0.00
(c) —-47+02 455%0.05 0.50+0.02
@ See ref. [4].
b See Ref. [12].

€ The average values of the NMR parameters obtained from the present work.

were checked for convergence with respect to the kinetic energy
cut-off of the plane waves basis set (up to 900 eV) and the k points
grid used for integration over the Brillouin zone (BZ). Calculations
were considered converged when the maximum variation for the
quadrupolar coupling constant, the asymmetry parameter and the
isotropic shielding of the 4°Sc nuclei did not exceed the values of
0.1 MHz, 0.05, and 1 ppm, respectively. A cut-off energy of 500 eV
and a Monkhorst-Pack [72] k point grid of 6 x 4 x 4 permitted to
achieve the convergence. Default pseudo-potential parameters
were used for all elements. For Sc, the 3s, 3p, 4s and 3d orbitals were
treated as valence states with a core radius of 1.8 a.u. (atomic units).
APW +lo calculations were carried out using the WIEN2k code
[63,64], in the PBE generalised gradient approximation [71]. Sphere
sizes were automatically set equal to 2.04 a.u. for Sc, 1.45 a.u. for S,
1.21 a.u. for O, and 0.65 a.u. for H. The value used for RyinKnax Was 3.
The APW + lo calculations were checked for convergence towards
the number of 32k points used for the BZ integration in the same
way as described above for the PAW/GIPAW calculations.

First, the quadrupolar parameters have been computed with the
PAW method using the atomic coordinates determined by X-ray

crystallography [14]. The thus computed quadrupolar coupling
constants (see Table 4) are rather far from the experimental values
and are out of the usual agreement within 10-20% with the exper-
imental values that is obtained using periodic DFT methods. It is
however notoriously difficult to find precise proton positions in
the electron density map provided by X-ray diffraction. In conse-
quence, the published structure of ScSPH [14] contains oxygen-—
proton distances for the crystal water that appear to be too short
(e.g. 015-H6 0.552 A, 016-H7 0.582 A). Since NMR parameters
are very sensitive to structural parameters, the crystal structure
of ScSPH has been optimised using the CASTEP 4.3 code [70]. For
this optimisation, the unit cell dimensions were kept at the values
determined from X-ray, as it is well known that cell parameters are
in principle the crystallographic data that are determined with the
best accuracy. In addition, the numerous degrees of freedom (tri-
clinic space group +33 independent crystallographic atomic posi-
tions) result in a complex potential energy surface, which makes
convergence difficult when also varying the cell parameters. For
the several moderately converged geometries we thus obtained,
the agreement between computed and measured parameters was
not improved in comparison to those resulting from the structure
optimised by relaxation of atomic positions only. In the final opti-
mised structure, all oxygen-proton distances were close to 1A,
which is more realistic (e.g. 015-H6 0.998 A, 016-H7 0.994 A).
The improved proton positions and the fact that the heavier atoms
(oxygen, scandium) were hardly shifted from their positions deter-
mined by X-ray gave us confidence in the energy-optimised struc-
ture, which was then used to calculate the NMR parameters again.
The quadrupolar parameters computed using PAW method on the
optimised atomic coordinates are listed in Table 4. For comparison,
these parameters have also been computed using APW + lo, which
is an all-electron method that has proved its efficiency for the cal-
culations of quadrupolar parameters of a large range of materials
(see Ref. [64] and references therein). Looking at the quadrupolar
coupling constants of 4>Sc in ScSPH, we expect it to be difficult to
differentiate the sites, as the values found for sites (b) and (c) are
the same within experimental error. In contrast to the y’s calcu-
lated from the X-ray structure coordinates, the energy-optimised
coordinates result in  values being very close in magnitude to
the experimental ones (see Table 4). Nevertheless, the calculated
quadrupolar coupling constants fail to reproduce the experimen-
tally found sequence y(a) > x(c) > y(b). The asymmetry parameter
1, on the other hand, reflecting local symmetry, shows clear differ-
ences experimentally, with the sequence #(b) > n(c) > n(a). As cal-
culation of # involves the two smaller principal components of
the EFG tensor (see Eq. 2), determination of the asymmetry by
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Fig. 5. Full 43Sc-3QMAS spectrum of ScSPH at Bo=9.4 T and 12 kHz MAS, acquired with a P{‘—FAM-II pulse sequence for improved 3Q coherence conversion, and using
SW}’”—TPPM proton decoupling. The relevant acquisition parameters are given in Table 1. On the right hand side, the F, traces corresponding to the different scandium sites
(a)-(c) are shown, together with the best-fit simulation spectra calculated with the DMFIT program [4]. The NMR parameters obtained from the computer fits are listed in

Table 3.
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Fig. 6. *°Sc MAS single-quantum spectra of ScSPH, recorded at magnetic fields of (a)
By=9.4T and (b) Bo=17.6T. On the right hand side, the deconvolution of the
spectra belonging to the 3 different scandium sites are shown. Spectral deconvo-
lution was performed with the DMFIT program [4], with the obtained parameters
listed in Table 3.

T T T

DFT calculations are usually unreliable. Here, both PAW and APW
+ lo produce the sequence #(c) > 5(b) > #(a), with the values for (b)
and (c) interchanged from the experiment. The consistently small
n for scandium site Sc(2) however lends support to the assignment
to NMR species (a). The most convincing assignment is possible by

Table 4

45Sc-NMR parameters (quadrupole coupling constant ¥, asymmetry parameter #,
isotropic chemical shift, d;,, and isotropic shielding, o) extracted from NMR
experiments (italics) and obtained from DFT calculations for scandium sulphate
pentahydrate using the GIPAW [61], PAW [62] and APW + lo [63,64] methods. The
computed isotropic shielding values are arbitrarily shifted so that the highest value is
equal to zero. Listed are the calculation results obtained from X-ray and energy-
optimised (‘Opt.’) crystal structures (see text for details). Scandium sites are labeled
according to the convention from the XRD structure [14], and from the NMR
designations used in Table 3.

Site Sc(1) Sc(2) Sc(3)
(c) (a) (b)
x (MHz) Measured 4.55 5.60 4.50
Computed X-ray PAW —6.64 -14.36 10.59
Opt. PAW —4.64 -5.35 5.54
Opt. APW +lo -5.53 -5.43 6.00
n Measured 0.50 0.06 1.00
Computed X-ray PAW 0.98 0.23 0.53
Opt. PAW 0.72 0.10 0.68
Opt. APW + lo 0.71 0.23 0.54
diso (PPM) Measured —4.7 —15.5 -12.9
—0iso (PpmM) Computed Opt. GIPAW 0.0 -19.3 -8.5

the isotropic shielding values calculated by GIPAW, fully reproduc-
ing the experimentally observed trend of 6&;s,(c) > diso(b) > diso(@).
The chemical shift sequence, together with the fact that the y values
are close to the experimental ones in absolute magnitude, gives
credibility to the site assignment shown in Table 4.

4. Conclusions

In this article, we have explored strategies to efficiently obtain
MQMAS spectra of the nuclide 4°Sc (I=7/2) with enhanced sig-
nal-to-noise ratio and improved spectral resolution. In particular,
the following points were addressed:

o MQMAS spectra of higher coherence order may improve the res-
olution available in the F; (isotropic) dimension. Whereas in the
3QMAS spectrum of ScSPH (Fig. 5), the scandium sites (a) and (b)
are not observed separately, the respective resonances are well-
resolved in the 5QMAS spectrum (Fig. 4). Even better resolution
is expected for 7QMAS spectra, as has indeed been verified for
ScSPH by previously published experiments [12,15].

e MQMAS spectra of higher coherence order suffer from sharply
declining sensitivity, because the efficiency of MQ coherence exci-
tation and conversion, which is poor already for 3QMAS, gets pro-
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gressively worse for 5Q-and 7QMAS. The signal loss may partly be
compensated for by employing RF schemes that enhance this effi-
ciency. The use of fast-amplitude modulated (FAM) sequences
[37-39,45,51,10,52,11] has been demonstrated here again for
improving both 5Q coherence excitation and conversion for
45Sc, resulting in signal improvement by factor 3 over the conven-
tional hard pulse scheme, and enabling the acquisition of a
5QMAS spectrum of ScSPH with a reasonable signal-to-noise
ratio. The successful application of FAM enhancement schemes
for the excitation and conversion of 7Q coherence has also been
reported [10,11]. However, even with enhanced efficiency, the
spectrometer time needed to acquire a 7QMAS of ScSPH compara-
ble in quality to the 5QMAS spectrum shown in Fig. 4 remains
prohibitive.

e In systems where the observed quadrupolar nuclei experience
dipolar couplings to spin-1/2 nuclei, application of heteronuclear
decoupling techniques may greatly increase both sensitivity and
resolution of MQMAS spectra [17-22], because of the p-fold
dephasing of the signal during the p-quantum coherence evolu-
tion period [18,19]. This has been confirmed again here by
applying proton decoupling to ScSPH during acquisition of
3QMAS and 5QMAS spectra, with the recently introduced
SW}'”—TPPM sequence [26,27] delivering the most efficient
decoupling.

e The well-known beneficial effects of high magnetic field
strength for acquiring the central-transition resonance of quad-
rupolar nuclei have been demonstrated for single-quantum “>Sc
MAS NMR of ScCSPH. Whereas at B = 9.4 T, the subspectra of all 3
scandium sites overlap, one site is clearly resolved in the MAS
spectrum at By =17.6 T, since the second-order broadening of
the lines is scaled down by the higher Larmor frequency. Spec-
tral deconvolution may thus be simplified by recording single-
quantum MAS spectra at higher fields, which are obviously less
time consuming to acquire than MQMAS spectra.

The strategies for improving NMR efficiency outlined above are
applicable not just to >Sc, but to any nucleus with spin I = 7/2, such
as #3Ca, *°Tj, °v, and '*°La. It is hoped that use of the techniques
demonstrated here for the 4*Sc-NMR of scandium sulphate pentahy-
drate (ScSPH) will also aid solid-state NMR studies of other spin-7/2
nuclei.

We have also shown that DFT calculations [61-70] may be suc-
cessfully applied to obtain solid-state NMR parameters of 4°Sc. In
combination with evaluating the experimental response of the
45Sc resonances to proton decoupling, the quadrupolar and chemical
shift interaction parameters attained from DFT calculations on an
energy-optimised structure of ScSPH allowed assignment of the
scandium sites.
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