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Abstract The constant time version of rotational echo double resonance

(CT-REDOR) may be applied as an expedient alternative to the
existing REDOR versions in cases in which strong heteronuclear
dipolar couplings severely complicate the data analysis and render
an accurate determination of the second moments impossible. The
various facets of CT-REDOR are outlined and the applicability of
the presented approaches exemplified on model compounds.
For short dipolar evolution times, accurate values for the second
moments can be obtained without the need to incorporate the full
information about the detailed spin geometry of the multiple-spin
systems into the simulation protocol.
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1. INTRODUCTION

Solid state nuclear magnetic resonance spectroscopy has long been
established as the routine spectroscopic tool for the structural characteri-
zation of solid materials."'* The application of magic angle spinning
(MAS), averaging all interactions which scale with the second Legendrian
(3cos”0—1), provides highly resolved spectra, from which the quadrupole
interaction and the chemical shift interaction can be evaluated. Fromothis,
a detailed knowledge about the immediate local environment (1-2A) of
the nucleus under study may be obtained, elucidating the bonding situa-
tion and local symmetry. Information about structural details on an
intermediate length scale (2-10 A)—this influences the chemical shift
and quadrupole interaction only to a marginal extent—becomes accessi-
ble analysing the homo- and heteronuclear magnetic dipole interactions
which—due to the ~* distance dependence—principally allow the deter-
mination of internuclear distances. During the past two decades, an
impressive number of pulsed NMR methods has been developed which
measure the homo- or heteronuclear dipolar couplings under the condi-
tions of fast MAS. In most of the developed methods, the recoupling of the
dipolar Hamiltionian is achieved by rotor-synchronised radio frequency
pulses. Methods such as rotational resonance (R?),"” dipolar recovery at
the magic angle (DRAMA),'® radiofrequency driven recoupling (RFDR),"”
dipolar recovery with a windowless sequence (DRAWS)"™ and the
C7-sequences and their variants'®? for the evaluation of the homonuclear
dipolar couplings and rotational echo double resonance (REDOR),*'~*’
transfer of populations in double resonance (TRAPDOR)*"?, rotational
echo adiabatic passage double resonance (REAPDOR)*'?**!' or trans-
ferred echo double resonance (TEDOR)**™® for heteronuclear interactions
have contributed enormously to an enhanced understanding of structural
details on an intermediate length scale in a variety of materials such as
biopolymers,*° ceramics and glasses,”**”°*” and solid state cata-
lysts.®*”®> Among the various methods available for the quantification of
heteronuclear dipolar couplings, the archetypical REDOR approach,
introduced in 1989 by Schaefer and Gullion,*" has evolved as the working
horse. In REDOR (cf. Figure 1), the results from a rotor-synchronised spin-
echo experiment for the observed (S) nuclei, defining the full echo inten-
sity So, are compared to spectra resulting from an experiment in which the
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Figure1 The archetypical REDOR pulse sequence.”' (A) rotor-synchronised S-spin-echo
experiment defining the reference echo amplitude Sp; the REDOR pulse sequence in
(B) with the additional rotor-synchronised I-channel n-pulses provides the signal
intensity S.

heteronuclear dipolar coupling between nuclei S and I has been reintro-
duced by the action of rotor-synchronised n-pulses (I-channel) in addition
to the S-spin spin-echo pulses. The difference of the spectra from the two
experiments then only contains contributions from S nuclei experiencing
a dipolar coupling to I nuclei. In the case of an isolated I=%, S=% spin
pair, the resulting REDOR evolution data—in which the normalised
signal intensity (So—S)/So (cf. Figure 1)—is plotted as function of the
dipolar evolution time Ntz (N=number of rotor cycles; tgr=rotor
period)—exhibit a universal curve from which the heteronuclear dipolar
coupling constant d (in Hz)

huoyrys
d= . 1
87213 M

and hence the internuclear distance can be readily obtained.”* Such a
situation can often be realised in biopolgmers by a specific introduction
of nuclear labels, for example, '*C and "°N. As a consequence, the major
fraction of REDOR-related work has been devoted to the study of the
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three-dimensional structure of biologically relevant systems, as has
been recently reviewed by Grage and Watts® and by Gullion®® in this
book series.

Any departure from the isolated two-spin [=%-5=% system entails
severe complications in the data analysis. In the case of a quadrupolar
nucleus, the dephasing efficiency strongly depends on the magnitude of
the quadrupolar coupling; in case of multiple-spin interactions, the rela-
tive orientation of the internuclear vectors becomes an important param-
eter governing the shape of the REDOR evolution curves. In these cases,
therefore, usually no universal REDOR curve can be applied to evaluate
the dipolar couplings and internuclear distances. Principally, the evolu-
tion curves for multiple-spin systems can be calculated by a numerical
evaluation of the Liouville-von Neumann equation; however, since the
dimension of the spin matrix for an S—I,, spin system is given by (25+1) x
(2I+1)", the computation times with increasing n become quite large,
especially with quadrupolar I nuclei involved. Thus, although in favour-
able cases a selective excitation of a single I nucleus in an S5-I, spin system
has been successfully demonstrated (0-REDOR,”*”> frequency-selective
REDOR”®), the case of multiple-spin interactions still poses some serious
challenges.

An elegant solution to analyse the REDOR response in the presence
of multiple-spin interactions was introduced by Eckert and co-workers.””
As shown by the authors, the initial part of the REDOR evolution
curves proves to be virtually independent on the exact spin geometry
and distribution effects. Thus, when restricting the data analysis to AS/Sg
values <0.3, the data can be analysed in terms of the second moment®
defined by

Mz—% 9 (’“‘0) R2I(I+1) z]:r . ?)

Due to the independence on the spin geometry, this approach is found to
be especially useful for the analysis of amorphous materials.”””**' How-
ever, in the presence of strong heteronuclear dipolar couplings or limited
MAS frequency, it is sometimes not possible to obtain enough REDOR
data points needed for the second moment analysis. In these cases, the
constant time version of REDOR, CT-REDOR, can be successfully
applied, providing a calibration-free second moment analysis in the pres-
ence of multiple-spin interactions.*® Apart from the possibility to obtain
reliable second moments under these conditions, CT-REDOR offers the
advantage of a roughly 50% time-saving over the conventional REDOR
approach, since the reference intensity Sy only has to be measured once.
In the following section, we briefly recapitulate the theory of REDOR
NMR spectroscopy and discuss the various facets of CT-REDOR; in the
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third chapter, the various versions of CT-REDOR are validated employ-
ing a set of model compounds.

2. THEORY

2.]. REDOR spectroscopy

The dipolar interaction Hamiltonian under the conditions of MAS NMR is
given as

Hpp hetero(t) = _ZCIS(a,/f‘t)jZLéZa 3)

with

Cisupp = d(% sin’f cos (20 + 2wgt) — 1 sin2ff cos(o + th)> . @
V2
The angles o and f§ define the orientation of the sample relative to the
Bo-field; wr denotes the rotation frequency. For the REDOR reference
experiment, the rotor-synchronised spin-echo experiment for the S nuclei
(cf. Figure 1A), the dipolar Hamiltonian integrated over one rotor period
TR averages to zero

. 1 (T

<HDD,hetero> = Tij HDD,hetero(t)dt =0. (5)
R Jo

The acquired signal intensity then is only attenuated by transverse relax-

ation and therefore

(6)

NTr
t )

So = S;exp [——

with S; denoting the initial magnetization at t=0. If an additional train of
rotor-synchronised n-pulses (every half rotor period) is applied to the I
nuclei, then—in the case of perfect n-pulses and I="—all I-spin states are
inverted (i.e. a sign change in the dipolar Hamiltonian), resulting in a
non-vanishing dipolar interaction.

(foom) =17,

Thus, the heteronuclear dipolar information has been reintroduced into
the MAS spin-echo experiment. The signal intensity follows from

Tr/2 | Tr
J HDD.hetero(t) dt — J HDD,hetero(t)dt (7)
0 Tr/2

S=Siexp {— @} cos(Agp) (8)
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with the dipolar dephasing A defined as (for I-channel n-pulses at Tr/2)

TR/Z TR
Ap = J wpp(pdt — J opp(ydt, )
0 Tr/2

with wpp@ == Cis(s, g,1- With this, summing over all possible orientations
for a powdered sample, the following equation is obtained for the normal-
ised difference intensity (So—S)/So=AS/Sy:

21 T
AS _ 4 1J J cos(NTRdﬁsinasin2ﬁ> sinfdod. (10)

5707 _Eoo n

Since in the case of an isolated pair of spin % nuclei the dipolar dephasing,
and hence the REDOR evolution curve, is exclusively governed by the
dipolar Hamiltonian, the data analysis proves to be straightforward
employing a universal REDOR curve, in which the normalised difference
intensity AS/Sy is plotted as a function of the dimensionless product
N TR xd .23

Approximate solutions derive from a series expansion of the cos-term
in Equation (10), producing

AS 15

16 (NTR)*d>. (11)

In the case of multiple-spin interactions, the second moment defined in
Equation (2) may be approximated to first order by

4
M, = ﬁ4n21(1 +1)) D7, (12)
i
and hence””
AS 4
S a2 (NTg)*M,. (13)

Thus, from a parabolic fit to the REDOR evolution data, the second
moment can be evaluated. As mentioned in Section 1, this analysis has
to be restricted to the initial part of the evolution curves AS/S;<0.3, as
exemplified in Figure 2. However, the first order approximation entails a
systematic underestimation of M,, as shown by Bertmer and Eckert.””
Numerous variations of the original REDOR pulse sequence have been
established to adapt the technique to specific needs. To account for pulse
imperfections and other experimental errors, Chan and Eckert introduced
compensated REDOR.* In this approach, an I-channel n-pulse in the
centre of the pulse sequence cancels the reintroduction of the I-S dipolar
couplings; hence the echo amplitudes are solely attenuated by the
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Figure 2 Simulated REDOR evolution curves for an S5-I, five-spin system exhibiting
tetrahedral geometry (filled circles), quadratic planar geometry (open circles) and an S—/
two-spin system (triangles). The dipolar coupling constant was chosen as 1150Hz for a
single S—I interaction in the five-spin systems and 2299Hz in the S—/ two-spin system,
leading to M, values of 417 x 10”rad*s 2 in all cases. All calculations were performed
employing the SIMPSON simulation package.®*

experimental imperfections. The (So—S)/Sp values are then corrected by
the addition of a term a x (Sp—Sp)/Sp (Sp denotes the echo intensity from
the compensated REDOR experiment). The factor constitutes an empirical
scaling factor which has been determined simulating the effect of pulse
imperfections on the REDOR and compensated REDOR curves. For the
data presented in % this parameter was always found to be close to unity
but is unclear whether or not this proves to be a universal behaviour.
Further modifications of REDOR, especially well suited for the analysis of
three-spin interactions, are frequency-selective REDOR and gq-REDOR,
both introduced by Gullion.”*”® Whereas in 8-REDOR only a fraction of
the I spins is inverted employing I spin pulses with pulse lengths <=, in
frequency-selective REDOR, a pair of /2 pulses on the I-channel, sepa-
rated by a time 7 effectively, cancels the reintroduction of the dipolar
coupling of a selected S-I interaction simply by adjusting = according to
the offset of the selected I nucleus.”®

2.2. Constant-time REDOR spectroscopy

Irrespective of the specific version of REDOR, as long as n-pulses every
half rotor period constitute the pulse trains, the fast REDOR dephasing in
the presence of very strong dipolar couplings entails severe problems in
the data analysis. If the rotation frequency is limited by the NMR
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hardware or by a CP step, then only rather few data points may be
accessible in the important initial part of the REDOR curve. For these
cases, CT-REDOR offers the possibility to evaluate the second moments in
strongly coupled multiple-spin systems with an accuracy which proves to
be distinctively higher as with the conventional REDOR approach.

In CT-REDOR, the dipolar evolution time is kept at a (small) constant
value. #*° Then, either the position of the dephasing n-pulses (at Tr/2 in
conventional REDOR, cf. Figure 1) is stepped through the rotation period
(Variable Pulse Position, VPP) or the pulse lengths of these pulses are
increased in steps from 0 to 2z (variable pulse duration, VPD). A combi-
nation of both approaches is possible as well. We note that the VPP
scheme has already been mentioned in one of the first REDOR papers
by Schaefer and Gullion,*" without having been utilised for the evaluation
of strong multiple couplings. As an additional benefit of CT-REDOR, the
experimental time may be decreased roughly by 50%, since the reference
intensity Sy only needs to be measured once. The various versions of
CT-REDOR will be presented in the following, together with results
from numerical simulations. In the next section, the applicability of the
various facets of CT-REDOR is exemplified on model compounds.

2.2.1. Variable pulse number (VPN)

This experiment was developed by Middleton et al.*® and is quite similar
to the original REDOR. Starting with a rotor-synchronised S-spin echo
with an evolution time of several rotor periods, a successively increasing
number of I-channel n-pulses are applied on the dephasing channel. As a
consequence, the AS/S, values increase from a value near zero to the
value resulting from a conventional REDOR experiment with the same
evolution time. This approach has been predominantly designed and
utilised to benefit from the mentioned time-savings. Since the evolution
time has to be set to several rotor periods, this variant seems less suitable
for application in case of strong dipolar couplings.

2.2.2. Variable Pulse Position

In the CT-VPP-REDOR experiment (cf. Figure 3), the positions of the
n-pulses on the I-channel which are applied at Tr/2 in conventional
REDOR are changed stepwise over the complete rotor period, leading to
but a partial reintroduction of the heteronuclear dipolar coupling. The
resulting AS/S, curve depends on the pulse position tpp according to

AS 1 (7 ([ nd
—=1-— — sin2asin® 2wgrtpp — 1
5 i L Jo cos( o sin2o sin”f( cos2wgipp )

\2nrd

WR

sino sin2f( coswgrtpp — 1)> sinfidadfs. (14)
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Figure 3 Pulse sequences for the different CT-REDOR versions for two rotor cycles
(A) MAS spin-echo reference experiment; (B) CT-VPP-REDOR with the pulse position tpp
of the I-spin dephasing pulses stepped from O to T and (C) CT-VPD-REDOR with the
pulse width tpp of the I-spin dephasing pulses stepped from 0 to 27.

A plot of the resulting AS/S, values versus tpp/Tr produces symmetric
evolution curves with a maximum at tpp/Tr=0.5.

Figure 4 shows the results of a simulation of CT-VPP-REDOR evolu-
tion curves calculated for the two different S5-I, five-spin systems and the
S-I two-spin system from Figure 2. Again the distances were chosen so
that the resulting second moments as calculated employing Equation (12)
are identical for the five-spin and the two-spin systems. As expected, the
AS/S, values at tpp/ Tr=0.5 match the data points of the REDOR curves
(cf. Figures 2 and 4).
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Figure 4 Simulated CT-VPP-REDOR evolution curves for a fictive S—I, five-spin system
exhibiting tetrahedral geometry (filled circles), quadratic planar geometry (open circles)
and a fictive S—I two-spin system (triangles; S="C; I=""P). The dipolar coupling con-
stants were chosen as 1150Hz for a single S—/ interaction in the five-spin systems and
2299 Hz in the S—I two-spin system, leading to M, values of 4.17 x 10”rad’s ™2 in all cases.
(A): v=10,000Hz, N=2; (B) v =10000Hz, N=8 and (C) vg =2500Hz, N=2.

As with conventional REDOR, the shape of the CT-VPP-REDOR evo-
lution curves proves to be independent of the spin geometry for AS/Sy <
0.3 (cf. Figure 4A). At longer evolution times, however, the characteristic
geometry-dependent oscillations can be clearly observed, in analogy to
the REDOR experiment. Comparing Figure 4B and C, it is clear that the
resulting AS/S, values are exclusively dependent on the total evolution
time and independent on the spinning speed.

2.2.3. Variable pulse duration

In this variant of CT-REDOR (cf. Figure 3C), the duration of the I-channel
dephasing pulses tpp is stepped from 0 to 2 while keeping the evolution
time constant. This concept is quite similar to the 8-REDOR approach
developed by Gullion and Pennington’* but serves a different purpose.
While the latter experiment aims at the determination of individual cou-
pling constants in multiple-spin systems, the CT-VPD-REDOR enables
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the facile measurements of second moments in systems with strong
dipolar couplings. Due to the application of 0-pulses instead of n-pulses
to the I nuclei, only a fraction (1—cosf)/2 of the I spins is found to
undergo a change of the spin state.

Upon a systematic variation of the pulse length between 0 and 27 with
constant evolution time and pulse position, the fraction of I spins con-
tributing to the actual dephasing increases up to a pulse length of #. With
this pulse length, all S-spins change their spin states and the same
dephasing as in conventional REDOR is achieved. For pulse lengths
between 7 and 27, the dephasing curve can be obtained by (AS/Sy)(0)=
(AS/Sp)(n—0). The responses of the three model spin systems, quadratic
S-1,, tetrahedral S-I, and S-I two spin, plotted as a function of the pulse
length tpp/2m, are compiled in Figure 5. The maxima of these curves at
tpp/2n=0.5 correspond to the data points of the respective REDOR curve
(cf. Figures 2 and 5).
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Figure 5 Simulated CT-VPD-REDOR evolution curves for a fictive S—I, five-spin system
exhibiting tetrahedral geometry (filled circles), quadratic planar geometry (open circles)
and a fictive S—I two-spin system (triangles; S="C; /=>"P). The dipolar coupling
constants were chosen as 1150Hz for a single S—/ interaction in the five-spin systems and
2299Hz in the S—I two-spin system, leading to M, values of 417 x 10" rad*s 2 in all cases.
(A): ve=10,000Hz, N=2; (B) vy =5000Hz, N=2 and (C) va =2500Hz, N=2.
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As for CT-VPP-REDOR, for dipolar evolution times with a maximum
DS/Sg value < 0.3, the shape of the CT-VPD-REDOR curves only depends
on the M,-values and proves to be independent of the spin geometry. For
longer evolution times, corresponding to the plateau region of the con-
ventional REDOR curve, however, the evolution curves for the S5-I two
spin and the S, five spin exhibit clear differences even at low AS/Sy
values. While all curves are symmetric, the response of the two-spin
system is found to exhibit a much narrower plateau (cf. Figure 5C). As
obvious from this figure, in this case the two-spin approximation does not
constitute a suitable model to evaluate the second moments for the multi-
ple-spin interactions. This peculiar behaviour can be traced back to the
contribution of spin configurations to the dephasing, which in the case of
I-spin n-pulses would not contribute due to the mutual cancellation of the
dipolar effects within this spin configuration.

This can be best illustrated on a linear three-spin configuration. The
two individual dipolar S-I couplings cancel each other in one half of all
the spin combinations, entailing a REDOR curve (applying n-pulses for
the I spins) levelling at a AS/Sy value of 0.5. These “silent” specific spin
configurations will contribute to the dephasing, if only a fraction of the
I spins changes its spin state. This is illustrated in Figure 6, in which the
dipolar evolution curves for -REDOR for an S-I two-spin and a linear
S5-I, three-spin system (with identical M, values) for different pulse
angles are compared.

In case of the two-spin system, the AS/S, values for a given evolution
time decrease in synchrony with an increasing deviation of the applied
pulse length from n. However, for the linear three-spin system, the AS/S,
values for pulse lengths between 90° and 150° surpass those obtained for
applied I-spin n-pulses, exemplifying the stronger dephasing upon
incomplete inversion of spin states in the three-spin system. We note a
variation of the pulse lengths from 0 to 27—in essence a CT-VPD-REDOR
experiment—has been performed by Gullion ** to illustrate the effect of
pulse length missets on the dephasing behaviour.

2.2.4. Variable pulse duration and position (VPDP)

For the sake of completeness, we note that the two approaches described
above, VPD and VPP, may be combined, which may be useful for spin
systems with extremely strong dipolar interactions. The AS/S, values as a
function of pulse position t,, and duration tpp are plotted in Figure 7 for
the S-I two-spin system (Figure 7A and B) and for the tetrahedral S—I,
five-spin system (Figure7C). Here, the difference between the responses
for the two-spin and multiple-spin system with identical M, value due to
the contribution of the “silent” spin geometries for I-spin pulse lengths
deviating from m and evolution times corresponding to the plateau region
of the conventional REDOR curve is even more pronounced. This is
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Figure 6 Simulated 6-REDOR evolution curves for a fictive S—/ two-spin system (A) and
linear S—I, three-spin system (B) for the indicated pulse lengths (vy=10,000Hz, S="C;
1=>'P). The dipolar coupling constants were chosen as 1626 Hz for a single S~/ interaction
in the three-spin systems and 2299Hz in the S—I two-spin system, leading to M, values of
417 x10”rad?s "2 in both cases. The O-REDOR version with a single dephasing pulse of
length 0 was employed.”

illustrated in Figure 7D, in which the response at a constant I-spin pulse
length of 0.15/2n is demonstrated for the S-I two- and S5-I, five-spin
system. Again, under these experimental conditions, the two-spin
approximation cannot be employed for the evaluation of the second
moments for multiple-spin interactions.

3. EXPERIMENTS ON MODEL COMPOUNDS

To validate the CT-REDOR concept, the experiments described above
were performed on different model compounds with known structure.
As an example for a two-spin system, doubly labelled glycine ("°N, °C,



14 Thomas Echelmeyer et al.

v
My ' "A

A,
l/;

wy
@ 050 I I"Q
< II b
0.25
0.00 1.00
1.00 0.75
. \Te
%/e
z 0.00 0.00
0.16
0.12 4
)] 4
3 0.08
0.04
0.00 T T T 1
0.00 0.25 0.50 0.75 1.00

t. /T,

Figure 7 Simulated CT-VPDP-REDOR evolution surfaces for (A) a fictive S—I two-spin
system: N=2; vg=10,000Hz; (B) a fictive S—I two-spin system: N=2; vg=2500Hz;

(C) a tetahedral S—1, five-spin system: N=2; vg=2500Hz. S="C; I=>'P. In (D) the VPDP
slices (N=2; vy =2500Hz at tpp/211=0.15) obtained from (B) and (C) are plotted for the
two different spin systems (circles: S—I, five-spin system; triangles: S—/ two-spin system).
Again, the dipolar coupling constants were chosen as 1150Hz for a single S—/ interaction
in the five-spin system and 2299Hz in the S—/ two-spin system, leading to M, values of
417 x10”rad?s ™% in both cases.

glycine) was investigated. The C—N-bond length®**®” of 1.49A trans-
lates into a dipolar coupling constant of 926Hz and an Mj-value of
6.77 x 10°rad?s 2. Al(PO5;);>® and BPO,* constitute examples for multi-
ple-spin systems. In Al(POs)s, six phosphorous atoms are found in the
second coordination sphere of aluminium in a distance of 3. 13A (3x) and
3.42A (3x), respectively (cf. Figure 8A). In BPO,, the second coordination
sphere is composed of four phosphorous atoms each in a distance of
2.73A (cf. Figure 8B). The resulting heteronuclear second moments,
taking into account the AP (M'B-*'P) dipolar interactions within a
5A sphere, are 6.77 x10° and 1.87 x 10"rad®s ? for Al(PO3); and BPOj,
respectively.
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Figure 8 Samples used for the validation of the various CT-REDOR approaches. (A) and
(B): second coordination sphere of Al in Al(PO;); (A) and B in BPO, (B) as examples for an
S—I¢ and S—I, multiple-spin system with strong dipolar coupling; (C): doubly labelled
glycine (in a 9:1 mixture unlabelled/labelled glycine) as an example for an isolated
two-spin system.

31. Al(POs)s

The CT-REDOR behaviour for Al(POs); was studied as an example for a
strong multiple-spin interaction. The REDOR evolution curves for con-
ventional REDOR, compensated REDOR and for a REDOR experiment in
which a CRAMPS rotor was used to improve the RF homogeneity are
plotted in Figure 9A. As exemplified by the data, even for a rotation speed
of 10kHz, only a few data points are available for the second moment
analysis. Employing the parabolic approximation, a second moment of
M,=3.5x10°rad?s 2 is obtained for the REDOR experiment, whereas a
value of M,=4.6x10°rad®s 2 is obtained employing the compensated
REDOR approach.®* As obvious from Figure 9, the improvement in the
RF homogeneity indeed entails second moment values closer to the theo-
retical value (M,=5.3 x 10°rad®s?), even better than the result obtained
from the compensated REDOR approach. In Figures 9B and C, the results
of a CT-VPP-REDOR (Figure 9B) and a CT-VPD-REDOR experiment on Al
(POs); are presented. Here, the evaluation of the second moment, employ-
ing the SIMPSON software®® and applying the two-spin approximation as
outlined in the previous section, results in M, values of 5.8 x 10°rad®s >
(86% of the theoretical value), in considerably better agreement with the
theoretical value than the values obtained from the analysis of the REDOR
curves. Figure 9D finally presents the results of a combined CT-VPDP-
REDOR experiment, varying the pulse position and the pulse length,
together with a simulation assuming a second moment of 5.8 x 10°rad’s .
The results convincingly illustrate the advantage of CT-REDOR over the
conventional REDOR approach.

3.2. BPO,

The CT-REDOR data for BPO, is collected in Figure 10. The data illus-
trates the influence of the dipolar evolution time chosen for the CT-VPP-
REDOR experiment and demonstrates the effect of the compensation
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Figure 9 (A) ZAl{*'P}-REDOR evolution curves for Al(POs);: filled circles: conventional
REDOR; filled triangles: compensated REDOR; squares: REDOR data obtained employing
a CRAMPS rotor at 4000 Hz (filled) and at 10,000Hz (open). The lines represent parabolic
fits to the REDOR curves assuming second moments of 3.5 x 10°rad”s 2 (dashed), 4.6 x
10°rad?s ™2 (dashed-dotted), 5.3 x 10°rad®s 2 (solid). (B) and (C) VPP- (B) and VPD- (C) CT-
REDOR data (filled circles) for Al(PO;);: N=2; vy =4kHz. The solid lines represent a
simulation of the data employing the two-spin approximation and assuming an M, value
of 5.8 x10°rad’s . The dotted lines in (A)—(C) represent the result of simulations
employing the theoretical M, value of 6.77 x 10°rad”s 2. (D) CT-VPDP-REDOR together
with the simulation assuming M,=5.8 x 10°rad®s 2

technique on the resulting M, values. As with the data on Al(PO3);, the
data on BPO, for small evolution times clearly shows that the CT-REDOR
approach produces an M, value (1.77 x 10"rad*s~%; employing the two-
spin approximation), which proves to be much closer to the theoretical
value as the value (1.4 x 10’rad®s~?), resulting from a parabolic fit to the
REDOR curves (cf. Figure 8A). With increasing dipolar evolution times,
however, the accumulation of experimental imperfections in combination
with the effect of the first order approximation of M, entails a successive
underestimation of the second moment (cf. Table 1).



Constant Time REDOR NMR Spectroscopy 17

A
W
(%)
<
0.0 0.5 1.0 15 2.0
NT, (ms)
B C
1.00 1.00 -
0.75 1 0.75 1
%} %}
= ] = ]
o 050 o 050
< s
0254 0.25 -
0.00 M . 0.00 : . . ,
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
b/ Ty top / Ty

Figure 10 (A) "B{*'P}-REDOR evolution curves for BPO,. Filled circles: conventional
REDOR; filled triangles: compensated REDOR. The lines represent parabolic fits to the
REDOR curves assuming second moments of 1.4 x 10’ rad?s 2 (dashed) and 1.6 x 10" rad?
s (dashed-dotted). (B) Results of VPP-CT-REDOR for N=2 (full circles), N=4 (open
circles) and N=38 (triangles) together with simulations applying the two-spin approxi-
mation. The solid lines correspond to M, values of M, =177 x 10" rad*s *(N=2), 1.60 x
10”rad?s ™2 (N=4) and 134 x 10" rad®s %(N=8); (C) results of compensated VPP-CT-
REDOR for N=2 (full circles), N=4 (open circles) and N=8 (triangles) together with
simulations applying the two-spin approximation. The solid lines correspond to M,
values of M,=2.02 x10”rad®s %(N=2), 1.87 x 10’ rad®s > (N=4) and 1.77 x 10" rad*s 2
(N=8). In (B) and (C), the dashed lines correspond to a two-spin calculation employing
the theoretical M, value of 1.87 x 10" rad?s 2.

The data for the compensated CT-VPP-REDOR curves exhibits a simi-
lar trend, a decrease of the M, values with increasing value for the dipolar
evolution time (cf. Table 1). For the compensated CT-VPP-REDOR
approach, however, the data for short evolution times (N=2) produces
an M, value slightly higher than the theoretical value, whereas the data
for N=8 entails an M, value smaller than the theoretical value. Thus, the
compensation technique tends to overcompensate the experimental
imperfections at low evolution times, whereas it leads to an undercom-
pensation at longer evolution times. This behaviour may be the
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TABLE1 Second moments (in rad*s2) as calculated from simulations of the
CT-VPP-REDOR data in Figure 10B and C employing the two-spin approximation and
the full five-spin calculation

Two-spin approximation Full five-spin calculation

Compensated Compensated
CT-VPP-REDOR CT-VPP-REDOR CT-VPP-REDOR CT-VPP-REDOR

N=2 1.77x107 2.02x107 1.77 x 107 2.26x107
N=4 1.60x10’ 1.87 x 107 1.64 x 107 1.95x 107
N=8 134x10’ 1.77 x 107 1.46 x 107 2.08 %107

consequence of the uncertainty in the evaluation of the scaling factor a as
outlined in Ref. 84. Considering this uncertainty and the inability to
predict the dipolar evolution times for which the compensation technique
works best, the uncompensated CT-REDOR approach can be identified as
the best strategy for an accurate evaluation of second moments. Of course,
it is possible to obtain M, values in even better harmony with the theoret-
ical values when analysing the data employing the exact geometry of the
spin geometry. The improvement, most prominent at longer dipolar
evolution times (cf. Table 1), however, proves to be only marginal in the
case of short dipolar evolution times.

The data for the doubly labeled glycine sample serves the purpose to
validate the oscillatory behavior found in the CT-REDOR responses at
longer evolution times (cf. e.g. Figs. 4b and 7b). For the experiments a
diluted sample 9 glycine : 1 '°C,"°N glycine was used. As a consequence,
the REDOR data has to be corrected for the signal response of the '°C
nuclei from the unlabelled glycine.”” All REDOR data presented here was
obtained employing SW TPPM 'H decoupling,” one of the most efficient
proton decoupling techniques available to date. However, as obvious
from Fig. 11, the REDOR data is still biased by residual 'H *C dipolar
coupling within the ">CH? group. This bias increases with decreasing
MAS frequency (see, e.g., the REDOR data at an evolution time of 2ms,
for which the AS/S, value for vy =15kHz adopts a value of 0.9, whereas
for vg=1kHz AS/S, is found as 0.8). This bias complicates the data
analysis: optimising the simulation to fit the oscillations at longer evolu-
tion times produces dipolar coupling constants in synchrony with the
theoretical value; an optimization with respect to the data points 0 <AS/
Sp<0.7—as is usually done—entails an underestimation of the dipolar
couplings, especially at slow MAS speeds. Since the experimental valida-
tion of the CT-VPDP-REDOR surface in Figure 7B necessitates very slow
spinning speeds, the simulation results in Figure 11D and E were scaled
by the ratio AS/So(vg=15kHz)/AS/So(vg=1kHz). The CT-VPP and VPD
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Figure 1 "C{"*N}-REDOR data for a 9:1 mixture of unlabelled glycine *N,*C,-glycine;
(A) conventional REDOR employing spinning speeds of 15kHz (filled circles); 5kHz (open
circles) and TkHz (triangles), respectively. (B) CT-VPD-REDOR data (filled circles) at vg=5
kHz together with simulations assuming (from top to bottom) M,=6.77 x 10°rad?s 2
(100%), 90%, 80%, 70% and 60%, that is, the solid line corresponds to an M, of 5.5 x 10°
rad’s % (C) CT-VPP-REDOR data employing the same arrangement as in (B); (D) CT-VPD-
REDOR data (filled circles) at vy =1kHz together with a simulation assuming M,=5.8 x
10°rad”s % (E) CT-VPP-REDOR data (filled circles) at vg=1kHz together with a simulation
assuming M,=5.8 x 10°rad®s 2.
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Figure 12 C{"*N} VPDP-CT-REDOR data (N=2, vy =1000Hz) for a 9:1 mixture of
unlabelled glycine ™N,*C,-glycine. Data points correspond to slices along tpp=0.27
(filled circles), 0.47 (open circles), 0.67 (filled triangles), 0.87 (open triangles) and =
(filled squares).

data presented in Figure 11B (VPD) and C (VPP) produce an M,=5.5 x 10°
rad®s™2, which translates into an internuclear distance of 1.55 A. In
Figure 11D and E, the CT-VPD- and CT-VPP-REDOR experiments are
shown for N=2 and vg=1kHz.

The observed CT-VPP-REDOR data confirms the expected general
behaviour and can be best simulated assuming a second moment of
5.8 x 10°rad?s . Interestingly, in CT-VPDP-REDOR, this oscillatory beha-
viour can be observed even at low maximum AS/S, values, which can be
adjusted via the 0-pulse length. This is shown in Figure 12, in which the
slices taken from a CT-VPDP-REDOR experiment on the glycine sample
for five different ) pulse lengths are collected.

4. CONCLUSION AND OUTLOOK

As shown in the preceding two sections, the constant time version of
REDOR, CT-REDOR, may be applied as an expedient alternative to the
existing REDOR versions in the presence of strong heteronuclear dipolar
couplings. In these cases, only few data points are available for the data
analysis, which especially in the case of multiple-spin systems renders an
evaluation of the second moments impossible. The efficiency of the dipo-
lar recoupling may be intentionally reduced either via a dislocation of the
dephasing n-pulses from the centre of the rotor period or via an applica-
tion of non-n-dephasing pulses. A variation of the pulse position tpp
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(CT-VPP-REDOR) or the pulse duration tpp (CT-VPD-REDOR) then
produces CT-REDOR curves, from which the second moment may be
evaluated with distinctively superior accuracy as compared to the values
obtained from a parabolic fit to the conventional REDOR data. When
restricting the experiment to short dipolar evolution times, the two-spin
approximation may be applied for the data analysis, which proves to be
especially attractive for amorphous solids, for which the exact spin geom-
etry is unknown. The data presented on the model compounds illustrate
the various facets of CT-REDOR NMR spectroscopy. First application
examples, namely, the evaluation of the heteronuclear °Li-"Li dipolar
couplings within the garnet structure of LisLasNb,O15,5%%? the determi-
nation of the internuclear "'B-*'P distance in frustrated Lewis pairs,”>**
the analysis of *Na-'"F dipolar interaction in fluormica”™ or **Na—>'P
or > AI-*'P connectivity in sodium(alumino)phosphate glasses” illustrate
the usefulness of this extension of REDOR spectroscopy.
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Abstract In spite of the relatively unfavourable characteristics of the Mg
nuclide for NMR experiments—such as low natural abundance,
small magnetogyric ratio and sizeable quadrupolar broadening—
there is increasing evidence that solid-state >Mg NMR is a powerful
tool for studies involving many different materials. Much of the
recent boost in this field has been driven by instrumental improve-
ments, such as the availability of high magnetic fields and fast-
spinning speeds, as well as by the use of signal-enhancement methods
developed in the past decade for half-integer spin quadrupolar nuclei.
The most relevant advances in solid-state >Mg NMR spectroscopy
are reviewed here, including a detailed account of the use of signal-
enhancement methods and of the more recent applications of first-
principles calculations of Mg NMR parameters. Examples of the
application of Mg solid-state NMR are given for different classes
of materials, including organic compounds, oxide-based materials,
glasses, alloys and intermetallic compounds.

Key Words: Mg NMR, Solid state NMR, Signal enhancement,
First-principles calculations, Materials characterisation

ABBREVIATIONS

1D one-dimensional

2D two-dimensional

3Q triple quantum

5Q quintuple quantum

Ac acetate

Acac acetylacetonate

APE1 apurinic/apyrimidinic endonuclease 1

ATP adenosine-5'-triphosphate

BChl bacteriochlorophyll

BPA bis(2-pyridyl)amine

CP cross-polarisation

Cp cyclopentadienyl

CSA chemical shielding anisotropy

CT central transition

DFS double frequency sweeps

DFT density functional theory

DNA deoxyribonucleic acid

DNP dynamic nuclear polarisation

EDTA ethylenediaminetetraacetate

EFG electric field gradient

FAM fast amplitude modulation



FID
FPLAPW
FSG

FT
FWHM
GGA
GIAO
GIPAW
HS

KSA
LDA
MAS
MQ
MQMAS
NMR
NQOQR
PAS
PAW

Pc

PI

Py
QCPMG
QCPMG-
MAS
RAPT
REDOR
RF

RHF
S/N

ST
STMAS
TTP
VOCS
WURST
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free induction decay

full-potential linearized augmented plane wave
frequency switched Gaussian

Fourier transform

full width at half maximum

generalized gradient approximation
gauge-including atomic orbital
gauge-including projector augmented wave
hyperbolic secant

Knight shift anisotropy

local density approximation

magic angle spinning

multiple quantum

multiple quantum magic angle spinning
nuclear magnetic resonance

nuclear quadrupole resonance

principal axis system

projector augmented wave

phthalocyanine

polyimide

pyridine

quadrupolar Carr-Purcell-Meiboom-Gill
combination of QCPMG and MAS experiments

rotor-assisted population transfer
rotational echo double resonance
radiofrequency

restricted Hartree—Fock

signal to noise

satellite transition

satellite transition magic angle spinning
tetraphenylporphyrin

variable offset cumulative spectra
wideband, uniform rate, smooth truncation

1. INTRODUCTION

1.1. Overview of review

This review sets out to present a comprehensive overview of the current
development of *Mg solid-state NMR as at mid-2011. Magnesium is a
highly significant critical element in the solid-state chemistry of technolo-
gically important ceramics, minerals and glasses, as well as being impor-

tant in the structure and function of many biomolecular systems.

14
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To date, the spectroscopic probes that provide real insight into the local
structure around magnesium are very limited. Given the almost unique
sensitivity of solid-state NMR to provide structural information about the
local coordination of magnesium, there is a strong driving force to develop
this spectroscopic approach. Given the potentially high signiﬁcance of
Mg NMR, the background to the NMR characteristics of the Mg nuclide
is introduced, which places it firmly in the category of nuclei which have
been termed low-.”° These are nuclei with a Larmor frequency below that
of "®N. Some perspective is provided as to how changes in available
experimental methodology, which include high magnetic fields as well as
the development of signal-enhancement approaches that manipulate satel-
lite transition (ST) intensity to increase that of the central transition (CT)
(see Section 2 for more details), have made 2E’Mg NMR more accessible.
Mg provides a good example of how a nucleus which had only limited
accessibility a decade ago, and while it is still moderately challenging, is
observable with care in most materials. The experimental approaches
including referencing and more advanced techniques are examined. A
brief background to the rapidly burgeoning utility of first-principles calcu-
lations of NMR parameters is given with emphasis on application to **Mg.
The application of Mg NMR to a range of metals, inorganic and organic
materials is described, showing the real benefits of observing *Mg via
solid-state NMR to provide new atomic scale perspectives on problems of
scientific and technological significance.

1.2. Nuclear characteristics of *’Mg and their influence on its
NMR study

Magnesium has one NMR-active isotope, *’Mg, which is only 10.0% natu-
rally abundant. This is a spin 5/2 nucleus with a magnetogyric ratio of
~1.639x10’rads ' T, which means it has a Larmor frequency that is 6%
of that of protons in the same magnetic field and a receptivity of 72.9% of
that of *’Si.” The relatively low Larmor frequency was one of the key factors
that limited the early study of Mg when only relatively modest magnetic
fields were available. Along with the intrinsic reduction in sensitivity both
from the reduction in the Boltzmann factor and the size of the induced
signal, there were other problems such as the increased effects of ringing (e.
g. acoustic) at lower frequencies, which makes the recording of broad lines
using Fourier transform (FT) techniques difficult.® The quadrupole interac-
tion comes about from a nuclear electric quadrupole moment of 199.4mb.”
This produces a quadrupolar broadening factor of the CT of 8.60 compared
to *’Al.” Hence in Hertz at the same magnetic field, the CT spectrum is
roughly a factor of 10 broader than for *’Al for the nuclei in a site of the
same structural distortion if both the second-order quadrupolar broaden-
ing and Sternheimer antishielding factor are taken into account (see Ref. 9
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and references therein). The broadening, low intrinsic sensitivity and low
Larmor frequency combine to explain why solid-state Mg NMR is so
much less common than %Al NMR.

1.3. NMR interactions

The simplest NMR experiment is to place a static sample in a solenoidal
coil within the static magnetic field. For a solid, the sample is usually
presented as a finely ground powder such that a static powder pattern is
observed. The nucleus experiences a series of interactions with the main
ones being the Zeeman interaction with the main magnetic field, and in
the high-field limit, this essentially defines the energy level spacing and
hence the Larmor frequency (vo) at which the nucleus is observed."’ The
other interactions of the nucleus with its surroundings are then normally
regarded as perturbations of the Zeeman levels. These local interactions
include dipolar (with other spins through space) and the chemical shield-
ing due to the electronic surroundings of the nucleus modifying the
magnetic field at the nucleus. All these interactions are three-dimensional
(38D) tensor interactions. The principal axis system (PAS) is the system in
which only the diagonal elements are non-zero. These interactions both
have the same spatial dependence of (3cos®0 —1), with 0 being the angle
between the external magnetic field and one of the axes (named Z-axis) of
the PAS of the corresponding tensor (when the tensor is axially symmet-
ric, the symmetry axis is chosen as the Z-axis). This term corresponds to
the angular part of the second-order Legendre polynomial, which pro-
duces the powder patterns usually observed in static polycrystalline
materials. The tensor is typically redescribed in combinations of the PAS
elements that are more directly related to the features of the observed
spectral lineshape. In the case of the chemical shielding anisotropy (CSA)
tensor, a number of different conventions are in common use.''** In one
of the currently most used notations,'® the principal components of the
CSA tensor are labelled and ordered as d11> 22> d33; the isotropic chemi-
cal shift (d;s,) is then given by:

1
diso = 3 (611 + 022 + d33)- @
The CSA tensor is characterised by d;s, (proportional to its trace) and by
the parameter span (Q) and skew (), defined as:"’
Q = d11 — 033, 2

o — 3(522 - 5150) )

5 ®)
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Alternatively, in the so-called Haeberlen notation,'* the convention is

|022—0iso| > [0xx—0iso| > |0yy—0iso|, Where the capital letters refer to the prin-
cipal components and the isotropic chemical shift has a definition similar to
Equation 1. The anisotropy (Ad) and asymmetry (n) are then defined as:

Oxx + Oyy

Ad = 077 — > ) 4)
Oyy — 0
Nesa = (sgfbxx @)

For metals, the analogous shielding interaction is the Knight shift (K)
caused by the conduction electrons in the system; the components of the
Knight shift tensor have definitions similar to the ones given above for the
chemical shift. For a nucleus with I >1/2, there is an additional interaction
because the nucleus possesses an electric quadrupole moment (eQ) which
interacts with the gradient in the electric field at the nucleus. The electric
field gradient (EFG) is again a tensor quantity; it is symmetric and trace-
less,'>'® with the largest component defined as egzz (although often g
alone is used to designate the largest component). The quadrupole inter-
action is characterised by two parameters: the quadrupolar coupling
constant (Cy)* and the asymmetry parameter (14), which are defined as:

2
e
c=E2, ©
~ Vxx — Vyy
Nq = Vo ’ ()

where V4 = (f)zj—a‘; is the second derivative of the electric potential with
respect to Cartesian coordinates, evaluated at the nuclear position, and
the axes in the PAS of the EFG tensor are ordered so that |Vzz| > |Vyy|>]|
Vxx|.'® In this way, the asymmetry parameter is always in the range
0<nq<1.

The quadrupole interaction will perturb all energy levels to first order
(<3cos’0—1, where 0 is the angle between the external magnetic field and
the Z-axis of the PAS of the EFG tensor), apart from the CT.">'® If C is
significant, it tends to broaden the non-central transition or ST over a
range of frequencies ~vy, which for an [=5/2, nucleus is vg=3C,/20. This
can vary from hundreds of kilohertz to a few megahertz, which makes
these low intensity broad transitions somewhat difficult to observe by
conventional pulsed techniques and usually requires an echo of some
description to minimise the distortion to the lineshape. The quadrupole

* In the literature, there are typicallly three symbols used for the quadrupolar interaction, Cy, Cq or 7, with
the latter [IUPAC recommendation.”
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interaction can become so large that second-order effects become impor-
tant and this is particularly noticeable for the CT where first-order effects
are absent. Two key features of the second-order effects are their depen-
dence (in ppm) on (Cy/ vo)?, which then makes the spectra dependent on
the magnetic field, and the much more complex angular dependence
proportional to the fourth-order Legendre polynomial.*'® In a powder,
again a distinct pattern is observed from which the parameters associated
with the quadrupole interaction (C, and 7, besides the isotropic chemical
shift) can be deduced. This field dependence makes immediate compari-
son of results at different fields somewhat more difficult, but it turns out
to be a highly useful feature, since it constrains simulations of multiple-
field spectra, especially because this field dependence differs from the
other interactions present such as the chemical shielding. This means that
for a static powder pattern where both the chemical shielding and quad-
rupole interactions are present, these interactions can be separated by
taking data at several magnetic fields.

Mg being a light nuclide with relatively low Larmor frequency and
a moderate nuclear electric quadrupolar moment, means that the quad-
rupole interaction tends to be dominant. However, as magnetic fields
increase, the chemical shielding increases (xBy, in Hz) and the second-
order quadrupole effects decrease (xB; '), so that the shielding can start to
have a real influence on the static lineshape at the very highest magnetic
fields.

Some typical CT-only spectra simulated for static samples considering
solely the quadrupole interaction are shown in Figure 1A, for sites with
different values of the asymmetry parameter 7y. The widths of these
lineshapes depend on the 7, value and are proportional to the parameter
A, defined for a nucleus with I=5/2 as®?:

9 C¢*
800 v ®
where A, Cq and v are all given in the same frequency units (e.g. MHz).
For a site with an axially symmetric EFG tensor, for example, the total
breadth of the CT spectrum is ~(25/9)A. It is important to observe that all
these lineshapes are asymmetrically broadened around the isotropic
chemical shift position (;s,). Only for 14=1.0, the strongest singularity
(peak) coincides with d;g, (but even in this case, the line is asymmetrical).

To improve the spectral resolution from powders, the most common
approach is to apply magic angle spinning (MAS). MAS involves bodily
rotating a sample at typically 5-65kHz at an axis inclined at 54.7° to the
main magnetic field. This will remove the broadening proportional to
3cos*0 —1, greatly improving the resolution of the spectrum. The presence
of second-order quadrupolar broadening with its more complex angular



32 Jair C. C. Freitas and Mark E. Smith

A A
ng=1.0
nq=0.5
nq=0
6\50 +A 5iso —(16/9)A
5iso
B : A .

_J Ng = 0
Giso = (4121)A 8o — (BIB)A S5y — (413)A
6iso

Figure 1 Simulations of CT lineshapes corresponding to (A) static and (B) MAS experi-
ments, for different values of the asymmetry parameter 7. The positions of the isotropic
chemical shift (d;s,) and some well-defined singularities are shown, in terms of the
parameter A, defined in Equation 8. All simulations were done with the DMFIT
software.”



Recent Advances in Solid-State Mg NMR Spectroscopy 33

dependence can only be partially averaged by MAS and there is still
broadening which can be noticeable if Cg is significant.*'® A residual
powder pattern lineshape is observed, again with distinct features from
which the quadrupole parameters can be deduced, which is a factor 34
narrower than the static lineshape. The spectrum is simplified as com-
pared to the static case as there is no CSA under MAS. Some typical
simulated CT-only MAS spectra are shown in Figure 1B, again for differ-
ent 7 values. The widths of these lineshapes are scaled by the same
parameter A defined above for the static case. When powder patterns
like these ones are available, the NMR parameters C,, 74 and dj, can be
readily obtained by fitting the experimental spectra to theoretical line-
shapes or by numerical simulation of the complete experiment, using one
of the many currently available simulation softwares.'**'**

As it can be seen in these simulations, all MAS spectra are shifted
towards low frequencies with respect to the true isotropic chemical
shift—an effect known as the second-order quadrupole-induced shift.
The centre of gravity (3.g) of these lineshapes is given by”*":

C 2 2
Seg = Jiso —6000( —1) [ 1+ T , )
Vo 3

where the shifts (d, and d.) are given in ppm and C4 and v are given in
the same frequency units (e.g. MHz).

However, commonly due to a spread of quadrupole parameters
caused by structural variation, with the extreme case being glassy or
amorphous materials, the distinct features of the lineshape can be lost.
This is particularly true if Cq is small. Then an approach which records
spectra at several magnetic fields will allow both the second-order quad-
rupole effect parameter P, defined as

nz
pq:cq\/u?q, (10)

and J;s, to be deduced from the gradient and the y-intercept of a plot of
the position of ., against (Bo) % or (vg) 2.5

For samples that have multiple magnesium sites, the residual broad-
ening even under MAS can cause severe overlap between different sites.
More advanced narrowing techniques can be applied, one of the most
widely used and successful of these approaches is the two-dimensional
(2D) multiple quantum (MQ) MAS experiment developed by Fryd-
man.?* In this experiment, a higher order coherence is correlated with
the single quantum coherence. In the 2D data set, there exist times when
the second-order effects of the two coherences cancel one another,
giving ridges of intensity where only isotropic shifts are refocussed
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and hence better resolved information exists.” The data is usually pre-
sented in a sheared format so that the isotropic, resolved spectrum is
parallel to the x-axis. For an I=5/2 nucleus, two possibilities exist, either
a 3Q (triple quantum) or a 5Q (quintuple quantum) resonance experi-
ment, with a number of different approaches for excitation of MQ
coherence and its conversion to single quantum coherence.”*” There
are examples of MQMAS experiments from Mg, as described below.
However, with the various factors that determine the MQ intensity, it is
clear why MQ of low-y nuclei has found limited application. There is a
natural low sensitivity which limits any 2D experiment since this varies
approximately as 7. Another key factor in determining the sensitivity of
the MOMAS method is the strength of the RF field (v;=yB;), which
needs to be as high as possible, especially for the multiple to single
quantum reconversion. It is of course much more difficult to generate
high RF fields because y is small. It has also been shown that MQ
coherences are most efficiently excited when the MAS spinning (v;)
speed is low,?® but this then limits the value of Cq which can be
narrowed, which demands higher v,. Hence these two factors work
against each other when choosing the optimum v,.

An alternative approach to MQ is that of ST MAS, which was pro-
posed in 2000 by Gan.”” Two commonly used pulse sequences used for
MQMAS and STMAS are shown in Figure 2 where the coherence path-
way diagram illustrates the difference in the experiments very clearly.
The STMAS experiment is based on the fact that both the CT and the ST
(non-central) are second-order quadrupolar broadened by an orientation-
dependent factor.”*! Hence, as in the MQ approach, correlation of the
two transitions in a 2D experiment results in echo formation at certain
times and then in the doubly FT dataset certain directions where this
anisotropic broadening will be removed, providing much better resolu-
tion and separation on the basis of the isotropic shift. STs are excited with
a single pulse which evolves for a time t;, before a second pulse converts
them into CT coherence where the magnetisation is detected. The coher-
ence pathway diagram shows that the MQ experiment proceeds via a
higher order coherence, which is a key source of the poorer sensitivity of
the MQ experiment. However, in comparison, the ST approach only
involves single quantum transitions, which are much more efficiently
excited by RF pulses.

These differences and hence the advantages are more pronounced for
low-y nuclei.’*** A plot of the relative sensitivity of the ST approach to the
MQ approach was evaluated by numerical simulation as a function of
the parameter (v;/vg); the ST experiment shows a factor of at least three
better sensitivity, which is a significant advantage (Figure 2C). Although
more use of STMAS has developed, it has not yet become as popular as
the MQ approach, probably as a result of its reputation as an experiment
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Figure 2 Pulse sequences and coherence pathway diagrams for the phase-modulated
split-t; (A) STMAS and (B) triple-quantum MAS NMR, showing the generic sequences with
the specific values for Mg being r=24/31, ¥'=0, r'=7/31 and s=12/31, s'=0, s'=19/3
and (C) numerical simulations of the relative sensitivity of the STand MQ experiments as
a function of the ratio between the RF field strength and the quadrupolar coupling
frequency. Reprinted with permission from Dowell et al.*® Copyright 2004 American
Chemical Society.

that has highly stringent magic angle setting and rotor synchronisation
requirements—points dealt with by Ashbrook and Wimperis.”' However,
the sensitivity advantage of ST experiment has been applied to the obser-
vation of 25Mg NMR, with examples of brucite, diopside and talc, where
for various mixtures, the isotropic peaks could be separated in the ST
experiment.*”
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1.4. Overview of practical con5|derat|ons of experimental
approaches for solid-state >Mg NMR

The recommended primary chemical shift reference for Mg NMR experi-
ments is an 11M solution of MgCl, in deuterated water.” However, a
number of other aqueous solutions of Mg*" salts such as MgSO,, MgCl,
and Mg(NO;), in different concentrations have been mentioned in the
literature.™® >’ There is no reported significant effect of cation concentration
on the chemical shift determined with these solutions, at least within exper-
imental uncertainty. MacKenzie and Meinhold™® stated that shifts refer-
enced to 1M MgSQ,, saturated MgSO,4, 1M Mg(NOj3), and 1M MgCl, (all
aqueous solutions) were comparable within 0.2ppm. Accordingly, Cahill
et al.* reported that aqueous solutions of 1M MgSO,, 3M MgSO,, 1M Mg
(NO3), and saturated MgCl, all exhibited chemical shifts at 0+0.5ppm. In
the solid state, it is quite common to use secondary references, with MgO
being by far the most frequent choice. The Mg NMR spectrum of this
compound shows a single and relatively narrow peak, with zero quadru-
pole coupling (due to the cubic symmetry of the Mg site) and ;5o =26ppm
relative to 11M MgCl, aqueous solution (see Section 4.2 for more details).
Unfortunately, the Mg spin-lattice relaxation time is quite long in MgO,
T12216s,>* so experiments with MgO are a bit time-consuming. An alterna-
tive is to use a material with a well-defined set of quadrupole parameters
and having fast spin-lattice relaxation. Obviously, in this case, the shifts
corresponding to the observed singularities will be dependent on the
strength of the static magnetic field (B). Freitas et al.*' proposed the use
of the compound magnesium disodium ethylenediaminetetraacetate tetra-
hydrate (Na,MgEDTA -4H,0), which gives a relatively narrow second-
order MAS CT lineshape with C;=1.675(5)MHz, 1,=015(1) and 0;5,=0.25
(10) ppm. This spectrum is easil y observed in short experimental time due to
a fast spin-lattice relaxation of Mg in the compound. In that work, a set of
numerical relationships, graphical plots and tabulated data were provided
to help using Na,MgEDTA -4H,0 as a reference for chemical shifts in Mg
NMR experiments performed at various magnetic fields. Table 1 below
gives the calculated relative shifts (with respect to an 11M MgCl, aqueous
solution) of the most intense peak (o) in the 2SMg MAS NMR spectra of the
Na,MgEDTA 4H,0 compound for some typical external magnetic field
values (and spectrometer frequencies), as well as the total frequency range
(Af) spanned by this spectrum (see Figure 3 for a graphical definition of
these parameters).

Due to the reasons discussed in the previous section, only the CT is
usually observed in Mg MAS NMR spectra. In the regime of low RF
power (v1<<vq), the excitation of the CT is provided by a selective n/2
pulse, with duration reduced by the factor I+1/2=3 in comparison with
the value determined using a solution or a material with zero quadrupole
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TABLE1 Calculated values of d, (shift of the most intense peak) and Af (total breadth)
in the >Mg MAS NMR spectrum of the Na,MgEDTA-4H,0 compound*'

Magnetic field 'H NMR frequency ~ *Mg NMR frequency®  §o° Af®
(M (MHz) (MHz) (ppm)  (kHz)
7.05 300 18.38 -231 21
94 400 2451 -13.1 1.6
11.7 500 30.63 -83 13
14.1 600 36.76 -56 1.1
16.4 700 42.89 —4.1 090
18.8 800 49.01 -31 0.79
20.0 850 52.07 —-2.6 0.74
21.1 900 55.13 —24 0.70

“ Calculated for each magnetic field using |*°y|=1.639x10"rads™'T~".7
¥ See Figure 3. Shift relative to an 11M MgCl, aqueous solution.

o)

Figure 3 Definition of the parameters J, (shift of the most intense peak) and Af (total
breadth), in the 2>Mg MAS NMR spectrum of the Na,MgEDTA-4H,0 compound. Repro-
duced from Freitas et al.*' Copyright 2008 John Wiley and Sons, Ltd.

coupling.”'® The condition v; < vq is satisfied for most usual probes, since
the RF strength v, is typically well below v4 value for a low-y nucleus such
as Mg. In the cases where more RF power is required, as it is typically
the case of MQMAS and related experiments, the use of probes especially
designed to attain high RF power levels and appropriate tuning at the low
Mg NMR frequency has been reported.””**~**

Typical commercial probes used for MAS experiments are equipped
with rotors having diameters in the range 2.5-7mm, which allows
spinning speeds up to 45kHz. This value is sufficient in many cases for
attaining the maximum possible narrowing of the second-order quadru-
polar broadened CT in Mg NMR spectra recorded at strong magnetic
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fields. When the quadrupole coupling is so small that lower speeds can be
used or, in the other extreme, when it is so large that MAS is not a viable
approach, sample holders with larger diameters (such as 9.5 and 14mm)
can be useful, with the obvious advantage of accommodating a large
amount of material.

Besides the use of large volume samples, there are also other “‘brute
force” approaches frequently used since the earlier reports of solid-state
Mg NMR, including isotopic enrichment and the use of magnetic fields as
strong as possible.®?**#>#34552 There is no doubt that the increase in the
number of reports involving solid-state Mg NMR has been driven by the
wider availability of high-field magnets (e.g. >14.1T). Another key driver
has been the development of signal-enhancement techniques which are
described in detail in Section 2, including multiple-pulse spin-echo meth-
ods and techniques based on population transfer from the STs to increase
the population difference across the CT. Another approach was an early
use of dynamic nuclear polarisation (DNP) in solid-state NMR, for Mg
NMR study of Cr’*-doped forsterite (Mg,SiO,).”> Improvements in the
electronic characteristics of the excitation/detection systems have also
been proposed, as in the reports by Ellis and collaborators,”* ™" who used
low-temperature double-resonance probes for studies of biological materi-
als. Some related work recently published involved the design of an elec-
trically balanced probe capable of generating a high RF field strength to
enhance the sensitivity of Mg MQMAS NMR experiments in Mg/ Al
layered double hydroxides (LDHs).**

1.5. Development of Mg solid-state NMR

The historical development of Mg NMR is interesting in that there have
been sporadic, almost one off attempts, which were then followed by
more concerted streams of work as the quality of the data gradually
improved, until the present day position of well-reproduced lineshapes
across a wide range of compounds, has been achieved. The first reported
solid-state Mg NMR data is probably the 1970 observation of the Knight
shift in magnesium metal.”® The 1980s saw some one off studies which
included a study of MgO and the paramagnetic solid solution Ni,Mg; _ O
where the cubic symmetry allowed static NMR to be employed.” The
intermetallic Cu,Mg was studied in 1981 as part of a series of cubic Laves
phases.®’ Single-crystal work was reported for forsterite (Mg,SiO,) which
allowed the tensor parameters to be determined from a rotation pat-
tern.”>®" MAS was first applied to Mg in 1988 when a limited series of
magnesium-containing compounds, mostly in relatively symmetric envir-
onments, was reported.”” This illustrated the potential sensitivity of Mg
and that MAS could narrow the lineshape, with the clear hint that things
would improve at higher magnetic fields.
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MacKenzie recognised the potential of this early Mg work and started
a systematic Mg NMR investigation of geominerals, with one of his major
studies involving 16 minerals and closely related inorganic compounds.®*
This study was carried out at 11.7T using MAS of 20kHz and really tested
the limits of what could be done at that time for *’Mg. Subsequently,
studies at much higher magnetic fields and faster MAS resulted in some
of the parameters obtained in the MacKenzie and Meinhold paper being
refined, but nevertheless this initial study revealed the trends and correla-
tions of the Mg NMR parameters to structural distortion (see Section 4.2),
illustrating the structural sensitivity of ’Mg and strongly suggesting the
utility it is now finding. MacKenzie and co-workers then embarked on an
extensive series of studies using Mg NMR to probe the thermal decom-
position of a range minerals, as discussed in Section 4.2.°*°® Another area
where Mg NMR began to find utility was the work of Bastow looking at
magnesium-based alloys and intermetallics (see Section 4.1).°*””* The avail-
ability of higher magnetic fields and signal-enhancement schemes has
subsequently resulted in the very significant increase in reports of solid-
state NMR of Mg from around 2008 onwards.

2. SENSITIVITY ENHANCEMENT METHODS

2.1. Introduction

Many techniques have been proposed in recent years to enhance the
sensitivity and signal-to-noise (S/N) ratio of NMR spectra of low-y, half-
integer spin quadrupolar nuclei. The most commonly used are the quad-
rupolar Carr—Purcell-Meiboom-Gill (QCPMG) pulse sequence (based on
multiple-pulse spin-echo methods)**”*7® and population transfer techni-
ques such as rotor-assisted population transfer (RAPT), ”/~** double fre-
quency sweeps (DFS)*!*? and use of adiabatic inversion pulses, such as
hyperbolic secant (HS) and WURST pulses.®*”® There are several reviews
and original papers about the theoretical and practical aspects involved in
these methods.”*”*%*%85%5 In this section, the principles underlying
these approaches to signal enhancement are briefly revisited with reports
of their applications to solid-state Mg NMR experiments highlighted.

2.2. Methods based on population transfer

Figure 4A shows schematically the thermal equilibrium population distri-
bution over the nuclear energy levels for an ensemble of nuclei with spin
5/2 (such as *Mg) in a strong applied magnetic field and in the high-
temperature regime.'? Under this scenario, the fractional population p,, of
each energy level (labelled with the magnetic quantum number m) is
given by
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Figure 4 Schematic representation of the populations of the nuclear spin energy
levels of a quadrupolar nucleus with spin 5/2 (such as *>Mg) under a strong magnetic
field and a perturbative quadrupole coupling showing (A) populations at thermal
equilibrium, (B) populations after complete saturation of the satellite transitions, and
(C) populations after complete inversion of the satellite transitions, following the
order: first, inversion of ST1 and ST4 and then inversion of ST2 and ST3. The numbers at
left of each level (named p,,, in the text) are proportional to the population of that
level, with e=hv,/2ksT22107>.

emth/kBT 1
Pm="3171 ~2i+1

(1 + 2me) = 1)

1 !
217
where T is the absolute temperature, v, is the Larmor frequency, I is the
nuclear spin quantum number (5/2 for *Mg), h Planck’s constant, kg is
Boltzmann’s constant and e¢=hv; /2kgT=210"°. In the high-temperature
approximation, ¢ is then a number measuring the excess or deficit popu-
lation of each level with respect to a common background, as illustrated in
Figure 4A. The parameter p,,’, which is equal to 1+2me in thermal equi-
librium, is a convenient measure of the unnormalized population of each
level. The population difference between the levels m==+1/2 (which is
proportional to 2¢ at thermal equilibrium) defines the intensity recorded
for the CT. If, by whatever means, both ST1 and ST2 are saturated, as
indicated in Figure 4B, then the population difference between the levels
m==1/2 becomes proportional to 6¢. This means the CT will have an
intensity three times larger compared to the thermal equilibrium case
(this factor is I4+1/2 in the general case). However, if the STs are inverted
in a specific order, first the outer ones (ST1 and ST4), followed by the inner
ones (ST2 and ST3), as illustrated in 4c, then the population difference
between the levels m==+1/2 becomes proportional to 10¢, which means
an enhancement factor of 5 for the CT intensity (this factor is 2I in the
general case).

For single crystals with STs well separated from the CT line, saturating
or inverting STs without disturbing the CT is in principle straightforward,
with use of frequency-selective pulses; this is illustrated in Figure 5. For
powders, on the other hand, the quadrupolar first-order broadened ST
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Figure 5 Simulated NMR spectra for a nucleus with spin 5/2 (such as *Mg) in a single
crystal, in the case of: (A) and (B) populations corresponding to thermal equilibrium, with
non-selective excitation (“hard” pulse) in (A) and CT-selective excitation (“soft” pulse) in
(B). For (C) and (D) populations achieved after saturation of STs, with non-selective
excitation (C) and CT-selective excitation (D). For (E) and (F) Populations achieved after
complete inversion of the satellite transitions (in the order: first, inversion of ST1and ST4
and then inversion of ST2 and ST3), with non-selective excitation (E) and CT-selective
excitation (F). The numbers at the right-hand side of the spectra in (B), (D) and (F) indicate
the corresponding enhancement factors of the CT resonance.

lines are spread over a wide frequency range around the CT line. Thus,
hitting the STs requires a means of sweeping the frequency or using a
pulse with a large bandwidth.

In DFS, this is accomplished by applying an RF pulse with amplitude
modulation so that, in the frequency domain, the RF frequency changes
linearly and adiabatically as a function of time on both sides of the CT.**%®
This “DFS pulse” is applied at the beginning of the pulse sequence, being
followed by a selective pulse applied solely to excite and detect the CT (or
by a conventional spin-echo pulse sequence, also with CT-selective
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pulses) (see Figure 6). With well-optimised DFS, enhancements close to
the ideal value (2I) have been observed in single crystals for different
nuclides, such as Na (I=3/2) and Al (I=5/2).8"%%% In powdered
samples submitted to MAS experiments, the situation is complicated by
the combined effects of frequency sweeping and spinning (which gener-
ates a set of spinning sidebands, instead of the well-defined frequency of
the ST peaks in static single crystals). The enhancement factors obtained
in MAS experiments change a lot from sample to sample and depend
strongly on the experimental parameters of the DFS pulse (such as RF
strength, sweeping range and duration); enhancement factors intermedi-
ate between the ideal cases of complete ST saturation and complete
inversion of the STs (in the right order) are usually found.**

RAPT involves the use of a train of pulse pairs during MAS experi-
ments, with 180° change in phase within each pair. This method is closely
related to the fast amplitude modulation (FAM) technique, which was
originally proposed as a means of enhancing the sensitivity of MQMAS
experiments.”” After that proposal, many reports appeared involving the
use of RAPT for the enhancement of the signal due to the CT of half-
integer spin quadrupolar nuclei in one-dimensional experiments.”®®
Another interesting use of RAPT involves the separation of components
having different quadrupole parameters based on their response to
RAPT-based enhancement schemes.”® In RAPT experiments, the pulse
train with alternating phases is applied before the selective excitation of
the CT under MAS (see Figure 6). The effect of the pulse train is the
creation of sidebands separated from the carrier frequency by a frequency
interval (known as modulation frequency) inversely proportional to the
pulse separation.?* The rotor motion under MAS acts then to provide a
sweep of the ST resonance frequencies corresponding to the randomly
oriented crystallites. As a consequence, a partial or complete saturation
occurs for the STs, causing an enhanced CT population difference.”® Some
modifications in the RAPT method involve the use of off-resonance pulses
with Gaussian shape—named frequency switched Gaussian (FSG)
pulses—and the repetition of the RAPT transfer for a number of times

Signal-enhancement  (7/2)c; (m)er
scheme

Figure 6 Typical pulse sequence used in experiments with a signal-enhancement
scheme (which can involve DFS, RAPT or application of adiabatic pulses) placed before
the CT excitation and detection, with formation of a spin-echo.
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before the recycle delay needed to re-establish thermal equilibrium
(known as multiple RAPT).”*#%% The maximum enhancement factors
obtained with RAPT or FSG-RAPT are usually close to the ideal value
corresponding to ST saturation (I41/2). The most important parameters
to be considered in a RAPT experiment are the modulation frequency and
the RF strength used for the selective excitation of the CT coherence.®**°

Whereas DFS- and RAPT-based excitation schemes mostly cause satu-
ration of the STs, a proper inversion of the population difference across
these transitions can be, in principle, achieved with good efficiency using
adiabatic inversion pulses. This type of pulse is largely employed in
magnetic resonance imaging applications and broadband decoughng,
aimed at achieving uniform broadband magnetisation inversion.”*® Adi-
abatic pulses are commonly constructed by amplitude and phase modu-
lation of the pulse waveform. HS pulses, for example, are constructed
using amplitude modulation (with the shape of a HS function, Equa-
tion 12) combined with phase modulation (Equation 13), which leads to
an effective frequency sweep during the pulse (Equation 14).

N - ™

p

o(t) = Awot + (%) % ln{sech [ﬁ <1 — ;—:)} }7 (13)
Aw(t) = % = Awy + Atanh [[3 <1 — ;—iﬂ . (14)

In these equations, T}, is the pulse duration; f8 is a truncation factor that
determines the starting and ending values of the pulse amplitude (for a
typical value f=5.3, these edge amplitude values are 1% of the maximum
amplitude); / is one-half of the inversion sweep width (SW), that is, SW=
2(4/2m) and Awy is the frequency offset of the pulse. The typical profiles of
these functions are shown in Figure 7. As can be seen, the effective
frequency of the pulse varies across the pulse between two limits sym-
metrically placed around the offset frequency, following a hyperbolic
tangent form.***®

A double HS pulse with symmetrically placed offsets about the trans-
mitter frequency (Awo=0) can be created by cosine modulation of the
pulse amplitude:

W™ = a)(l)\ cos(Awogt)|. (15)

In this expression, w"* is the maximum amplitude of the HS shape (given

in Equation 12) and Aw,g represents the absolute value of the offsets
(which are therefore located at +Aw,g). A similar expression applies to
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Figure 7 Amplitude (A) and phase (B) modulation of an HS pulse, with the
corresponding frequency sweep (C). These simulations were calculated for T,=5.0ms,
A/2n=>5.0kHz (SW=10.0kHz), f=5.3 and Awy=0.
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the phase modulation with a cosine function. The frequency spectra of a
single and a double HS pulse are shown in Figure 8. These spectra do not
correspond exactly to the excitation profile of the pulses” but are useful
for qualitative frequency domain analysis. The inversion profiles of HS
pulses in the frequency domain are characterised by a flat plateau between
the limits defined by phase and/or amplitude modulation, with remark-
ably little sensitivity to RF strength inhomogeneity.** Besides HS pulses,
there are many waveforms used to produce adiabatic pulses.”® Among
these, WURST pulses, which are also produced with amplitude and phase
modulation and exhibit flat inversion profiles, have the advantage of
requiring lower RF strength.”” Both HS and WURST pulses (among
some other adiabatic pulses) have been extensively employed for the ST
inversion and consequent CT enhancement in NMR experiments involv-
ing half-integer spin quadrupolar nuclei.*"/%3-861100

A  Single HS pulse

SW =10kHz

Awg/27 = 20kHz
TID =5ms

L I 1 I 1 I 1 I 1 I 1 I 1 1 1 .\, 1 L 1 I J
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Frequency (kHz)

B  Double HS pulse

SW =10kHz

Aa)o =0
Awy/27 = 20kHz

Tp= 5ms

1 1 1 1 i 1 " J
-50 40 -30 -20 <10 0 10 20 30 40 50
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Figure 8 Frequency spectra of (A) single and (B) double HS pulses, calculated with the
indicated parameters and taking f=5.3.
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There are several parameters which need to be optimised for the
achievement of the highest possible CT enhancement with minimal line-
shape distortion. With optimal settings, HS and other adiabatic pulses
usually give the highest enhancements (close to the theoretical limits of 21
for perfect ST inversion), when compared to other methods such as DFS
and RAPT.?*#>1% Even without detailed optimisation, it is usually found
that some CT enhancement (although with possible lineshape distortion)
is easily obtained with HS or WURST pulses, as long as the offsets are
high enough in order to avoid hitting the CT itself (but not too high so
as to miss the ST powder pattern). Therefore, the use of these pulses is
particularly good for initial tests where the most important question is to
observe any possible signal.

For proper optimisation of the parameters characteristic of the adia-
batic inversion pulses, some general rules have been given in the litera-
ture.¥*%>1% For static samples, the SW should be high enough to cover
most of the ST powder pattern, but not reach the CT resonance frequency
range. In the case of spinning samples, Siegel et al. reported optimum CT
enhancements with the use of a double HS pulse with offsets located
around the peaks of the static powder pattern'® so that the HS pulse is
expected to hit an intense ST spinning sideband (an illustrative example
of this will be presented in Section 2.4). The SW must be set close to the
spinning rate so that only one spinning sideband is ideally inverted.
Recently, the theoretical basis for understanding the adiabatic inversion
process in MAS experiments was developed.” In this work, the authors
showed that low-power adiabatic pulses applied with a width covering a
single spinning sideband (named single-sideband selective pulses) can
produce an efficient inversion of the entire sideband manifold indepen-
dent on the RF strength (above a minimum threshold). Thus, high CT
signal enhancements can be achieved with use of low-power adiabatic
pulses applied to a single sideband.® For nuclei with spin >3/2, the
sweep direction should be chosen so as to first invert the outer STs and
then the inner ones, as depicted in Figure 4C. It is usually found that the
CT enhancements increase with the HS pulse duration, but a stable value
is reached for T}, values above a certain minimum.

Special care must be taken regarding the RF strength used for the CT-
selective excitation following the adiabatic inversion pulses. It has been
demonstrated that the conditions for optimum CT excitation depend on
the distribution of population across the energy levels. Typically, the
enhancement decreases with increasing the RF power used for the CT
excitation, but too low RF powers are also undesirable, since an insuffi-
cient bandwidth will not provide proper excitation of the CT resonance.®®
The nutation behaviour following population distributions deviating
from thermal equilibrium can be calculated numerically using the density
operator formalism.®”"'! Thus, it is necessary to optimise the pulse length
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and the RF power for the CT excitation pulse(s) already with the popula-
tions changed by the adiabatic pulses.

Even if the optimisation of the use of DFS, RAPT or adiabatic inversion
pulses is not straightforward for nuclei with low sensitivity, it is nonethe-
less worth applying one of these methods to improve sensitivity. As long
as there is no influence on the CT resonance, these techniques are likely to
produce an enhanced CT signal compared to standard spin-echo experi-
ments. Therefore, for Mg (as well as for other insensitive half-integer
spin quadrupolar nuclei such as S, *K and **Ca), it is always advisable
to apply some population transfer technique before the excitation of the
CT signal.

2.3. The QCPMG experiment

The S/N ratio of NMR spectra of nuclei exposed to inhomogeneous inter-
actions can be improved with use of multiple-pulse sequences involving a
train of uniformly spaced refocusing = pulses applied after a n/2 excitation
pulse. This method was formerly proposed in the early days of NMR—and
it is still used nowadays for the same goal—as a means of measuring the
intrinsic transverse relaxation time (T,) of nuclei in liquids when in
the presence of severe magnetic field inhomogeneity, being known as the
Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence.'’*'”® The method
was revisited later to separate inhomogeneous and homogeneous contri-
butions to the line broadening in NMR studies of organic solids,'** includ-
ing the synchronisation of the multiple-pulse train with the rotor period in
MAS experiments.'” These authors noted that the FT of the whole echo
train gives rise to a spectrum made of “spikelets’” placed symmetrically
around the carrier frequency, whose separation in the frequency domain is
equal to the inverse of the time spacing between the echoes. The linewidth
of each individual spikelet is dictated by homogeneous interactions,
whereas the envelope of the spikelet spectrum is dominated by inhomoge-
neous interactions.” This is similar to the case of the envelope of
the spinning sidebands in NMR spectra obtained in MAS experiments
(performed with a relatively slow spinning rate), which yields a powder
pattern corresponding to that of the static sample.'*

In 1997, Larsen et al. proposed the use of a ““quadrupolar version” of
the CPMG experiment, named QCPMG, showing that a substantial gain in
S/N ratio could be achieved for half-integer spin quadrupolar nuclei by
recording quadrupolar echo spectra and using CT-selective n/2 and =
pulses.”* The method was used to obtain the magnitudes and relative
orientation of EFG and CSA tensors for nuclei exhibiting very large quad-
rupole couplings. The gain in S/N is clearly associated with the concen-
tration of the spectral intensity into a set of narrow sidebands, as compared
to the broad spectrum corresponding to a standard quadrupolar echo
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experiment. One year later, the same group used a combination of MAS
and QCPMG, synchronising the rotor period with the timing for applica-
tion of the refocusing pulses (i.e. making the rotational echoes coincide
with the quadrupolar echoes). The so-called QCPMG-MAS experiments
were used to achieve S/N ratio enhancements of about one order of
magnitude for the CT spectrum of half-integer spin quadrupolar nuclei.”
The dominant inhomogeneous interaction in this case (associated with the
envelope of the spikelets spectra) was the second-order quadrupolar
broadening of the CT, which is only partially removed by MAS.**

The pulse sequence used in this QCPMG-MAS experiment is illu-
strated in Figure 9.”° Part A is a conventional quadrupolar echo experi-
ment, with CT-selective n/2 and n pulses and the 7, delay adjusted so that
the acquisition starts at the echo top. In MAS experiments, this echo
detection must be rotor synchronised, that is, 11 =1,—17,,2, where 1, is the
rotor period and 7, is the duration of the n/2 pulse. Part B is the repeating
unit, consisting of CT-selective refocusing n pulses (with pre- and post-
pulse delays of 7, to protect the receiver) followed by sampling of the echo
for a period 7,; this unit is repeated a number of times (M), typically as long
as there is any remaining intensity in the decaying echoes to be refocused.
Again, in MAS experiments, it is essential to keep the cycle in part B rotor
synchronised, that is, the duration of part B must be an even multiple of the
rotor period.”” Part C is an extension of the last recorded echo for a period
74, allowing full signal decay and detection with a number of points
according to the desired acquisition time.

The spectrum obtained by FT of the whole train of decaying echoes
consists of a series of spikelets separated by the frequency vepmc=1/1..
The envelope of these sidebands is defined by the second-order quad-
rupolar CT lineshape under MAS. The linewidth of each spikelet is
determined by the true transverse relaxation time (T,) of the material,
which is a measure of the decay time of the amplitude of the echoes in the
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Figure 9 Pulse sequence used in QCPMG—MAS experiments. Reprinted from Larsen
et al,”® Copyright 1998, with permission from Elsevier.
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train. This intrinsic transverse relaxation is normally associated with the
presence of homogeneous interactions (not refocused by spin-echo pulse
sequences), including effects of molecular dynamics.”***'%

The gain in S/N ratio in QCPMG experiments depends on a number of
factors. First, it is clear that the higher the number of detected echoes, the
higher the overall intensity in the QCPMG spectrum; this is to be com-
pared with the intensity of a single echo detected in a conventional two-
pulse (Hahn-echo) experiment. Thus, in order to obtain a reasonable S/N
ratio gain, it is necessary that the decay time of the whole echo train be
much larger than the decay time of the initial FID or of any individual
echo (named T5*). In the case of strong homogeneous interactions, T, will
be comparable or even equal to T5*, which means just a single echo will be
effectively detected in the QCPMG experiment; in such a case, there is
obviously no S/N ratio gain. When T,>>T5*, a large number of echoes will
be recorded; the S/N ratio gain now depends on the echo spacing. For
large separation frequencies of the spikelets (vcpmc), the whole spectral
intensity is concentrated into a few narrow sidebands, leading to a high
S/N ratio gain. However, with few spikelets, it is difficult to define the
envelope lineshape associated with the inhomogeneous interactions
(mostly the second-order quadrupolar broadening of the CT in the case
of half-integer spin quadrupolar nuclei in MAS experiments) and to
extract the corresponding tensor parameters, which is evidently a goal
of the experiment. Thus, a judicious choice of the inter-pulse spacing
(which defines vcpmg) is necessary, in order to get a reasonable S/N
gain whilst at the same time keeping the desired information about the
inhomogeneous interactions.”

Lefort et al. studied the details of the CPMG experiment with special
emphasis on the achievable S/N ratio gain in MAS and MOQMAS experi-
ments involving half-integer spin quadrupolar nuclei.”® They showed
that the S/N ratio gain can be approximately calculated by the expression
Gs/N 2 2/ ToTogvepme- In practice, T, is determined from the inverse
linewidth of the individual spikelets, whereas T is the time required
for the signal to become comparable with the noise level in a standard
two-pulse experiment (which is normally the same for the initial FID or
for any individual echo in the CPMG echo train). Several methods of data
processing were also discussed for improving the analysis of CPMG-
derived spectra, including the reconstruction of the “‘conventional” spec-
trum by superimposing all echoes, the shifting of echoes in order to
modify the effective echo spacing (and thus vepmc) and the use of opti-
mised filtering.”

QCPMG experiments, both for static and for spinning samples, have
been extensively used for S/N ratio enhancement in experiments involv-
ing many half-integer spin %uadrupolar nuclei, including Mg (as exem-
plified in the next section), 33, 35Cl, %K, %“Zn and ¥Sr. In many of these
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cases, QCPMG was combined with other enhancement schemes based on
polarisation or population transfer, such as cross-polarisation (CP), DFS,
RAPT and the use of adiabatic pulses.?*>***!

2.4. Examples in Mg NMR

Mg is an obvious natural case for the application of signal-enhancement
schemes such as those described in the previous sections. The pioneering
report of the use of QCPMG in studies of half-integer, low-y nuclei,
including Mg, was presented by the same authors who proposed
QCPMBG as a sensitivity-enhancement method.>® Mg(VOs3); was used as
a model compound in this study. Shortly after, Ellis and collaborators
reported the first of a series of papers devoted to the study of Mg*" and
Zn*" sites in proteins and protein complexes.”*” For such purposes, they
developed a special probe for low-temperature experiments (down to 10
K) at magnetic fields up to 18.8T and employed 'H—>’Mg CP combined
with QCPMG. After testing this approach with a number of model com-
pounds, these authors applied the method to characterise the binding
sites for Mg”" in a DNA repair protein. They demonstrated the presence
of a single specific binding site, but with disorder in the Mg>" environ-
ment leading to more than one set of quadrupole parameters.””

As mentioned in the previous section, the QCPMG method is espe-
cially helpful for recording spectra with large inhomogeneous broaden-
ing, as is commonly the case of the quadrupolar-affected CT resonance in
Mg NMR spectra. As an example, we show in Figure 10 the QCPMG
time domain signal and the corresponding spikelets spectrum recorded
for magnesium acetylacetonate dihydrate (Mg(Acac),-2H,0O) in a static
experiment. This spectrum spans a total range of ca. 80kHz (inhomoge-
neous broadening), whereas each spikelet has about 60Hz linewidth
(homogeneous broadening). QCPMG spectra can be numerically
simulated to yield the quadrupole and chemical shift parameters, using
programmes such as SIMPSON, for example.”’ It is common practice,
however, to simulate the complete inhomogeneously broadened spec-
trum, obtained in a conventional Hahn-echo experiment or from the
envelope of the spikelets in the QCPMG spectrum, which can be done
using packages especially developed for fitting purposes, such as
DMFIT" or WSolids1.?® In the case of Mg(Acac),+2H,0, whose QCPMG
spectrum is shown in Figure 10, a simulation of a conventional Hahn-echo
spectrum by Cahill et al. yielded the values 6;so=—1(1)ppm, Cq=7.1(2)
MHz and nqzl.OO(l),40 in reasonable agreement with the values d;50=2.7
(4.0)ppm, Cq=7.2(1)MHz and 74=0.96(2) reported by Pallister et al.,”
who used a combination of static QCPMG, QCPMG-MAS and static
Hahn-echo experiments.
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Figure 10 *>Mg QCPMG NMR time domain signal (A) and the corresponding spectrum
(B) recorded for Mg(Acac),-2H,0. A static powder packed into a 14mm diameter sample
holder was used in this experiment, which was performed at 14.1T, with vcppg=11kHz.
Shifts are given relative to 1TM MgCl, aqueous solution.

Mg QCPMG spectra with good S/N ratio were recorded also for
other Mg-containing organic complexes, including bis(cyclopentadienyl)
magnesium (MgCp,)'”” and monopyridinated aqua(magnesium) phtha-
locyanine,” with quite large Cq values of 5.80 and 13.0MHz, respectively.
More recently, many other studies involving *Mg QCPMG NMR
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appeared, including investigations about the Mg environment in micro-
porous Mg-containing aluminophosphates with varying Al/Mg ratios™
and in layered Mg phosphates.'”® Mg QCPMG NMR was also used to
probe the Mg environments in the Mg silicate forsterite (Mg,SiO,)'" and
to study its dissolution mechanism—in this case, using information
provided by 'H—*Mg CP QCPMG NMR spectra as well.''” Moreover,
Pallister et al.>’ made wide use of QCPMG (in static and in MAS-synchro-
nised experiments) for the analysis of a series of organic and inorganic Mg
compounds presenting large C, values (typically above 5MHz). The
compounds with reported QCPMG spectra included MgzN,, Mg(VO3),,
Mgs(VOy)z, a-MgSOy, B-MgSO, and Mg(Acac),*2H,0. The example of B-
MgSQ, is illustrated in Figure 11. This was the compound with the largest
quadrupole coupling among the oxygen-coordinating Mg anhydrous
salts studied in that work. The very broad CT static spectrum (total
breadth ~120kHz) was recorded with QCPMG,; the use of rotor-synchro-
nised QCPMG-MAS (at a speed of 16kHz, which is close to the maximum
value attained with the used 4mm rotor) led to the achievement of a
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Figure 1 “*Mg QCPMG NMR spectra of B-MgSO, recorded in static (A) and in MAS (B)
experiments at 21.1T, compared with the respective simulated spectra. Reproduced from
Pallister et al.,** Copyright 2009, by permission of the PCCP Owner Societies.
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spectrum with a complex shape, containing intense spinning sidebands.
The simulation of the envelope of both QCPMG spectra (also shown in
Figure 11) allowed the extraction of the quadrupole parameters with good
accuracy: Cq=10.4(1)MHz, 14=1.00(2).

Regarding the use of methods based on population transfers, DFS was
used in combination with QCPMG in the studies referred to above involv-
ing Mg-containing aluminophosphates® and phosphates.'” In 2008,
Freitas et al.*' reported for the first time the use of adiabatic inversion
pulses with the purpose of enhancing the CT signal in Mg NMR spec-
troscopy. The model compound used in that work was magnesium dis-
odium ethylenediaminetetraacetate tetrahydrate (Na,MgEDTA -4H,0).
As mentioned in Section 1.4, this compound showed a moderate quadru-
pole coupling (C;=1.675MHz) and fast spin-lattice relaxation, allowing
the achievement of spectra with high S/N ratio in short time: a recycle
delay of 50ms combined with an acquisition time of 40ms was sufficient
for the complete recovery of the thermal equilibrium populations of the
+1/2 energy levels in MAS experiments. Due to these facts, this com-
pound was extensively used as a “test sample” for the implementation
of signal-enhancement methods, using the experimental set-up tuned
at the Mg NMR frequency.*' In that work, the authors compared the
performance of WURST and HS pulses with DFS, achieving enhancement
factors of 2.2 for the adiabatic pulses and 2.6 for DFS (as compared to the
CT intensity recorded in a standard Hahn-echo experiment). These some-
what low enhancement factors (compared with the ideal values of 3.0 and
5.0 in the cases of complete saturation and perfect inversion in the right
order of all STs, respectively, as described before) were attributed to the
fast spin-lattice relaxation found for 25Mg nuclei in Na,MgEDTA +4H,0,
which causes a rapid re-establishment of thermal equilibrium populations
after the disturbing DFS or adiabatic pulses. This relaxation leads to a
partial destruction of the effects of these signal-enhancement methods
during the execution of the pulse sequence. Also, this explains why the
DFS method gave a higher enhancement factor, since the used adiabatic
pulses were longer than the DFS pulse.

As described in Section 2.2, the performance of adiabatic pulses is
especially sensitive to the values of the frequency offsets of the pulses
and this aspect is also affected by the probe response to the large offsets
eventually used for the pulses. The offset dependence of the enhancement
factors obtained with use of HS pulses was also investigated, taking
advantage of the ease to obtain Mg NMR spectra with good S/N ratio
in Na,MgEDTA -4H,0.*' Some illustrative results are shown in Figure 12,
where the enhancement factors obtained in Mg MAS NMR spectra are
plotted against the offsets of the HS pulses used to disturb the popula-
tions of the energy levels. The same plot also includes the theoretical first-
order quadrupole static powder pattern, calculated using the parameters
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Figure 12 Offset dependence of the intensity of the CT resonance in Mg MAS NMR
spectra of Na,MgEDTA-4H,0, recorded with a single HS pulse placed before the spin-
echo sequence. The experimental data (square points) were recorded using a 7mm probe
(with 7kHz MAS rate); the solid red line is just a guide for the eyes. Also shown (blue line)
is the simulated first-order quadrupole static powder pattern for the single Mg site in
this compound.

experimentally determined from Mg MAS NMR spectra in Na,MgED-
TA-4H,0: Cq=1.675(5)MHz, 14=0.15(1), d;5o0=0.25(10)ppm.*" This plot
illustrates a feature already discussed in Section 2.2 and frequently
reported for other half-integer spin quadrupolar nuclei®'*: the enhance-
ment factor curve has a broad maximum for offsets in the region around
the most intense singularities of the static powder pattern, which corre-
spond to the most intense spinning sidebands in MAS experiments.
Further, the signal-enhancement factors decrease for very short or very
large offsets but this depends also on the frequency response of the RF
probe.*' This type of analysis of the effects of the large offsets typically
used for adiabatic inversion pulses is very useful for proper optmisation
of signal-enhancement methods based on po]gulation transfer; it is clearly
advantageous to perform these tests at the Mg NMR frequency with a
sample with good sensitivity such as the Na,MgEDTA +4H,0 compound.

Other examples of use of methods based on population transfers in
Mg NMR were provided in the comprehensive work by Cahill et al.*’
These authors used FSG-RAPT as a routine signal-enhancement technique
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Figure 13 Mg MAS NMR spectra of MgCO;-Mg(OH),3H,0, recorded using the FSG-
RAPT signal-enhancement method (top) and a simple two-pulse Hahn-echo experiment
(bottom). Both spectra were acquired at 11.75T, with the same experimental conditions.
Reproduced from Cahill et al.*® Copyright 2009, with permission from Wiley.

executed before the recording of a two-pulse Hahn-echo experiment.
A fixed offset (200kHz) was used for the FSG pulses at 11.75T, leading to
moderate sensitivity enhancement for a variety of different organic and
inorganic compounds. As an example, Figure 13 shows a comparison of
the Mg MAS NMR spectra of the compound MgCO;+Mg(OH),+3H,0,
obtained with and without use of the FSG-RAPT pulse train. Both spectra
were recorded using the same experimental conditions so that the differ-
ence in the observed intensities is a direct measure of the enhancement
provided by FSG-RAPT. In this case, the enhancement factor was ca. 1.8,
significantly below the theoretical limits. This was attributed to the limited
bandwidth of the RF probe, which precluded the use of large offsets.
However, the increase in S/N ratio compared to a simple two-pulse
experiment is evident, showing how useful these techniques based on
population transfers are, even without detailed optmisation.

3. FIRST-PRINCIPLES CALCULATIONS IN SOLID-STATE
MG NMR

Calculations of chemical shielding and EFG parameters for crystalline
materials have become a valuable tool for the interpretation of solid-
state NMR data. With the advent of powerful computational resources
and methods that allow calculations to be performed within a reasonable
time, quantum chemical first-principles approaches are nowadays feasi-
ble and of very great applicability to NMR."""""'* Former studies dealt
with the prediction of chemical shifts and other NMR parameters from
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first principles in isolated molecules and clusters, with use of computa-
tional packages well known in quantum chemistry, such as Gaussian.''*™'°
Whereas these methods showed some success in solid-state NMR spectros-
copy, the need to take into account long-range interactions demanded the
development of techniques appropriate for extended systems. In crystalline
materials, the translational symmetry can be exploited to allow calculations
of parameters depending on long-range effects, such as the electrostatic
interactions responsible for EFGs in crystal lattices. Approaches including
the full-potential linearized augmented plane wave (FPLAPW) and the
projector augmented wave (PAW) methods were applied with success for
EFG calculations and interpretation of quadrupole parameters derived
from NMR or NQR data in many solids.'"”""*' An “all-electron” scheme
using density functional theory (DFT) approach combined with FPLAPW
and related methods was implemented into the Wien code, which has
been used for many years for calculating several electronic and
magnetic properties of crystalline materials.'**'*> This scheme is recog-
nised for its high accuracy but suffers from the limitation of significant
computational cost.

To calculate chemical shielding in the solid state, it is necessary to
consider the electronic response of crystalline systems to an applied
magnetic field. Former studies employed molecular cluster models for
these calculations, with the gauge-including atomic orbital (GIAO)
method'** and by testing different basis sets implemented in packages
such as Gaussian, for example.''® More recently, an alternative approach
appeared, allowing first-principles calculations of EFG and chemical
shielding parameters (among other properties) in extended systems, as
implemented in the CASTEP code.'*'** This DFT-based code employs
the gauge-including projector augmented wave (GIPAW) formalism,
combined with plane-wave basis sets and pseudopotentials to distinguish
between core and valence states.''!"''*'*” CASTEP is currently the most
commonly used code to perform calculations of parameters in solid-state
NMR of crystalline systems.

There are several examples of successful calculations of shielding and
EFG parameters for many quadrupolar nuclides in solid-state NMR (see,
e.g., Ref. 128 and references therein). In the case of Mg nuclide, earlier
reports involving computation of NMR parameters were generally
concerned with EFG tensor calculations, either using point-charge models
or the FPLAPW apyroach.%’n’l17’129’130 The first quantum-chemical-
based predictions of Mg chemical shielding parameters (together with
EFG data as well) were carried out using Gaussian, in systems restricted
to a single molecule or to small molecular clusters.”*”"'"” CASTEP calcu-
lations for ’Mg started to be reported in the mid-2000s*>"*! and, in 2009,
two extensive independent accounts appeared almost simultaneously,
comparing CASTEP predictions to Mg NMR experimental data in a
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series of organic and inorganic compounds.*”*’ More recently, CASTEP
calculations have been used to support experimental solid-state Mg
NMR results in various materials, such as the ferroelectric compound
BaMgF,,'?* the polymorphs of enstatite (MgSiO3)'*® and some layered
Mg phosphates (in this latter case with comparison to results of Gaussian
calculations obtained using molecular clusters).'”®

One of the pioneering reports of calculations of Mg NMR parameters
was a paper co-authored by the creators of Wien code."'” In this work, EFG
tensor calculations for both Mg and O nuclei were performed for
forsterite (Mg,SiO4) with the FPLAPW method, with use of either the
generalized gradient approximation (GGA) or the local density approxi-
mation (LDA) for computing the charge density.''* After comparing the
EFG parameters (Vzz and nq) with previously reported experimental
values,” the conclusion was that the GGA performed better. It is interest-
ing to observe that such former Wien calculations gave better results when
compared to experimental data—reported independently and in reason-
able agreement by Derighetti et al.,”” Pallister et al.”” and Davis et al."”—
than recently reported CASTEP calculations.’** A similar situation
occurred also in the case of magnesite (MgCQOj3), for which Wien calcula-
tions reproduced quite well the experimental C, value'”’; on the other
hand, the values obtained with CASTEP (even after geometry optimisa-
tion) were significantly discrepant, which led the authors to describe this
observation as “‘a mystery”.>” Wien calculations were also used to inter-
pret the Mg EFG parameters in the intermetallic superconductor com-
pound MgB,, in excellent agreement with experimental results.”*'*

The molecular cluster approach was used to calculate EFG and shield-
ing tensors in a number of Mg-containing organic complexes, includin
metalloporphyrins and chlorophyll, using the Gaussian package.”*”"'’
Special care was taken in these reports regarding the choice of the basis
sets, which was evaluated by considering the agreement between pre-
dicted and experimental results. This approach was reasonably successful
especially for EFG calculations in these materials, which are, in general,
simpler and less demanding of computational capacity than chemical
shielding calculations. The largest Mg Cq values ever reported were
found in nitrogen-containing compounds presenting Mg—N bonds, as
in bis(pyridine)-(5,10,15,20-tetraphenylporphyrinato)magnesium(II) (15.32
MHz), monopyridinated aqua(magnesium) phthalocyanine (13.0MHz)
and chlorophyll a (12.9MHz); these values agreed reasonably well with
Gaussian-predicted results’>! and also with CASTEP calculations.*’ Infor-
mation on chemical shielding was difficult to obtain experimentally in most
of these samples due to the strong quadrupolar broadening of the reso-
nance lines. A remarkable case was that of the compound bis(cyclopenta-
dienyl)magnesium (MgCp,), for which Mg QCPMG NMR spectra
revealed the largest shielding ever reported for 2E’Mg (0iso=—91ppm).
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This result was correctly predicted by Gaussian calculations, which also
predicted a small CSA effect, difficult to observe at the magnetic field
strength used in that study.'” As for EFG data, the best results were
obtained with the restricted Hartree-Fock (RHF) method, but the agree-
ment with the experimental values was marginal: the calculated values
closest to the experimental data [C*P =5.80(5)MHz and 75 *=0.01(1)] were
Ce°=5.13MHz and 7n5°=0.23. ThlS discrepancy was attrlbuted to the
1nab111ty of the single-molecular approach used to represent the long-
range electrostatic interactions responsible for the EFG. In fact, more recent
CASTEP calculations using the PAW approach predicted Ccak’v6 0MHz
and 75'°20.1, in better agreement with the experimental data. 3940

CASTEP calculations have also been performed in many crystalline
inorganic Mg compounds. MgO is probably the simplest Mg compound
to be studied, with a cubic environment around the Mg** ion and thus
zero EFG at the Mg nucleus. Rossano et al.'*' studied the effect of
temperature increase in the range of 25-1000°C on the calculated 7O
and Mg chemical shifts, using the GIPAW method. They showed that
the experimentally observed increase of the isotropic chemical shift as a
function of temperature'** could not be accounted for solely by thermal
expansion of the crystalline lattice; instead, it was necessary to consider
the vibrational corrections associated with thermal fluctuations of atoms
around their equilibrium positions.'*' MgBr, was also investigated in a
study involving Mg as well as ’Br and ®*'Br NMR experiments plus
first-principles calculations. CASTEP-derived Mg Cq values were three
to four times bigger than the experimental result (0.85MHz), with the best
agreement obtained after full geometry optimisation of the crystalline
structure of the compound.*” However, it is intriguing that excellent
agreement has been obtained between experimental and calculated EFG
parameters for Br/®'Br nuclei after structure optmisation, whereas the
agreement achieved for Mg data was quite poor.

Comprehensive Mg NMR investigations of a series of different Mg-
containing compounds—including organic and inorganic compounds, both
in oxygen as well as in non-oxygen local environments—were reported by
Pallister et al.> and by Cahill et al.,** with comparisons between experimen-
tal data and CASTEP calculations of EFG and shielding parameters. EFG
calculations were performed following three different strategies: directly
employing crystallographic data from the literature, with full geometry
optimisation of the crystal structure (i.e. allowing all atomic positions to
relax) or with geometry optimisation of only the proton positions. The
calculated Mg NMR parameters were extremely sensitive to the details
of the crystal structure, and the best method of geometry optimisation was
somewhat different from sample to sample. In most cases, best agreement
was obtained using unoptimised structures, but some exceptions were
observed especially for materials where crystallographic information was



Recent Advances in Solid-State Mg NMR Spectroscopy 59

based on early X-ray diffraction data (which were not appropriate for
determining atomic positions of light atoms such as hydrogen) instead of
neutron diffraction. In these cases, the use of proton optimised structures
was preferable. Full structure optimisation gave the best results in the case
of compounds with nitrogen atoms in the first coordination sphere around
Mg, which is an indicatlon of the sensitivity of the calculations to the
positions of soft ligands.*” During geometry optimisation, it was observed
that even small changes in Mg—O and Mg—H bond lengths (~0.001 A)
resulted in large changes in C4 values (up to ~0.2MHz in some cases), which
is an indication of the high accuracy required for the crystal structure in
order that the predicted NMR results can be reliably compared to experi-
mental data.

Parenthetically, it is worth noting that this difficulty is not just for Mg
NMR calculations, but it is a general feature found in many modern
computational methods applied to NMR analysis, both for spin 1/2 and
for quadrupolar nuclei. It seems that many former (and in some cases well
established) crystallographic data need to be revised in light of the new
information brought about by “NMR crystallography” methods. %1313
Strategies for structure determination based on first-principles methods
have been proposed as a means of complementing/correcting previous
diffraction results or to address new structures not accessible to conven-
tional diffraction experiments (see Ref. 137 and references therein).

Mg NMR spectra recorded for both organic and inorganic salts
showed that EFG and shielding parameters are extremely sensitive to
hydration effects,™® a behaviour that was correctly reproduced by
CASTEP calculations.”*’ The hydrated Mg sulphates provide a good
example of this. The Mg NMR spectra of MgSO,-H,O (one site with
large disorder in Mg environment), MgSO4-6H,O (two sites) and
MgSO,-7H,O (one site) are very different.*” CASTEP calculations of Cq
nq and Jis, gave acceptable results in the case of MgSO,- H,0* and
MgS0,-7H,0.* As for MgSO,-6H,0, although similar MAS spectra
were presented by Pallister et al.”” and by Cahill et al.,** different fitting
models were used in these reports, giving discrepant EFG and shielding
parameters. Pallister et al.>’ used spectra recorded with MAS and in static
experiments, obtaining C;=0 and 2.147MHz for sites 1 and 2, respec-
tively. These values did not compare well with the CASTEP predictions of
3.460 and 1.904MHz, respectively. A better agreement with CASTEP-
predicted values was obtained by Cahill et al.,*’ who used experimental
spectra recorded at multiple magnetic field strengths (11.7, 14.1 and 18.8T)
to constrain the spectral simulation. It is interesting to mention that, in the
case of one of the crystalline sites (named site 1), the best agreement
between experimental (1.65MHz) and the calculated (1.40MHz) Cq value
was obtained without any structure relaxation (i.e. using an unoptimised
structure from the literature). However, for site 2, with an experimental
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Cq of 2.40MHz, the unoptimised structure calculation gave C;=1.86MHz,
whereas full geometry optimisation led to a much better calculated value of
Cq=2.36MHz. These facts illustrate that the choice of the best structure to
be used in calculations of Mg NMR parameters is still an open issue that
needs to be addressed case by case.

Besides being useful for interpretation of Mg NMR data, first-prin-
ciples calculations of EFG parameters are also valuable when experimen-
tal data are not available or are difficult to obtain for some specific sites.
A nice example of this is provided by the Mg NMR studies of enstatite
(MgSi0O3). Although the crystal structure of the room temperature poly-
morphs of enstatite contains two Mg sites, only one site was detected in
early Mg MAS NMR experiments, with Cq estimated at ~2.4MHz.**
However, CASTEP calculations predicted very different C, values for the
two sites (2.54 and 14.0MHz).*’ The site with larger C, is quite difficult to
be observed using standard MAS or static experiments, due to excessive
quadrupolar broadening; so in this case, the results of first-principles
calculations were useful to guide the experiments aiming the observation
of the previously missing Mg site. The two sites were unambiguously
detected in a recent study'® of two enstatite polymorphs (clinoenstatite
and orthoenstatite), using QCPMG and the variable offset cumulative
spectroscopy (VOCS) method to allow the detection of the severely broad-
ened spectrum associated with the site with larger Cy. The experimental
values were Cq=2.6 and 2.8MHz for the first site and C;=12.6 and 12.8
MHZz for the second site in clinoenstatite and orthoenstatite, respectively.
In this study, new CASTEP calculations were presented, with good agree-
ment between experimental and calculated values of Cg, 74 and .
Calculations were performed also for a metastable polymorph (protoen-
statite), predicting a large difference between C, values for the two sites in
this case, as well.'*?

The calculation of isotropic chemical shifts is also possible, but it
should be noted that first-principles methods allow the calculation of
the absolute shielding tensor associated with each site, whereas experi-
mentally one measures the chemical shift with respect to a reference
substance.® Thus, in order to make direct comparisons of isotropic chemi-
cal shifts, it is necessary to calculate beforehand the absolute isotropic
shielding corresponding to the reference (). This has been done before
with Gaussian calculations, taking the fully hydrated Mg*" ion in [Mg
(H,0)s]*" as the shielding reference (since, as mentioned in Section 1.4,
the commonly used experimental reference is a saturated aqueous solu-
tion of a Mg”" salt such as MgCl,).”'"” To avoid the possible introduction
of errors associated with this extra calculation, an alternative procedure is
to take the y-intercept (i.e. at d;s,=0) of the linear regression obtained from
the plot of the calculated isotropic shieldings as a function of the experi-
mental isotropic chemical shifts. This procedure was followed in several
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recent reports dealing with CASTEP calculations, with quite consistent
values obtained independently (and using different sets of experimental
and calculated values) for o, 566.1(1.0),> 565(3),* and 565.7ppm.133

In the case of materials with multiple Mg sites, the results of DFT
calculations of isotropic chemical shifts help in the assignment of the
different NMR peaks. This is the case of MgSO,+6H,0, for which the
calculated 65, values of 7 and 4ppm allowed (together with the C, values
mentioned above) the assignment of sites 1 and 2, with experimental J;s,
values of 6 and 5ppm, respectively.”” Mg formate dihydrate is another
example of this: the existence of two crystallographically distinct sites
(but with close values of Mg—O bond lengths and O—Mg—O bond
angles) in Mg NMR spectra was demonstrated using MQMAS by
Sham and Wu,* but no assignment of the NMR parameters to each site
was possible. Cahill et al.* studied this compound again, recording
spectra at multiple magnetic field strengths and obtaining quadrupolar
and shielding parameters different from those of Sham and Wu.*’ This
discrepancy—which was also noted by Pallister et al.>” in other organic
compounds—was attributed to possible problems with purity and/or
hydration degree of the samples used in the Sham and Wu study. Using
CASTEP calculations of isotropic chemical shifts and EFG parameters,
Cahill et al.** were able to unambiguously assign the distinct resonances
to each crystallographic site of Mg formate dihydrate.

DFT calculations also help to study the contribution of CSA to the
spectral lineshape, which is generally difficult to assess in Mg NMR
spectra due to the dominance of quadrupole effects. An example of this
was provided by Hung and Schurko,'”” as mentioned above, who used
Gaussian calculations in MgCp, to predict a small CSA contribution to the
Mg NMR powder pattern, with a span of Q~40ppm. This could not be
verified by comparison with experimental results, since the quadrupole
effects were far more important at the modest (compared to today’s state-
of-art) magnetic field strength of 9.4T. The good agreement between the
calculated and measured isotropic chemical shifts lent, however, good
confidence on the reliability of the CSA tensor predictions. CSA tensor
parameters were calculated using CASTEP by Pallister et al.”* and
observable effects at high magnetic field (21.1T) were reported for Mg
(OH); (brucite), MgzN, and a-MgSO,. The largest observed anisotropy
value (Ad) was obtained for MgsN,, with an experimental value of 42(6)
ppm and a calculated value of 40.84ppm. This compound showed the
most deshielded Mg environment, with experimental and calculated d;s,
values of 101(2) and 100.9ppm, respectively. A calculation was also per-
formed for MgCp, (although no new experimental result at a magnetic
field higher than the one used by Hung and Schurko'” was presented),
with an anisotropy of Ad=53.74ppm. In most cases, however, the calcu-
lated CSA effects were minutely compared to the quadrupolar ones.”
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To conclude this section, we present in Figure 14 a plot of calculated
versus experimental values of i, and Cg, constructed mostly from the
results of the two comprehensive CASTEP-based reports mentioned
above,”* but also including a number of other results.®*>°0°172107-
109,117129,152133 Tt s interesting to note that a good correlation is observed
for a quite wide range of chemical shifts (Figure 14A), effectively from 100
to —100ppm. Apart from some extreme cases—high deshielding for
MgsN, and Mg,Si, the largest shielding for MgCp,—most J;5, values are
clustered around Oppm, especially for compounds with Mg in octahedral
O-coordinating environments.*

As for Cq calculations (Figure 14B), good agreement between measured
and calculated values is generally obtained, including the cases of very
large quadrupole couplings referred to above (organic compounds with
Mg—N bonds and one of the Mg sites in enstatite), but a number
of failures and drawbacks are also noted. Similar plots for the asymmetry
parameter (74) show considerably hlgher scatter and less agreement
between calculated and measured values.*’ Distinct from the chemical
shift case (where the points are more or less symmetrically distributed
around the line corresponding to a slope of 1), there is a trend for overesti-
mation of Cq in all classes of compounds. EFG calculations in forsterite
(Mg,S5i,04), magnesite (MgCO;) and MgBr, are among these cases, as
mentioned above, and other compounds with poor agreement
between theoretical and experimental data include Mg(VOs), and Mg
(NO3),:6H,0. Apart from inaccuracies in the crystal structures used,
there are other effects that can contribute to lack of agreement between
experimental and calculated values. First, a precise knowledge of the
degree of hydration in the case of Mg salts (which can be sensitive to
ambient moisture) is necessary. Elemental analysis and thermogravimetry
help to assure that one is dealing with the same compound (and hopefully
with the same structure) both in the experiments and in the calculations.
Another important point to be considered is the effect of thermal motion of
the atoms/ions. All calculations are usually based on rigid crystal struc-
tures, corresponding to 0K (an exception to this is the already-mentioned
theoretical work by Rossano et al.'*' on MgO). On the other hand, all NMR
experiments reported above were performed at room temperature, where
atomic motion is certainly present. This can be particularly problematic for
soft ligands and water molecules. The averaging effect associated with
thermal motion can be one of the reasons for the generally observed fact
that calculated C, values were mostly overestimated as compared to
experimental data 3940 Finally, the existence of problems intrinsically
related to the pseudopotentials used to represent the electronic wavefunc-
tions for Mg and neighbouring atoms has also been considered as a
possible source of disagreement between calculated and CASTEP-
predicted NMR parameters.*”'*
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Figure 14 Comparison between calculated and experimental values of Jis,

(A) and C, (B), for different Mg-containing compounds. Data taken from Refs. 38—
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to illustrate the deviation between the experimental and calculated values. In the case of
different experimental and/or calculated values reported for the same compound,

all available data are included. The calculated values in each case correspond to the
best choice among the various available possibilities given in each independent report.
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4. APPLICATIONS OF SOLID-STATE MG NMR

4.1. Mg metal, alloys, MgB, and other intermetallics

The main experimental difficulties associated with Mg NMR measure-
ments in metallic samples come from the usually broad character of the
spectra (affected by Knight shift and quadrupole coupling) and the skin
depth problem related to the electrical conductivity of the material.'*®
Due to these facts, spectra are typically recorded using fine powders (or
files), with broadband probes and by employing echo pulse sequences.’

Mg NMR results for hcp Mg metal have been recently revisited by
Bastow and Celotto,”” using a moderate magnetic field strength (9.4T).
They reported a well-defined spectrum dominated by first-order electric
quadrupole coupling, with clearly visible ST features surrounding the
sharp CT line. From this spectrum, values of Cq=0.260(5)MHz and 7,=
0 (consistent with the axial symmetry imposed by the hcp crystal struc-
ture) were derived, along with the isotropic Knight shift (Kis,) of 1150(5)
ppm. These values compare well with previously reported data.”®®*”!
The spectral lineshape was analysed in detail by Bastow and Smith.”” The
filing process was found to affect the quadrupole powder pattern, with
the singularities associated with STs being severely smeared as conse-
quence of the creation of a distribution of EFGs within the material; on the
other hand, after annealing the sample, these singularities were clearly
observed, allowing the accurate measurement of quadrupole coupling
parameters. By comparing static and MAS spectra, the origin of the
broadening of the CT resonance in the static case was attributed to a
combination of Knight shift anisotropy (KSA), dispersion of isotropic
Knight shifts, dipole-dipole coupling and second-order quadrupole
effects, all these affected by residual structural defects not removed by
annealing.”’ The temperature dependence of Knight shift and quadrupole
parameters in Mg metal was also investigated. A reduced temperature
coefficient was determined for Kjs,, as compared to other hcp metals (such
as Zn and Cd). In the range from room temperature up to the melting
point of Mg metal (922K), K, was found to increase up to ca. 1220ppm.”"
At low temperatures, Ki,, *° and the Korringa product T;T% were both
reported to be nearly temperature independent. The quadrupole coupling
showed a much stronger temperature dependence, with ca. 10% increase
on decreasing the temperature from 400 to 150K.%

Mg-Al alloys and intermetallics have been the focus of many investi-
gations motivated by the interest in these materials due to their industrial
use in the manufacture of lightweight components. Mg NMR spectra of
Mg-rich alloys are similar to Mg metal. The alloy Mg-6wt% Al was
studied by Bastow and Smith,”” who reported a slight shift of the reso-
nance compared to that found in pure Mg metal (~16ppm upfield) and a
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strong increase in the CT linewidth (fivefold), this latter effect being
attributed to a distribution of Knight (or chemical) shifts caused by Al
substitution into Mg sites. At the same time, the ST singularities were
smeared out, as a consequence of the existence of a distribution of EFGs
also associated with substitutional disorder, and the C, value showed a
reduction of ~15% in comparison to Mg metal. The intermetallic com-
pound Mg;,Al;,, which precipitates as a stable phase in Mg-rich Mg-Al
alloys, was also investigated by Mg NMR. The spectrum was composed
of three separate resonances, associated with the three crystallographically
distinct sites in the structure of the compound.”””* One of the sites (named
2a, with the lowest occupancy) had cubic symmetry, such that Cq=0.
A second site (named 8c, with intermediate occupancy) showed axial
symmetry (17q=0) and moderate quadrupole coupling; the first-order
inner STs (corresponding to +1/2« £3/2 transitions) were not observed
in a former investigation,”’ but they were clearly detected in a more recent
spectrum recorded with improved S/N ratio,”” which allowed the accu-
rate determination of Cq=0.87MHz. The third site (named 24g, with high-
est occupancy) showed the highest quadrupole coupling, giving rise to a
CT resonance with second-order quadrupolar lineshape, from which accu-
rate quadrupole parameters were determined: Cq=2.2MHz and 74=0.90.

In the Al-rich side of the Mg—Al phase diagram, Mg NMR spectra of
dilute Mg species entering as substitutional defects into the fcc Al lattice
were composed of a single and sharp resonance with a shift quite distinct
from pure Mg metal.”” This resonance was also easily distinguished from
that in the intermetallic Mg,Als;, which forms as a precipitate with ageing
in Mg—-Al solid solutions with Mg contents around 10at.% and above. The
latter resonance was also relatively narrow and showed no evidence of
quadrupolar structure. Owing to the distinct shifts, growth of the Mg,Al;
phase was monitored as a function of ageing time in Al-10at.% alloy,
which was first quenched from the heat-treated solution at 550°C and
then subjected to ageing at 150°C.”*

Other intermetallic compounds involving Mg also studied by Mg
NMR include Mg,Si,*** Cu,Mg,* Mg,Sn, MgZn,, CuMg,, Y,Cu,Mg
and AlL,CuMg.”> Among these materials, Cq values are less than ca.
8MHz, and Knight shifts typically lie in the range of 500-1700ppm. The
semiconducting compounds Mg,5n and Mg,Si (both with cubic crystal
structure) show much lower shifts, as expected, and zero quadrupole
coupling. A very accurate measurement of the isotropic chemical shift in
Mg,5i was provided recently by Pallister et al.®’: 0iso="61.67(10) ppm; this
value agreed well with CASTEP calculations of the shielding constant
performed by the same authors.

Perhaps the Mg intermetallic compound which attracted most interest
in the past 10 years is MgB,. The reason for this lies in its superconductiv-
ity below 39K, which is an unusually high value for a phonon-mediated
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BCS superconductor.'® Soon after the discovery of this phenomenon in
March 2001, two independent Mg NMR reports appeared (as well as
many other "B NMR studies), with complementary and consistent
results. The first one was by Mali et al,'* who performed variable-
temperature static experiments on a powdered MgB, sample. The room
temperature Mg NMR spectrum of the CT is shown in Figure 15; the
inset shows the spectrum recorded in a wider spectral range, from which
the inner ST singularities can clearly be observed. These spectra were
interpreted in terms of an axially symmetric Mg site in the MgB, hexago-
nal crystal structure, giving the quadrupole parameters Cq=1.480(10)
MHz and 74=0. The downfield shift of the CT with respect to the Larmor
frequency of Mg in an aqueous solution MgCl, is also apparent, allow-
ing the calculation of the Knight shift. The authors took the point in the
powder pattern corresponding to the crystallites oriented with c-axis
parallel to the external magnetic field (indicated as 0=0° in the figure)
to measure the component of the Knight shift tensor named K., since for
this particular orientation, the second-order quadrupole-induced CT shift
is zero.® The parameters K. and Cq were measured for temperatures
varying from 294K down to 19K (still in the normal conducting phase
in the presence of the large magnetic field of 9.047T), remaining constant
at 242(4)ppm and 1.480(10)MHz, respectively. From the deviation of the

4 T ] I
41.8° 90° 25 -
I(\\ Z20
s15 =
3 0°f+ 2 i 2|
- 210 =
2 § : ;‘ p
= 250 N . W
> l o _&‘.La_'ﬁlil.d‘___h.
2 2340 2350 2360 2370
S 2t Frequency (MHz) H
2
‘0
5 [ v
g Y
By=9.047T—
i l\ T=294K
0 -
23.570 23.575 23.580 23.585

Frequency (MHz)

Figure 15 **Mg NMR CT spectrum of MgB,, recorded at 294K under a magnetic field of
9.047T (corresponding to the Mg Larmor frequency v,=23.571MHz). The spectral
features corresponding to crystallites with c-axis oriented at three specific angles with
respect to the magnetic field are indicated. Inset: The same spectrum is recorded with a
higher spectral width, allowing the detection of the inner ST singularities. Reprinted with
permission from Mali et al.'*® Copyright 2002 by the American Physical Society.
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observed powder pattern with respect to ideal second-order quadrupolar
powder patterns, a small KSA was estimated as K,,—K.~10ppm. For
temperatures below 19K, the shape of the CT spectrum changed, which
was interpreted as a signature of the onset of superconductivity for
crystallites oriented perpendicular to the magnetic field."*" Spin-lattice
relaxation was also studied, evidencing a relaxation mechanism domi-
nated by purely magnetic interactions. From the determined T; parame-
ter, the Korringa product T;T was calculated, which remained nearly
constant in the temperature range studied (30-294K).

The study by Bastow,”” with commercial MgB, powder at room tem-
perature, confirmed most of these findings. The quadrupole coupling
constant was calculated from the separation of the inner ST singularities,
giving Cq=1.49MHz (and 74=0), in good agreement with the results by
Mali et al.'* The isotropic Knight shift was determined by fitting the
quadrupole perturbed CT lineshape, giving Kis,=260(10)ppm. KSA was
also estimated from this powder pattern, but the obtained value K,,=50
(10)ppm was of relatively low accuracy and did not agree with the results
by Mali et al."” or with theoretical predictions (see below). In fact, Bas-
tow”” reported that the incorporation of KSA did not improve the quality
of the fitting of the CT lineshape and attributed the deviations from the
expected second-order quadrupolar plus KSA powder pattern to be due
to the existence of disorder in the material. Spin-lattice relaxation mea-
surements indicated again a purely magnetic relaxation mechanism and
T, values depending on the crystallite orientation.”

The experimental results of EFG, Knight shift and spin-lattice relaxa-
tion described above were in satisfactory agreement with ab initio calcula-
tions performed using LDA'! or DFT-based FPLAPW methods.”*"*
Pavarini and Mazin'*' used LDA to calculate spin-lattice relaxation
rates T; ' and Knight shifts for both Mg and ''B nuclei, which are related
to the electronic spin susceptibility of electrons close to the Fermi level.'®
It was shown that both the Knight shift and the spin-lattice relaxation in
Mg NMR of MgB, are dominated by the Fermi-contact interaction. The
calculated values of K., K,; and of the Korringa product T1T (all without
any renormalization factor) showed good agreement with the experimen-
tal results reported later by Mali et al.'? and also with the Kiq, results of
Bastow.”” As for the EFG results, Tsvyashchenko et al. predicted the value
Vz7=-3.2x10*V/m?* for the principal component of the EFG tensor
along the c-axis, using the FPLAPW method implemented in the Wien
code'; a later calculation performed by Bastow using the same method
agreed with this result.”” The V, values derived from the experimental
Cq data of Mali et al.'® and Bastow,”? both around 3.1 x 10*°V/m?, were
also in well accord with the absolute value of this calculation (since NMR-
derived quadrupole parameters are insensitive to the sign of the EFG
components). The success of the comparison between experimental data
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and ab initio theoretical predictions in this case (which also occurred for
"B NMR data) is testimony for the appropriateness of the LDA and
FPLAPW methods when applied to the calculations of MgB, properties
and parameters.

4.2. Oxide-based crystalline inorganic materials

Magnesium oxide is a good starting point to examine the use of Mg
NMR to probe inorganic materials since its rigorously cubic structure
results in an EFG of zero and hence produces a narrow resonance. In
series of reports, the isotropic chemical shift of MgO is given in the range
of 25-26.5ppm, which in such a narrow resonance does represent a fairly
significant variation. As mentioned in Section 3, there have been two
recent, extensive reports of solid-state Mg NMR in a wide range of
materials, combining experimental work with first-principles calcula-
tions.** Pallister et al.” suggested that the variation reported for the
shift of MgO could be due to the uncertainty introduced from variations
in the external reference (commonly a solution of a Mg>" salt). Cahill
et al.* looked at variations in the shift and found only a very small (~0.5
ppm) variation in the shift values for different solutions, but this could
explain the differences in the MgO reported shifts. The value of the Mg
isotropic chemical shift of MgO should now be taken as 26.264+0.05ppm,
from Pallister et al.*” One of the first reports of Mg NMR from a solid
was from the paramagnetic solid solution Ni.Mg;_,O at 18.36 MHz.””
MgO can exhibit a long spin-lattice relaxation time, but this is reduced
by the addition of the paramagnetic ion, increasing observability. Addi-
tion of Li" although distorting the lattice did not cause any change in the
linewidth or shift. However, addition of Ni*" does cause a significant
increase in the linewidth which is inversely proportional to temperature.
There was also a change of intensity, as those Mg sites which are close to
the Nii*" centre are broadened beyond detection and the paramagnetically
shifted Mg sites observed are due to more distant Ni*" ions. The *Mg
NMR spectrum of pure MgO has also been recorded from room tempera-
ture to 1300°C, but there was little variation in d;;, and T; over this
temperature range.134 The small change observed in d;, with temperature
was in the opposite direction to that expected from simple bond length
correlations, necessitating an explanation in terms of the orbital overlap
being increased by the thermal vibration.'** DFT calculations helped to
elucidate this point,'*" as described in Section 3. A more recent study
centred on 'O NMR in nanocrystalline MgO with crystallite sizes in the
range of 1.8-35nm, where the 70 NMR results revealed three sites, two
from the bulk and one from a surface oxygen site."*> Mg NMR on the
same samples showed that there was a progressive increase in the line-
width from 450Hz to ~2kHz and the corresponding isotropic shift
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decreased from 25.3 to 18 ppm and could not be detected in samples with
particles below 1.8nm. To increase the stability of nanocrystalline MgO
samples, SiO, and Al,O; were added as pinning particles.'** As samples
were annealed, the nanocrystallites were preserved to higher tempera-
tures due to the action of the pinning particles. However, there is some
reaction with the pinning particle to form intermediate phases, which are
spinel (MgAl,O,) and forsterite (Mg,SiO4). Mg NMR on the silica-
pinned sample showed the singularities of the second-order quadrupolar
lineshape of one of the magnesium sites of forsterite, and the linewidth of
the dominant MgO resonance decreased as the MgO particles grew.'*’
ZnO shows the hexagonal wurtzite structure and magnesium has some
solid solution behaviour substituting into the structure which means that
in principle the magnesium should be in an MgQO, coordination. A very
ill-defined 25Mg NMR lineshape was observed from Zng gsMgp 150 from
which it was difficult to extract any NMR parameters, but it did appear
that the intensity was around —30 to —40ppm.'** The MgO, unit is
expected to be quite distorted so significant second-order quadrupole
effects could be shifting the resonance well away from the isotropic
chemical shift. Also the 12 next nearest neighbours will be a range of
combinations of zinc and magnesium, and these could also be having an
effect on the electron density and hence the shielding of the nucleus. The
fact that no sharp resonance was observed at the MgO position strongly
indicates that the magnesium is not present as a separate oxide phase.
Mg MAS NMR was also used to study the occurrence of MgO nanopar-
ticles in hybrid films of fluorinated polyimide (PI), prepared from Mg
acetate tetrahydrate.'*> The insertion of MgO nanoparticles was investi-
gated as a means of enhancing the thermal conductivity of the films.
The Mg NMR spectrum of the PI/MgO film cured at 380°C showed
the expected resonance for MgO, clearly evidencing the conversion of the
organic precursor to MgO upon thermal curing.

Magnesium hydroxide [brucite, Mg(OH),] has also been studied with
reports using powders and single-crystal work.’***!* Pallister et al.”
recorded recently some high-field data on a deuterated sample
(Figure 16) where it was shown that there was little difference between
the MAS spectra of Mg(OH), and Mg(OD),, indicating that the 'H—*Mg
dipolar interaction has little effect. The parameters agreed well between the
high-field value and the single-crystal work of Bastow'* (see also Table 2).
The relatively small dipolar interaction means that brucite provides one of
the few examples of Mg NMR where the CSA can be detected, with an
anisotropy of Ad=15.75£3.00ppm and asymmetry of ncsa=0.0£0.1,
using the definitions of Equations 4 and 5. Mg NMR has been used to
investigate the role of Mg(OH), as a fire retardant in ethylene-vinyl acetate
copolymers.'” The very significant change in the lineshape indicated that
on combustion a glassy phase was formed that was the source of the
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Figure 16 Experimental and simulated Mg NMR spectra of Mg(OD), recorded at 21.1T,
for (A) MAS (10kHz) and (B) static conditions. (C) Representative portion of the brucite
unit cell showing the one crystalline Mg site in the lattice. Calculated CSA and EFG
tensor orientations are shown for one Mg atom. Reproduced from Pallister et al.,*®
Copyright 2009, by permission of the PCCP Owner Societies.

retarding action. Mg NMR has been used to study the thermal decompo-
sition of Mg(OH), to MgO. There was definite evidence from this data of
the coherent growth of small domains of MgO which then at higher
temperature coalesce into larger crystallites.**

A range of other simple oxygen-containing compounds have been
studied by Mg NMR to determine if the NMR parameters can differenti-
ate the oxygen coordination. MgAl,O, made up of MgO, units showed a
shift difference of +25ppm compared to MgO (with MgOs coordina-
tion).” Inorganic phases where the oxygen comes from water of hydration
or silicate units are examined below. Recent high-field studies have com-
pared experimentally derived parameters and those from DFT calcula-
tions in a series of anhydrous compounds.*”*’ In magnesite (MgCO3), the
calculations showed excellent agreement with the asymmetry parameter
of 74=0, as expected from the C3 symmetry for the unique magnesium site
of the crystal structure.’”'*” Comparison of static and MAS data showed
that there is no CSA present and accurate values of Cq were extracted
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between studies, although this result could only be reproduced well by
Wien calculations'® (and not by more recent CASTEP results™). Five
natural magnesites were compared®® and spectra with broadly the same
linewidths were observed, but with differing spectral resolution and defi-
nition of the second-order quadrupolar lineshape. Such effects are often
observed in natural samples as a result of atomic substitutions, creating
local structural disorder, but especially as a result of the presence of iron
(and other paramagnetics) that causes paramagnetic broadening. The loss
of resolution made accurate extraction of the NMR parameters difficult.
The thermal decomposition of MgCO; to form MgO has also been fol-
lowed by Mg MAS NMR.®® The much sharper MgO resonance at ~25
ppmis well separated from the second-order quadrupolar lineshape of the
carbonate so the formation of MgO is readily detected. NMR reveals
the presence of MgO before XRD, which can often be the case because of
the differing length scale sensitivities of the two techniques. The much
shorter length scale of NMR means only local MgO-like environments are
necessary for its detection by Mg NMR. The thermal decomposition of
MgCO; was contrasted to that of dolomite [MgCa(COg,)z].63 The 25Mg
MAS NMR spectrum of dolomite is considerably narrower than for mag-
nesite, indicating a much more symmetric magnesium environment in the
dolomite structure. As the dolomite sample is heated, again a well-sepa-
rated MgO resonance is detected, although initially it is broader (65Hz)
than the eventual linewidth after heating above 800°C (35Hz) (Figure 17).
Again the presence of MgO is detected some 100°C prior to its being
detected by XRD. Hence, initially some very small MgO-like domains
must be formed that go undetected by XRD, which then grow to become
sufficiently large that XRD can readily detect them.®®

In the perovskite-like compound MgTiO;, the NMR lineshape
revealed a site with 1,=0.10+0.03 which was accurately verified between
two separate studies at different fields.”'*® Although the crystal struc-
ture requires Cs, symmetry at the magnesium site, the very close agree-
ment between the two studies must indicate that small local distortions
give rise to a slightly different local geometry at the magnesium sites.
Spectra from a range of oxygen-coordinated magnesium species in vari-
ous inorganic compounds have been reported including various phos-
phates® and vanadates,”*” which are summarised in Table 2. Mg NMR
data combining static and MAS experiments at two magnetic fields (9.4,
21.17T) along with DFS and QCPMG approaches have been reported for
some layered magnesium phosphates which have a range of potential
technological applications (e.g. ion exchangers, catalysts).'”® Three such
phases with known structure were studied with the MgOg units showing
only a very small shift variation, but with a much larger range of C, values
(see Table 2). Although there was a reasonable correlation using ideas of
distortion of the local environment (vide infra), there are definite
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Figure 17 Mg MAS NMR at 11.7T at 10kHz showing the decomposition of dolomite at
~—8ppm and the subsequent formation of MgO with various heat treatments (A—F).
Reprinted from MacKenzie and Meinhold,®®> Copyright 1993, with permission from
Elsevier.

contributions to the EFG from beyond the immediate local coordination.
In a closely related layered material (MgHPO,4-1.2H,0) of unknown
structure, the Mg NMR data showed there was only one Mg site with
MgQOg coordination, which was slightly more distorted than in the other
layered phosphates studied.'”® Mg NMR has been reported from the
microporous sodalite structured magnesium aluminophosphate MgAPO-
20 combining data from 9.4 to 14.1T and using the DFS-QCPMG
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approach.”® As magnesium can substitute into the aluminophosphate
framework, it produces a charge on the framework that can tailor the
ion-exchange capability. The MgO, environment showed a small C of 3.8
MHz and a small CSA (with a span of 2<15ppm), again indicating a
relatively small distortion of the MgO, unit. The isotropic shift was in the
range expected for this coordination at 50+5ppm.*® The overall summary
from the oxygen-containing materials is that the dominant coordination
for magnesium is octahedral, with the occasional observation of tetrahe-
dral environments. The shift range with oxygen coordination for magne-
sium in this series of anhydrous compounds (excluding silicates) is from
ca. 50ppm for MgAL,O, and MgAPO-20 to —10.6ppm for one of the sites
of MgMoO,.

There are many hydrated magnesium salts and in these the oxygen
coordinating the magnesium can come from water molecules alone or a
mixture of water molecules and other oxygen within the structure. When
water molecules are the exclusive local coordination, the shift range is
very small and close to Oppm, indicating its close similarity to the envi-
ronment found in the reference solution. As other O~ ions coordinate in
addition to the water oxygen, small shift variations are detected. How-
ever, the small shift range gives a clear indication of how dominant the
local, nearest neighbour coordination sphere is in determining the shield-
ing in such systems. There is a much more significant variation in the
quadrupole parameters, where Cq ranges from 0MHz in MgCl,-6H,0 to
6.55MHz in one of the sites in Mgg(PO4)2'8H20.39 There was on the whole
quite good agreement with DFT calculations, although some cases where
noticeable discrepancies occurred were noted, which could possibly be
related to motion of the water molecules.’” The strong variation of Mg
NMR parameters with hydration state was noted even in some of the
early studies, with the Mg linewidth increasing significantly as water is
lost from the initially fully hydrated MgCl,-6H,0 to the partially dehy-
drated MgCl,-xH,O (x<6).” A series of sulphates again showed a
marked variation in the lineshape as the hydration state varied
(Figure 18).*° In MgSO,-H,0, a single magnesium site is obtained, but
with a clear distribution of parameters indicated by the tail of the reso-
nance to low frequency.®** MgSO,+6H,0 has two magnesium sites which
were unambiguously simulated using data at three magnetic fields (11.75,
14.1, 18.8T). A single magnesium site is observed for the sulphate phase
with seven water molecules. These latter two samples are much more
highly ordered than for the monohydrated sulphate, suggesting that there
is a small chemical shift to lower frequency with increased hydration.*’

Mg NMR was used to investigate the cation ordering in Mg/ Al
LDHs.** These are compounds with the formula Mg _,Al(OH),
(NO3),*yH,0O, which are of large current interest due to applications involv-
ing their anion-exchange capability. Studies combining fast-spinning 'H
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Figure 18 2°Mg MAS NMR experimental (upper trace) and simulated (lower trace)

spectra recorded at 14.1T using 4kHz MAS from (A) MgSO,-H

20, (B) MgSO4'6H20 and (C)

MgSO,+7H,0. The asterisk in each spectrum indicates a spurious background signal
arising from the probe. Reproduced from Cahill et al.,*® Copyright 2009, with permission

from Wiley.
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NMR and Mg NMR performed with samples having different Al contents
(MgAI-19, MgAl-25, MgAl-33, with 19%, 25% and 33% Al, respectively)
evidenced the occurrence of cation ordering within the metal hydroxide
layers of sample MgAl-33 (with Mg:Al ratio of 2:1). Partial ordering was
observed in samples with lower Al content, with avoidance of direct contact
APT-AP*. Mg MAS NMR spectra were recorded at high magnetic field
(21.1T) for the LDH samples and compared to brucite [Mg(OH),], all with
*Mg at natural abundance. Samples MgAl-19 and MgAl-25 showed the
superposition of a brucite-like lineshape with contributions from other sites.
In sample MgAl-33, the spectrum was again dominated by a second-order
quadrupolar CT MAS powder pattern for a single site, but with an increased
Cq (4.6MHz) and nearly unaltered 74 (0) and dis, (13ppm) as compared to
brucite. This new component was interpreted as due to an axially symmetric
Mg environment of the type Mg(OMg);(OAl);, associated with a honey-
comb-like ordering of Mg and Al.*® A sample with the same Al content as in
MgAI-33 but enriched in *Mg was also studied by MQMAS (3Q) at 19.5T.
The analysis of the resulting 2D spectrum (with a single peak in the isotropic
dimension) evidenced the existence of only one Mg local environment in
this material, in agreement with the 1D *Mg MAS NMR spectra.

Hydrotalcite, MgcAl,(OH)1,CO3-4H,0, is another LDH phase with
the carbonate anion (CO3)*". Thermal decomposition of this phase has
uses including in catalyst supports, flame retardants, absorbents and
anion exchangers. Mg NMR of the thermal decomposition of hydrotal-
cite® showed the loss of a broader second-order quadrupolar lineshape to
produce a much narrower line at the MgO position after heat treatment at
600°C. It was expected that, after heating to higher temperature, the MgO,
unit from MgAl,O4 should become visible as XRD clearly shows its
presence, but this was not observed.®®

Silicates and aluminosilicates form a large group of materials where
the local coordination is also by oxygen. The Mg NMR interaction
parameters have been reported for a series of mineral-related samples
which included the 2:1 magnesiosilicates talc, hectorite, saponite, mont-
morillonite and phlogopite, the 1:1 layer magnesiosilicates chrysotile,
antigorite and other magnesium-containing minerals sepiolite, palygors-
kite, enstatite and forsterite.>* The data were collected at 11.7T with a
spinning speed of 20kHz using single-pulse excitation, which meant with
the relatively low observation frequency (30.5MHz) the first 100ps of the
time domain was missing and linear back prediction was used to recover
the full data set. Forsterite (Mg,5iO,) has two inequivalent magnesium
sites M1 and M2, and very accurate Mg NMR single-crystal data have
been obtained using DNP.” The quadrupole interaction at the two sites in
this mineral has been calculated by superposition analysis of the struc-
tural distortion of the oxygen coordination octahedra.” A more recent
study at 21.1T on a powder sample® reproduced closely the single-crystal
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values and was supported by DFT-derived values (Figure 19). The two
sites can be well resolved and the sites can be differentiated on the basis of
the Cg, q and i, values. A shift difference of more than 12ppm does
suggest that the shift could be a potentially useful discriminator alongside
DFT calculations. A recent detailed study'”” used a combination of MAS,
30QMAS and static QCPMG experiments and previously reported first-
principles calculations''” to confirm the resonance assignment with the
crystallographic sites. Forsterite is the pure magnesium end member of
the olivine series which is an important mineral in Earth sciences and its
dissolution behaviour was studied using 251 MAS, 'H—2Si CPMAS,
Mg QCPMG and "H—*Mg CP QCPMG.""° On dissolution, the changed
magnesium environments were not readily observed probably due to a
low concentration and increased quadrupolar broadening.

Another important mineral is enstatite (MgSiO;), a member of the
pyroxene family that has three polymorphs. The original report by MacK-
enzie and Meinhold®* only showed one magnesium site, whereas the
crystal structure is known to contain two inequivalent magnesium sites.
The existence of distortion in the other site, leading to excessive broaden-
ing, was invoked to explain this result. The quadrupole parameters and
isotropic chemical shift of the second site were calculated by Cahill et al.,*’
using CASTEP: C;=14.0MHz, 73=0.26 and 6;s,=13ppm. A very recent
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Figure 19 (A) Mg MAS NMR spectrum at 21.1T using 8kHz MAS with a single-pulse
experiment from natural forsterite (Mg,SiO,), showing both crystalline Mg sites clearly
resolved along with (B) a representative portion of the forsterite unit cell showing the
two crystallographically unique magnesium sites. Reproduced from Pallister et al.**
Copyright 2009, by permission of the PCCP Owner Societies.
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study performed at strong magnetic fields (14.1 and 20.0T) using MAS
and static QCPMG VOCS experiments helped to solve this inconsis-
tency.'*® This was also backed up by DFT calculations, which showed,
in agreement with the previous prediction,* that the two sites have very
different quadrupole parameters, with the second site (Mg2) having a C,
some five times that of the more readily observed site (see Table 2). This
was shown to be true for all three polymorphs, with the static VOCS
spectrum clearly revealing the site with the larger C, for the first time
(Figure 20).

*Mg-enriched silicate minerals diopside (MgOg coordination) and
akermanite (MgO, coordination) show a large difference in the shift
(ca. 40ppm).'*® This shift difference between units was confirmed in a
later study of leucite (K;MgSisO;,), which also contains magnesium in
MgO;, coordination and shows a much higher isotropic shift than the
majority of shifts reported from minerals, although from the lineshape
the value could not be precisely determined.'”” The dominant coordina-
tion in such materials is MgOg, with some MgQO, units seen, with the only
report for an MgOs unit reported so far in the fascinating mineral grand-
idierite. From grandidierite, a fairly broad resonance was observed with
some hint of quadrupolar features.” A J;, value for this MgOs bipyrami-
dal unit was given as 55+2ppm, which might be an underestimate of the
likely error value, but looks to be more positive than the MgO, shifts
reported, which could be related to boron and aluminium next nearest
neighbours. Pyrope [Mg3Al»(SiO4)3] has magnesium in an MgOg coordi-
nation, but the width of the resonance at 8.45T meant that the isotropic
chemical shift could not be determined with sufficient precision to make
any comment on the ability of the shift to distinguish this coordination.*®
More data are still required to have a real view on the *’Mg chemical shift
ranges of coordinations in silicates, and the long-range structural effects
that influence these ranges will need to be understood.

The high-temperature behaviour of silicates will provide some infor-
mation about minerals under natural conditions, and Mg NMR mea-
surements at temperatures up to 1400°C have been used to investigate the
mechanism of magnesium exchange between different sites in crystals
and melts. High-temperature Mg NMR spectra of a single crystal of
forsterite (Mg,SiO,) have allowed the magnesium exchange between the
different sites to be measured, giving results which are in agreement with
estimates of the hopping frequency based on diffusion data.'”’ Magne-
sium in molten silicates has also been studied by Mg NMR which
showed that melting is accompanied by an increase in the shielding of
~4ppm. This suggests an increase in the average coordination of the Mg,
which again tends to have a preference for octahedral coordination in the
melt."”* Spin-lattice relaxation studies in molten magnesium silicate sug-
gest that magnesium’s motion is strongly coupled to motions of the
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Figure 20 (A) A >>Mg MAS NMR spectrum of orthoenstatite recorded at 14.1T.

(B) A Mg QCPMG VOCS spectrum of orthoenstatite recorded at 14.1T. The spectrum is
the result of co-adding four subspectra recorded in steps of 50kHz across the Mg2
resonance, resulting in a total experimental time of 3.8 days. (C) An expanded view of the
Mg2 resonance is shown in (B), together with a fit to the observed spikelet manifold
(shown in red). Reprinted from Griffin et al.”®® Copyright 2011, with permission from
Elsevier.

network, since there was a correlation of the shear viscosity relaxation
with the NMR correlation time related to T;.'>?

*Mg NMR can be used to provide information on the thermal decom-
position of silicates and aluminosilicates such as for the asbestos mineral
chrysotile [Mg3Si,Os(OH),]. Combining 25Mg and 2’Si NMR showed the
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thermal decomposition to be quite a complex process. Loss of the hydro-
xyls was accompanied by the formation of a Mg-rich amorphous phase,
which from the shift tended to suggest that the Mg is octahedrally coor-
dinated, which then subsequently transforms to forsterite at 670-700°C.%®
On occasions, very significant loss of signal intensity can occur as heat
treatments progress. This observation parallels that from the early days of
%7 Al (see Ref. 6 and references therein). For Al this became understood
in terms of some signal not being recorded due to significant quadrupolar
broadening at the magnetic fields and MAS rates available. The thermal
decomposition of the related layer-lattice mineral talc, MgeSigO20(OH)4,
was shown to form orthoenstatite, MgSiOj3, by a simple reaction in which
the Mg remains in octahedral coordination throughout.®® Very closely
related to talc is the synthetic mineral hectorite [(Mgs 3Lig ¢)SigO20(OH)4-
Nago-nHy0], where some magnesium is substituted by lithium. The
thermal decomposition of hectorite was followed by a combination of
Mg, ’Si and "Li NMR.®” Again the silicate structure becomes disrupted
by the loss of hydroxyls from the layers such that the MgQOg sites become
progressively more distorted, as reflected by broadening and intensity
loss of the ’Mg signal, but again the Mg remains in octahedral coordina-
tion throughout.®” The range of studies by MacKenzie and Meinhold in
the mid-1990s showed how useful the addition of Mg NMR was to the
NMR methodology, as it shows directly the fate of the magnesium in the
system. This early work pushed the limits and it would be very interest-
ing indeed to use the very much higher magnetic fields and MAS rates
now available to revisit some of these studies.

It is clear that the ability to calculate NMR parameters using DFT
calculations is changing the methodology of relating experimental data
to structural features. This approach does require some knowledge of the
structure. Hence, correlations of NMR parameters to structural features
provide a practical way to make initial estimates as to what is happening
to the structure. This is especially useful when the phases formed are
disordered and do not have a well-defined crystal structure. For local
coordination with M—O bonds, Ghose and Tsang'** defined longitudinal
and shear strain parameters in terms of the deviations of the bond lengths
and angles, respectively, from the ideal coordination polyhedron around
the nucleus of interest. The initial ideas were developed for *Al, but
given the similarity in the coordination chemistry with Mg, the ideas
can be transferred directly across. The longitudinal strain was defined as

=3 ()

where [; and [, are the actual and ideal Mg—O bond lengths, respectively,
for all the direct bonds to the magnesium site of interest. The ideal bond

; (16)
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length is derived from a perfect octahedron with exactly the same volume
as that in the structure, but with no distortion. The shear strain is defined
in terms of the O—Mg—O bond angles and is given by

¢ =D ltan(0; = 0o)], (17)

where again the subscripts i and o designate the actual and ideal bond
angles, re fectlvely (for an octahedron, e.g., 0,=90°). MacKenzie and

Meinhold** also looked at the distortion index (DI) which was defined as
12
_ |9i — 90|
DI=)" 0. (18)

A linear relationship was found between Cq and DI for a subset of 15
minerals such that the relationship

Cq (in MHz) = 41.1DI + 1.05 (19)

was observed.** Another suggested correlation was between C, and the
shear strain:

Cq (in MHz) = 2.18|¢| 4 0.832. (20)

There is no fundamental reason why these relationships should be linear.
However, reasonably §ood linear correlations have been found in the
study by Cahill et al.™ between C, and |«|, where for the inorganic
compounds studied with magnesmm in octahedral coordination, a corre-
lation coefficient (R?) of 0.754 was found. This correlation would assign all
the two site magnesium structures correctly (as confirmed by DFT) on the
basis of the longitudinal strain. The correlation over a large number of
Mg—O octahedral units showed a much poorer correlation with the shear
strain, with a worse correlation coefficient suggesting that the point-
charge model is not sufficient to capture all the structural features deter-
mining the NMR parameters from beyond the immediate coordination
sphere. The reasonable correlation found by MacKenzie and Meinhold>*
on the more limited set of data was attributed to all the samples included
(other than hydrotalcite) being anhydrous. When water is included in the
coordination sphere, it can have a significant effect on C,.

Oxide ion-conducting ceramics have also been recently studied using
solid-state Mg NMR. Buzlukov et al.'** investigated the compounds
La; _,Sr,Ga; —Mg,O3_,, with x varying from 0.0 to 0.2, combining 2SMg
with ”'Ga NMR data to get information about oxygen environments of
magnesium and gallium and also using '’O NMR to study the thermally
activated motion of oxygen ions in the material. The static Mg NMR
spectrum of the most doped compound (x¥=0.2) showed a relatively
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narrow resonance close to the Larmor frequency, with a small quadrupo-
lar broadening (~0.2MHz) attributed to effects of charge disorder in the
outermost atomic shells. The conclusion was for the magnesium environ-
ment in the form of symmetric MgOg units, with no vacancy in the first
coordination shell around Mg in these compounds.'>*

43. Crystalline non-oxide inorganic materials

The occurrence of magnesium in environments where it is coordinated by
elements (X) other than oxygen is much less common. These compounds
cover a wide range of covalency of the Mg—X bonds. The ionic end of
such compounds includes anhydrous magnesium halides where for MgF,
the Mg Cq was reported from low temperature (77K) NQR field-cycling
double-resonance experiments, which revealed a moderate coupling con-
stant of 3.438MHz.">> In MgCl,, the magnesium is sited in an octahedral
coordination, and although there is a relatively small shift from the
octahedrally coordinated environment by water in the hexahydrate,
there appears to be quite a large increase in Cq in the anhydrous material®
from the value of zero in the highly symmetric environment of the
hydrate. In BaMgF,, which forms a ternary diamagnetic end member of
some ferroelectric quaternary fluorides, magnesium appears in MgF,
coordination. This material was recently studied by static Mg NMR at
14.1T.”* A well-defined second-order quadrupolar lineshape was
observed that did not require any CSA to obtain a good fit. There was
some discrepancy between the experimentally determined NMR para-
meters and those obtained from GIPAW DFT calculations using the
CASTEP code (see Table 2), which was attributed to limitations in the
pseudopotentials used. Data recorded at 150 and 292K showed no real
variation in the NMR parameters, although subtle changes may have been
masked by the broad static NMR lines observed. Mg NMR parameters
from MgH, *° revealed one of the few cases where DFT calculations
underestimated the magnitude of C,. Both non-zero C4 and 7 are entirely
in keeping with D,, symmetry at the magnesium site. MgS has the same
cubic structure as MgO and similarly exhibits a zero EFG and hence a
very sharp resonance, but with a shift difference of ~27ppm.*

In more covalently bonded inorganic compounds such as MgzN; in
which the magnesium is in MgN, coordination, the single Mg site shows
very strong deshielding, with an isotropic chemical shift determined of
101.042.0ppm.”” The most recent study at high field (21.1T) revealed a
very large C4 of 9.3004+-0.050MHz which was in very good agreement
with the CASTEP calculation.® This reflects the distorted local tetrahedral
environment and points to why an earlier study at the much lower
magnetic field of 8.45T had trouble recording the lineshape accurately.”
This material also has the largest CSA so far reported for Mg at
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AS~42ppm.*’ An early study of related nitride phases MgSiN, and
MgAISiNj; carried out with MAS at 10kHz at an applied magnetic field
of 11.7T revealed several peaks.'” If the Cq in these compounds
approached that reported for Mgs;N,, these experimental conditions
would only cause partial narrowing of the resonance.

4.4. Glassy inorganic materials

The short-range, atomic length scale information provided by NMR
means that materials which show structural disorder can be probed,
with the structural disorder being reflected in a distribution of interac-
tions. This causes, for example, broader lines and a blurring of sharp
spectral features that allow the more precise determination of the NMR
interaction parameters in crystalline materials. Nevertheless, one of the
great advantages of NMR is that key structural information is still readily
available even with the loss of spectral resolution, for example, estimates
of the quadrupole coupling, changes of coordination number and connec-
tivity of the network.® In aluminosilicate glasses, >’ Al NMR has been very
widely used to probe the changes of aluminium coordination.'”” The
coordination of magnesium in aluminosilicate glasses is potentially a
very important question giving the possibility that magnesium, which
in crystalline aluminosilicates is predominantly found in octahedral coor-
dinations, could occur in tetrahedral coordination. This possibility would
have profound consequences for the thermodynamics of aluminosilicate
melts which are core to much geochemistry. For example, having a
magnesium silicate melt as the pressure is increased with an element
such as magnesium which can comparatively easily change its coordina-
tion compared to silicon offers different viscosity—pressure behaviour
compared to other compositions. As magnesium is a relatively light
element, there are relatively few probes that can provide unequivocal
information about its coordination, hence this provides one of the drives
to develop solid-state Mg NMR.

The first Mg NMR results from glasses were reported for two 96.75%
*Mg-enriched glasses based on the diopside (CaMgSi,O¢) and leucite
(K,MgSis0;,) compositions.'*”'*® It was interesting to note that no signal
could be obtained on these samples previously at 9.4T"*’ compared to the
14.1T used in the more recent studies. As expected, the Mg resonances
from the glasses were considerably broader than from the corresponding
crystalline materials and showed the expected ““tail”” to negative shift that
is expected from a distribution of quadrupolar interactions for half-inte-
ger spin quadrupolar nuclei.”” As the MAS rate increased, there was
a shift in the peak maximum, and the linewidth increased as sites
with larger quadrupole coupling constants became successively nar-
rowed."””'®" A larger range of structures are probably present in the



Recent Advances in Solid-State Mg NMR Spectroscopy 83

diopside glass compared to the leucite composition as there was a greater
change in the spectrum observed in increasing the spinning speed from 10
to 20kHz. A key observation from this initial work was that the most
deshielded (positively shifted) edge of the spectra of glassy and
corresponding crystalline materials did not change very much, indicating
insignificant differences in i, values and thus suggesting that the mag-
nesium coordination in the glass was similar to that in the original crystal.
In high-field data from diopside glass,'”* an isotropic chemical shift of 21
ppm was reported in the melt at 1400°C, deshielded by some 13ppm from
the environment found in the mineral. The data from the diopside glass
appeared to lie in the range defined by the crystal and the melt. In the
work by Kroeker and Stebbins,'® the shift parameters for diopside sug-
gested that the magnesium coordination was octahedral, which appar-
ently contradicted the X-ray absorption results. This discrepancy
probably reflects the shortcomings in both techniques at definitively
identifying the coordination number under the experimental conditions
pertaining at that time. The change of magnesium coordination in a glass
could be related to the cation field strength, defined as the ratio of the
formal charge (Z) of the cation and the square of the average distance to
oxygen for that cation in the coordination it finds itself in (4°). As the field
strength of the cation varies, magnesium ability to coordinate oxygen
changes and hence the nature of the local coordination is likely to change,
as observed between leucite and diopside glasses.'™

More recently, there was extension of the study of glasses to still
higher field of 21.8T. A range of glasses prepared from 99%-enriched
PMgO were investigated, separated into two groups: MgSiOs;, CaMg-
51,06, CaxMgSirO7; and MgsAlLSizOq, (group A) and Na,MgSirOg and
K;MgSi,O¢ (group B); comparison to diopside and akermanite was also
presented.**'®! The two groups showed distinct spectra as can be seen by
a comparison of the studies at two magnetic fields of 16.4 and 21.8T
(Figure 21).*> The MAS spectra show a broader component that sits on
potentially an even unnarrowed component for group A compared to B.
The nature of the spectra shows just how crucial the combination of high
field and moderate MAS of 18kHz was since there is just separation of the
sidebands from the centreband, even under these high-field conditions.
This is almost certainly the reason why work at lower field did not
produce any observable resonance.

The MAS experiments were then extended to 2D 3QMAS experiments.
Comparison of the two groups showed the much broader peaks of group A
(with width of 140-190ppm at 21.8T) peaked at —46.3 to —25.7ppm,
whereas the narrower peaks on group B with width of 90-100ppm
(at 21.8T) peaked at —3.4 to —0.9ppm. The 3QMAS NMR data from the
groups differed as well, with the group A glasses suggesting multiple, but
potentially distinct sites whereas group B showed effectively a single type
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Figure 21 Comparison of 2>Mg MAS NMR spectra at 16.4 and 21.8T for representative
glasses from group A, MgSiO; (A), and group B, K,MgSi,Og (B). Asterisks indicate spinning
sidebands. Reprinted with permission from Shimoda et al.*? Copyright 2008 American
Chemical Society.

of site but with a distribution. In the MgSiO; glass, it was suggested that the
magnesium coordination could be a mixture of MgOs and MgOs environ-
ments whereas in the K;MgSi,Og glass coordination was probably MgQO,,
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agreeing with the previous conclusion of Kroeker and Stebbins.'* '’O MAS
NMR provides an interesting alternative perspective in that it showed'®
that in K-Mg silicate glasses the Mg preferentially bonded to non-bridging
oxygens, with the K™ ions associated with bridging oxygens. In contrast, in
Ca-Mg glass, there was no bonding preference detected by '’O NMR. The
cation bond strength argument advanced probably explains this as the
magnesium changes from dominantly MgO, to MgOs in these glasses.
Shimoda et al.** analysed all the data that was available at the time for
Mg NMR in such aluminosilicate systems and showed an interesting plot
of diso for Mg against the cation field strength (Z/d?), Figure 22. Clear
clustering of the shifts around the tetrahedral and octahedral values was
observed that showed a strong dependence on the cation field strength.
There was a clear break in the data in the region of the cation field strength
0.30-0.33, suggesting magnesium’s behaviour changes around here. This
observation would also explain why on lithium-related glasses magnesium
again shows octahedral coordination as opposed to tetrahedral in the
sodium and potassium analogues, since lithium has a much stronger cation
field strength compared to the other two alkali metals.*?

Amorphous slags—which are by-products of iron- and steel-making
processes—constitute another example of Mg-containing glassy materials
studied using Mg MQMAS NMR experiments at high magnetic
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Figure 22 2*Mg isotropic chemical shift as a function of the average modifier cation
field strength (Z/d*). Reprinted with permission from Shimoda et al.,** Copyright 2008
American Chemical Society, where the references to the numbered data points can be
found.
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fields.*”*3 In a first work, two slag samples containing Mg at natural
abundance were investigated at 16.4T in comparison to model com-
pounds, showing the presence of Mg species other than MgO and Mg
(OH),.*” More recently, a multinuclear study combining "0, *Mg, ’Al,
#Si and **Ca NMR in a synthetic model slag enriched in 7O, Mg and
**Ca was carried out.* The Mg MAS NMR spectrum was quite similar
to the one of CaMgSi,Os glass.”"'" Mg 3QMAS NMR spectra revealed
the presence of two sites with i, of 10 and 17ppm, both associated with
MgOsg units. However, the occurrence of minor amounts of sites with
MgO, or MgOs coordination could not be disregarded, considering the
quite broad distribution of shifts observed in the 2D spectra.*’

In a series of magnesium silicate glasses of composition MgO,(S5iO5); _ »
(0.50<x<0.667), nine compositions were studied.*” As MgO is added, 2964
MAS NMR revealed a depolymerisation of the silicate network. The *°Si
NMR spectral intensity was used to determine the variation of the different
Q" species present and compared to the binary and random models for
the potential distribution. The observed distribution was between the two
extremes, with at some compositions the distribution being much closer to
a statistical distribution. The Mg MAS NMR spectra revealed the classical
“tail” distribution as expected from a quadrupolar nucleus in a glass.® The
average isotropic chemical shift was 17ppm and C;~7.6MHz, indicating
that the sites are quite distorted. However, the majority of magnesium is of
the MgOs type, although with the available S/N ratio on these natural
abundance samples, the presence of a small fraction of lower coordinations
could not be ruled out. It was clear from overlaying the spectra that there
was very little change in the typical coordination of magnesium across the
series.”” In comparison with other structural probes, this provided clear
evidence that any structural model for these glasses needs to have very
little MgO, (and MgOs) content.

Another situation where magnesium-containing glasses are important
is in the production of densified non-oxide ceramics such as SizN,; and
sialon compounds. MgO is often added in small quantities to promote
densification during sintering. Mg NMR has been used to study the
effect of 10wt% additions of MgO to SizN, sintered at 1500-1700°C. The
Mg MAS NMR spectra of these samples showed two broad resonance
bands with no specific shape that had some similarity to what had been
observed in MgSiN, and MgAISiNj, suggesting that the magnesium finds
its way into a glassy intergranular phase.'”® The positions of the reso-
nances at ~35 and ~—80ppm suggest that both 4- and 6-coordinated Mg
sites are present, probably stabilised by nitrogen. Again some caution is
necessary here, since under the conditions used in this study, there may be
broader spectral components that are only partially being observed. The
magnesium is most likely present in a Mg—Si—O—N glass formed by
reaction of the MgO with the surface oxide and part of the nitride
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component and this glass is not readily recrystallised."”® Sintering of other
oxynitride ceramics using MgO was also studied by Mg NMR in the case
of B'-sialon'®® and X-sialon.'®* All these results suggest multiple magne-
sium sites probably in both tetrahedral and octahedral coordination.

We conclude this survey of applications of solid-state Mg NMR to
studies of inorganic materials given in Table 2, a compilation of the
experimentally derived solid-state Mg NMR parameters (Cq, 74 and
0is0) Teported to date for a large number of non-metallic Mg-containing
inorganic compounds. Also mentioned in the table are any points of note
such as the special methods used to improve sensitivity or resolution in
the performed experiments (e.g. isotopic enrichment, QCPMG, methods
based on population transfers, MOMAS, STMAS, etc.) and the eventual
discrepancies observed between results achieved by different
researchers.

4.5. Mg-containing organic compounds

Most of the early work dealing with Mg NMR in Mg-containing organic
compounds involved the use of isotopically enriched compounds. More
recent reports make use of intense magnetic fields and of signal-enhance-
ment methods as those described in Section 2, allowing studies of samples
containing Mg at natural abundance. In one of the pioneering studies of
Mg-containing organic compounds, Sham and Wu used *Mg-enriched
samples (synthesised from MgO containing 99.1at.% *Mg) and determined
the quadrupole parameters of a set of Mg*"-binding complexes taken as
models for inner-sphere Mg*" coordination.*” A number of other reports
dealing with solid-state Mg NMR studies in related Mg-containing organic
compounds appeared thereafter, including acetate, chlorophyll, EDTA com-
plex, ATP, proteins and hydroxyapatite.**8°02>5#37107165" Ag mentioned
before, two comprehensive and independent accounts were published
recently, containing a large number of Mg NMR experimental results
in organic compounds (among others) and with detailed comparisons to
DFT calculations.®**° In these studies, a combination of strategies
including high magnetic fields, sensitivity-enhancement methods
(such as QCPMG and FSG-RAPT) and large volume sample holders
made possible the investigation of materials at natural abundance.
Some previously studied compounds were re-analysed in these investi-
gations, confirming and improving the accuracy of previous results;
however, in many cases, important discrepancies were found, which
were attributed to mistakes in previous interpretation of NMR data
(usually acquired at lower magnetic fields) and/or erroneous sample
structural identification in the former studies.’”*

The importance of Mg in biochemistry has been emphasised in many
solid-state Mg NMR studies. In one of the first reports in this field,



TABLE 2 Experimental Mg NMR parameters for non-metallic Mg-containing inorganic compounds

Compound Cq(MHz) 74 diso (PPM)? Comments References
Periclase 0 - 26(1) 33
MgO
Periclase 0 - 25 Study of temperature variation of the 134
MgO isotropic chemical shift, from room
temperature up to 1300°C.
Periclase 0 - 26.54 Experimental data compared with first-
MgO principles calculations in Ref. 131.
Periclase 0 - 26.6 Experimental data compared with first- 34
MgO principles calculations in Ref. 40.
Periclase 0.0 - 26.26(5) 37
MgO
Experimental data supported by first- 39
principles calculations.
Brucite 2.9 0 10(50) Experimental data compared with first- 33
Mg(OH), principles calculations in Ref. 40.
Brucite 3.056(5) 0 13.5 Single-crystal rotation study. 146
Mg(OH),
Brucite 3.15 0 14.1 34
Mg(OH)»
Brucite 3.1 0.05 10 Comparison of MOQMAS and STMAS 30
Mg(OH), experiments, using both enriched and
nonenriched materials.
Brucite 6.9° 0 11.1 Use of MQMAS. See Refs. 30,33,34,39,146 37
Mg(OH), for other Cy results not agreeing with

this work.



Brucite
Mg(OH),

Forsterite
Mg28104
Site 1
Site 2
Forsterite
Mg,SiO,
Site 1
Site 2

Forsterite
Mg25104
Site 1
Site 2
Forsterite
Mg25104
Site 1
Site 2

3.091(10)

4.996
4.313

n.d.
4.3

5.097(30)
4.169(40)

5.33(7)
431(5)

0.00(1)

0.963
0.396

n.d.
0.40

0.97(2)
0.40(2)

0.99(1)
0.39(4)

11.8(2)

n.d.c
n.d.

n.d.
51(2)"4

14.5(1.0)
2.4(1.0)

n.d.
n.d.

Experimental data supported by first-
principles calculations. A small CSA
contribution was calculated and

detected using static experiments with
the deuterated compound, Mg(OD)s.

Use of DNP in single-crystal studies.
Experimental data compared with
first-principles calculations in Refs.
40,109,117.

Forsterite was detected as a secondary
phase in thermally annealed silica-
pinned MgO. d;5, value not in
agreement with a more recent result
given in Ref. 39.

Experimental data supported by first-
principles calculations.

Use of QCPMG and MQMAS
experiments. Experimental data
compared with first-principles
calculations taken from Ref. 117.

53

143

39

109

(continued)



TABLE 2 (continued)

Compound Cq(MHz) 74 diso (Ppm)° Comments References
Enstatite 2.4/ 0.4/ 27" Sample prepared from talc by heat 34
MgSiO5° treatment at 1300°C, tentatively

identified as orthoenstatite.
Experimental data compared with
first-principles calculations in Ref. 40.
See Ref. 133 for more recent results
comprising the two sites and with d;s,
value not agreeing with this work.

Clinoenstatite A high-field study at 14.1 and 20.0T using 133
MgSiO; a static QCPMG VOCS approach to
Site 1 2.6(1) 0.45(10) record the line due to the site with
Site 2 12.6(2) 0.25(10) larger Cg4. Experimental data

supported by first-principles

calculations.
Orthoenstatite A high-field study at 14.1 and 20.0T using 133
MgSiO; a static QCPMG VOCS approach to
Site 1 2.8(1) 0.65(10) 18(4) record the line due to the site with
Site 2 12.8(2) 0.25(10) 0(20) larger Cg4. Experimental data

supported by first-principles

calculations.
Talc 2.4 0.7%/ 48°F Use of a natural sample. See Ref. 30 for 34
Mg55i,040(OH),’ more recent results not agreeing with

this work.
Talc Use of STMAS. 30
Mg35i4010(OH),
Site 1 2.8 1.0 25(6)

Site 2 2.1 0.3 16(6)



Chrysotile n.d. n.d. —59" Use of a natural sample. 34
Mg35i,05(0OH),4

Diopside 2.00(5) 0.95(5) 8(3) Use of isotopic enrichment. See Refs. 149

CaMgSi,Og 30,150 for more recent results.

Diopside 2.1(1) 0.75(10) 8.0(5) Use of isotopic enrichment. Experimental 150

CaMgSi,Og data compared with first-principles
calculations in Ref. 40.

Diopside 21 0.7 10 Use of STMAS. 30

CaMgSi206

Akermanite 2.8(1) 0.25(10) 49(4) Use of isotopic enrichment. See Ref. 150 149

Ca,MgS5i, 07 for more recent results.

Akermanite 2.8(1) 0.2(1) 47(1) Use of isotopic enrichment. Experimental 150

Ca,MgSi,O; data compared with first-principles
calculations in Refs. 39,40.

Grandidierite 3.8(1) 0.60(5) 55(2) Use of a natural sample. 35

(Mg,Fe)Al;SiBOg

Hectorite 2.2f 1.0/ 43/ 34

[Mgs 3Lig 6]SisO20(OH)4Nag o-nH,O

Antigorite 2.9/ 0.7 50/ Use of a natural sample. 34

(Mg2.81Feo.05)[Si1.95A10.05]05(OH)3.68

Phlogopite 3.0/ 0.65" 68/ Use of a natural sample. 34

K5(Mgs.1Feo 3)[Sis.1Al.1 Tip.1]020(OH)4

Sepiolite 2.7F 0.7 51/ Use of a natural sample. 34

[Mg7.6Alp.46]

5i12.4030(OH)1.8(OHy)4:8HO0 Ko 2

Palygorskite 3.2f 0.5/ 80/ Use of a natural sample. 34

[Mg2.2A11.7Feo.4]318019.6(OH)1 9(OHy)45Cag 4

(continued)



TABLE 2 (continued)

Compound Cq(MHz) 7 Jiso (Pppm)? Comments References
Saponite 0 - 0 Use of a natural sample. The authors 34
MgSiz 4Alp 66020(0H)4(2Ca,Na) 66 report d.;=—1ppm; a broader
component at ca. —30ppm could also
be observed, depending on the
processing methods.
Montmorillonite Use of a natural sample. 34
[Al;MgFe](Siz 5Alo.5)O20(OH),4
(¥2Ca,K)o7
Site 1 2.8 0 —4
Site 2 1.5 0 11
Pyrope n.d. n.d. 0(200)% 33
MgsAly(SiO4)3
Spinel 0 - 52(3) 33
MgA1204
Spinel 0.4(1) n.d. 52(1) Use of a natural sample. C, estimated 150
MgAl,O, from spinning sidebands span range.
Experimental data compared with
first-principles calculations in Ref. 40.
See Refs. 33,39 for other C, results not
agreeing with this work.
Spinel 0.0 - 48.2(1.0) Experimental data supported by first- 39
MgAlL O, principles calculations.
Magnesite' 2.5 0 4.8 Natural samples of diverse geographical 34
MgCO; 2.6 0.3" 8.8" origins gave different results. See Refs.
39,129 for other results not agreeing
with this work.
Magnesite 2.40(2) 0 2647 Experimental data supported by first- 129
MgCO; principles calculations of EFG

components. See Ref. 39 for a more
recent d;s, result not agreeing with this
work.



Magnesite 2.244(20) 0.04(2) -—3.8(2) Experimental data supported by first- 39

MgCO; principles calculations.
Dolomite 0.9 0 —4.3 Use of a natural sample. 34
MgCﬁ(CO:;)z
Artinite 2.05(5) 0.77(10) 5(1) Use of FSG-RAPT. Experimental data 40
Mg,CO5(OH),*3H,0O supported by first-principles

calculations.
Hydromagnesite Spectral shape and quadrupolar features 34
Mgs(CO3)4(OH),4H,0 greatly affected by the processing
Site 1 3.6 0 —4 methods.
Site 2 3.1 0 16
Hydrotalcite 4.4 0 10 34
Mg5Al3(OH)16 ‘1 5CO3 . 36H20
Mg(VOs3), 8.88(20) 0.76(5) —0.4(5.0) Use of QCPMG. Experimental data 36

compared with first-principles
calculations in Ref. 40.

Mg(VOs), 8.850(100) 0.97(2) —8.7(4.0) Use of QCPMG. Experimental data 39
supported by first-principles
calculations.
Mgs(VO,), Use of QCPMG. Experimental data 39
Site 1 2.937(20) 0.36(2) 7.1(3) supported by first-principles
Site 2 8.162(50) 0.20(3) 13.1(3.0) calculations.
a-Mg,V,0; Use of QCPMG. Experimental data 39
Site 1 2.129(20) 0.88(2) 2.8(2) supported by first-principles
Site 2 2.439(20) 0.74(1) —4.4(3) calculations.
MgWO, 2.196(10) 1.002) -1.7(1) Experimental data supported by first- 39

principles calculations.

(continued)



TABLE 2 (continued)

Compound Cq(MHz) 74 diso (PpPM)? Comments References
MgMoO, Experimental data supported by first- 39
Site 1 2.359(40) 1.00(3) —10.6(3) principles calculations.
Site 2 4.287(20) 0.21(2) —8.3(3)
Geikielite 1.88(3) 0.10(3)  11(1)* Experimental data compared with first- 148
MgTiO; principles calculations in Ref. 40.
Geikielite 1.816(20) 0.10(4) 9.9(1) Experimental data supported by first- 39
MgTiO; principles calculations.
a-MgSO4 7.405(50) 0.35(2) —8.1(1.0) Use of QCPMG. Experimental data 39
supported by first-principles
calculations. Detection of a small CSA
contribution.
B-MgSO, 10.4(1) 1.00(2)  0.2(3.0) Use of QCPMG. Experimental data 39
supported by first-principles
calculations.
MgSO,+H,O 1.8(2)F 0.9 -7(1) Use of FSG-RAPT. Experimental data 40
supported by first-principles
calculations. A Gaussian distribution
of Cq was used to fit the spectra, with
mean value of 1.8MHz and
FWHM=1.4MHz.
MgSO,-6H,O 1.6 0° 0(15)" See Refs. 39,40 for other results not 33
agreeing with this work.
MgSO,-6H,0 Use of FSG-RAPT. Experimental data 40
Site 1 1.65(10)°  0.00(1)"  7(1)° supported by first-principles
Site 2 2.40(10)"  0.00(1)° 4(1)° calculations. See Refs. 33,39 for other

results not agreeing with this work.



MgSO4 . 6H20
Site 1
Site 2

MgS0,+7H,0

MgSO,-7H,O
Mg(NH4)2(SO4)-6H,O

MgNO3 N 6H20

Mg3 (PO4)2 . 8H20
Site 1

Site 2

MgHPO4 . 3H20

0.0
2.147(3)"

1.95(10)

1.80(1)
2.613(20)

1.448

1.65(10)

1.496(20)

1.409(10)
6.549(100)
2.493(100)

0.40(2)°

0.40(10)

0.20(2)
0.61(2)

0.74

0.18(10)

0.00(5)

0.52(3)
0.00(10)
0.05(5)

0.2(1.0)

0.18(5)

1.5(2)
7.7(1.5)
~6.3(2)

Experimental data supported by first-
principles calculations. See Refs. 33,40
for other results not agreeing with this
work.

Use of FSG-RAPT. Experimental data
supported by first-principles
calculations.

Experimental data supported by first-
principles calculations.

Experimental data supported by first-
principles calculations.

Data obtained at 77K using NOR with
field cycling and double resonance. See
Refs. 39,40 for more recent and
apparently discrepant results, using
high-field NMR at room temperature.

Use of FSG-RAPT. Experimental data
supported by first-principles
calculations.

Experimental data supported by first-
principles calculations.

Experimental data supported by first-
principles calculations.

Experimental data supported by first-
principles calculations.

40

40

39

(continued)



TABLE 2 (continued)

Compound Cq(MHz) 74 diso (Ppm)? Comments References

MgCl, 1.619(20) 0.00(5) 2.32(10)  Experimental data supported by first- 39
principles calculations.

MgCl,-6H,0O 1.477 0.20 n.d. Data obtained at 77K using NQR with 155

field cycling and double resonance. See
Ref. 39 for more recent and apparently
discrepant results, using high-field
NMR at room temperature.

MgCl,+6H,O 0.0 - —0.16(3)  Experimental data supported by first- 39
principles calculations.

MgBr, 0.85(20) 0 —16.25(15) Experimental data supported by first- 45
principles calculations.

MgBr,-6H,O 1.004 0.52 n.d. Data obtained at 77K using NQR with 155
field cycling and double resonance.

MgF, 3.438 0.28 n.d. Data obtained at 77K using NQR with 155
field cycling and double resonance.

BaMgF, 5.47 0.47 0 Experimental data supported by first- 132

principles calculations. Static data
collected at 14.1T at 292 and 150K,
which showed significant deviation
from the CASTEP calculations
attributed to the limitations of the
pseudopotentials used.

MgS 0 - —3.0(5)”  See Ref. 39 for a more recent report, with 33
a d;so value not agreeing with this
work.

MgS 0.0 - —1.11(2) Experimental data supported by first- 39
principles calculations.

Mg,Si 0 - 61.0(5) 33

Mg,Si 0.0 - 361.67(10) Experimental data supported by first- 39

principles calculations.



MgHZ

MgsN,
Mg3N2

MgSiN,

MgAISiN;

MgAPO-20

(Mg, Al)PO;, with Al/Mg=2.5

Dittmarite
NH4MgPO4 * Hzo
[NHS(CH2)4NH3]0.5[MgPO4 ‘H,O]

[NH;5(CH,),NH3] 5[MgPO,+ H,O]

MgHPO,-1.2H,0

3.056(20)

n.d.
9.300(50)

n.d.

n.d.

3.8(2)

1.7(1)

2.7(1)

33(2)

3.5(2)

0.89(5)

n.d.
0.44(1)

n.d.

n.d.

0.85(5)

0.5(1)

0.4(1)

0.5(1)

0.6(1)

10.3(1.0)

Experimental data supported by first-

principles calculations.

10(100)”¢  See Ref. 39 for more recent results.
101.0(2.0) Use of QCPMG. Experimental data

7952 452
_57g

458 —598

50(5)

2(1)

2(2)

supported by first-principles

calculations. Detection of the largest
CSA contribution among the studied
Mg compounds (although still small,
Ad~42ppm). Largest deshielding ever
reported for Mg (correctly predicted

by calculations).

Use of DFS and QCPMG. Experimental

data supported by first-principles

calculations. Detection of a small CSA.
Use of DFS and QCPMG. Experimental

data supported by first-principles
calculations.

Use of DFS and QCPMG. Experimental

data supported by first-principles
calculations.

Use of DFS and QCPMG. Experimental

data supported by first-principles
calculations.

Use of DFS and QCPMG. Experimental

data supported by first-principles
calculations.

33
39

156

156

108

108

108

108

(continued)



TABLE 2 (continued)

Compound Cq (MHz) 74 diso (Ppm)?  Comments References
MgAl-33 LDH 4.6(1) 0.025(25) 13(2) Use of MOQMAS and isotopic enrichment. 46
Mgl_xAlx(OH)z(NO:;)x'szO, with
Mg/Al=2.0
(Mg0O)(5i03)100—x glasses 7.6* 0.35 17 A Gaussian distribution of quadrupole 47
with x=33.3, 40 and 50 parameters (with FWHM=3MHz for
Cq and 0.1 for 14) was used to fit the
spectra.

Isotropic chemical shift given with respect to Mg** in aqueous solution (e.g. of MgCl, or MgSO,).

Data not confirmed by other reports; see column “Comments”.

n.d., not determined.

The authors reported d;s, values with respect to MgO.

Although the crystal structures of these compounds contain more than one Mg site, only one resonance was detected in the reported Mg MAS NMR measurements.

/ The reported results correspond to the maximum value of C4 required for fitting the spectra, giving maximum Jis, as well; the authors state that other C, values ranging down to 0 are possible,
with large line broadening and with corresponding changes in diso.

$ This is the peak position, not the isotropic chemical shift.

" This is the centre of gravity of the spectrum, not the isotropic chemical shift.

' Different results were achieved for samples of diverse origins.

/ Estimated.

¥ A Gaussian distribution of quadrupole parameters was used to fit the featureless and asymmetrically broadened spectra in these cases.

a
b
c
d
e
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Grant et al. described an investigation of the ternary complex of Mg”",
ATP and bis(2-pyridyl)amine (MgATP/BPA), using advanced solid-state
NMR methods such as "H—*Mg REDOR and Mg MQMAS in *Mg-
isotopically enriched samples.*® In the 3QMAS spectrum, the authors
detected the presence of two Mg sites with close Mg quadrupole para-
meters. With help of a REDOR experiment, the assignment of these two
sets of parameters to Mg>" ions either coordinated to water molecules or
to phosphate oxygen donors was then possible.

Wu and collaborators®>" reported a series of investigations on Mg-
containing metalloporphyrins and related compounds, supported by
first-principles calculations, as described in Section 3. The quadrupole
parameters found for chlorophyll a and phthalocyanine®' did not agree
with previously published results by Lumpkin,'®® who determined Mg
quadrupole parameters for these substances at very low temperature
(1.3K) using a completely different (and unusual, considering current
state of art) approach: double-resonance experiments combined with
field cycling and detection of Mg NOR signal. The C, values obtained
in this way were more than three times smaller than the results reported
by Wong et al. at room temperature using high-field NMR.”" It is not clear
if such a large discrepancy is due to the temperature difference of the
measurements, inaccuracy in the identification of composition and/or
structure of the analysed samples or to problems involved in the early
methods of measurement.

As already mentioned in Section 2, Lipton et al.”” used a special probe
designed for low-temperature experiments (down to 10K) at strong mag-
netic fields up to 18.8T and employed '"H—**Mg CP combined with
QCPMG to study the nature of Mg*"-binding sites in a DNA repair
protein. With such an approach, they showed the disordered nature of
the single Mg”"-binding site to the protein, both in the presence and in the
absence of DNA.

Kakitani et al.”® studied the stacking of bacteriochlorophyll (BChl) c
molecules to form the structure of chlorosome (an antenna complex found
in some bacteria). They recorded natural abundance solid-state Mg
NMR of the intact chlorosome and the solid aggregate formed from
BChl ¢ molecules, using single-pulse MAS experiments performed at
strong magnetic field (21.8T). The results are shown in Figure 23. Two
superimposed powder patterns with very different quadrupole coupling
constants (identified as signals 1 and 2 in the figure) were identified in the
intact chlorosome, attributed to sites with different coordination to water
molecules in dimer-based stacking of BChl c molecules. However, only a
single broader resonance (identified as 3 in the figure) was found in the
solid aggregate, associated with penta-coordinated Mg. No fitting result
was reported in that work, so that no quadrupole or chemical shift para-
meters are available for the described Mg sites.
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Chlorosome

Intensity/arbitrary

Solid aggregate

I PR BN T IR R BN FEL N R e A [ SR L
100 0 -100 -200 -300
25Mg chemical shift (ppm)
Figure 23 Mg MAS NMR spectra of intact chlorosome and of solid aggregate of BChl ¢

molecules. Reprinted with permission from Kakitani et al.,*> Copyright 2009 American
Chemical Society.

Cahill et al.** recorded Mg NMR spectra at multiple magnetic fields
for the Mg-containing amino acids r-aspartate and L-glutamate. In the
case of Mg L-glutamate tetrahydrate, the spectrum showed the singula-
rities expected for the quadrupole-affected CT resonance, allowing the
determination of the NMR parameters with reasonable accuracy: Cq=1.75
(5)MHz, 1q=0.68(1) and 6;s,=—1(1) ppm. The spectrum recorded at 11.7T
was achieved with use of FSG-RAPT for a 100mg sample (with Mg at
natural abundance) in ca. 8h, showing the benefit of the signal-enhance-
ment method in this case. On the other hand, Mg L-aspartate dihydrate
gave a featureless, asymmetrically broadened lineshape, reflecting a dis-
tribution of quadrupole coupling parameters associated with diverse Mg
local environments.® The multiple-field spectra were fitted in this case
assuming a Gaussian distribution of quadrupole parameters,* with mean
Cq=2.6MHz, FWHM=2.1MHz, 1q=0 and d;soc=—2ppm.

Laurencin et al.'® studied the substitution of Mg for Ca in hydroxyap-
atite, combining Iy, 2E’Mg, 3P and *3Ca solid-state NMR results (all
nuclides at natural abundance) and DFT calculations of the NMR para-
meters associated with each nuclide. Despite the reported difficulties in
achieving good-quality spectra (even at 19.6T) from samples with small



Recent Advances in Solid-State Mg NMR Spectroscopy 101

Mg contents (such as the studied Mg-substituted hydroxyapatites, with
up to 10mol.% Mg with respect to the total cationic concentration), the
authors reported a Mg MAS NMR spectrum containing a complex line-
shape. This was tentatively attributed to the existence of several local
environments around Mg sites, leading to a distribution of quadrupole
parameters. DFT calculations (supported by 'H, *'P and **Ca NMR and
other experimental results) yielded Mg NMR parameters (C,, 74 and
0iso) that differed depending on the type of Ca site substituted by Mg. The
Cq values were particularly sensitive to the details of the local Mg envi-
ronment in the substituted hydroxyapatites. Even with the observed
preference for Mg substitution into Ca(ll) sites, small deviations in
Mg—O bond lengths could cause large C, variations, which explains
the complex and featureless lineshape observed in the Mg NMR
spectrum.

Table 3 gives a compilation of the experimentally derived solid-state
*Mg NMR parameters (Cq, 7q and dis,) reported to date for various Mg-
containing organic compounds. Similarly to what was done before for the
inorganic compounds, the special methods used to improve sensitivity or
resolution in the performed experiments are mentioned in the table, as
well as the cases where there are inconsistencies between results achieved
by different researchers.

From this dataset, it is apparent that isotropic chemical shift values
cover a relatively small range, roughly from 14 to —9ppm (see also
Figure 14A in Section 3), for materials containing oxygen and/or nitrogen
as Mg?>" first neighbours in similar coordination geometry (distorted
octahedral in most cases). The case of the compound MgCp,—with nei-
ther oxygen or nitrogen coordination—is noteworthy, since it presents the
most shielded 2SMg site (i.e. most negative d;5, value) ever reported,
probably due to the interaction with the aromatic Cp rings.'””

Regarding the quadrupole coupling constants, the typical range
corresponding to Mg>" ions in distorted octahedral geometry is ca. 1.5~
3.5MHz (see also Figure 14B in Section 3). A number of compounds
having Mg®* coordinated to nitrogen present C, values above this
range. The largest Cq (15.32MHz) is found for the compound bis(pyri-
dine)-(5,10,15,20-tetraphenylporphyrinato)magnesium(Il), with MgN;
distorted octahedral bonding.”

Some tentative graphical correlations between NMR-derived results and
structural parameters were given by Cahill et al.** For organic compounds
with Mg—O bonds in an octahedral arrangement around the central Mg*"
ion, the best observed correlation was between Cq values and the longitudi-
nal strain (Equation 16), which is a measure of the deviations of Mg—O
bond lengths from ideal values. The accumulation of a larger number of
reliable NMR data in Mg-containing organic materials—with accurately
determined structures and supported by first-principles calculations—is



TABLE 3 Experimental 2>Mg NMR parameters for Mg-containing organic compounds

Compound Cq(MHz)  1nq diso (Ppm)® Comments References
Bis(cyclopentadienyl)Mg 5.80(5) 0.01(1) —-91(3) Use of QCPMG. Experimental data 107
MgCp, supported by first-principles

calculations. See Refs. 39,40 for
comparisons of these experimental
data with other results of first-
principles calculations. Detection of a
small CSA contribution. Largest
shielding ever reported for *Mg.

Bis(pyridine)(5,10,15,20- 15.32(2)  0.00(5) n.d.t Use of isotopic enrichment. Largest C; 50
tetraphenylporphyrinato) Mg(II) ever reported for ’Mg. Spectra (very
Mg(TTP)-Py, broad) recorded with changing RF

transmitter offset. Experimental data
supported by first-principles
calculations. See Ref. 40 for
comparison of these experimental
data with other results of first-
principles calculations.
Chlorophyll a 3.73 0.2 n.d. Use of double-resonance NQR. 166
Measurements at low temperature
(1.3K). See Ref. 51 for more recent
results, at room temperature.

Chlorophyll a 12.9(1) 1.00(5) n.d. Experimental data supported by first- 51
principles calculations.

Mg acetate tetrahydrate 1.90° 0.82° 27¢ Use of isotopic enrichment. See Refs. 49

Mg(OAc)-4H,0 39,40 for more recent results not

agreeing with this work.



Mg acetate tetrahydrate
Mg(OAc)-4H,O

Mg acetate tetrahydrate
Mg(OAc)-4H,O
Mg acetate tetrahydrate
Mg(OAc)-4H,0

Mg acetylacetonate dihydrate
Mg(Acac),-2H,0

Mg acetylacetonate dihydrate
Mg(Acac),-2H,0

Mg adenosine-5'-triphosphate bis(2-
pyridyl)amine

Mg ATP/BPA

Site 1

Site 2

Mg apurinic/apyrimidinic
endonuclease 1

Mg APE1

Site 1

Site 2

2.8

2.534(20)

2.55(5)

7.1(2)

7.2(1)

23
1.6

24
1.3

0.67

0.75(3)

0.73(2)

1.00(1)

0.96(2)

1.0
1.0

0.95
0.79

n.d.

41(3)

5(1)

~1(1)

2.7(4.0)

Measurements at low temperature (50
K), with "H—*’Mg CP and QCPMG.

See Refs. 39,40 for more recent results

at room temperature.

Experimental data supported by first-
principles calculations.

Experimental data supported by first-
principles calculations. Use of FSG-
RAPT.

Use of FSG-RAPT. Experimental data
supported by first-principles
calculations.

Use of QCPMG. Experimental data
supported by first-principles
calculations.

Use of isotopic enrichment. Use of
MQMAS and 'H—*Mg REDOR.

Use of isotopic enrichment.
Measurements at low temperature
(10K), with "H—*>Mg CP and
QCPMG.

54

39

40

40

39

48

57

(continued)



TABLE 3 (continued)

Compound Cq(MHz) g Jiso (PpM)?  Comments References
Mg apurinic/apyrimidinic Use of isotopic enrichment. 57
endonuclease 1/DNA Measurements at low temperature

Mg APE1/DNA (10K), with "H—**Mg CP and

Site 1 2.4 0.97 QCPMG.

Site 2 13 0.98 ~25.87

Mg disodium EDTA tetrahydrate 1.675(5)  0.15(1) 0.25(10)  Use of DFS, WURST and HS pulses (for 41

Na,MgEDTA +4H,0 testing methods). Sample with fast
spin relaxation.

Mg formate dihydrate Use of isotopic enrichment. See Refs. 49

Mg(HCOO),-2H,O 39,40 for more recent results not

Site 1 1.70° 1.0° 10° agreeing with this work.

Site 2 1.40° 0.80° 10°

Mg formate dihydrate Experimental data supported by first- 40

Mg(HCOO),:2H,0 principles calculations. Use of FSG-

Site 1 2.40(10)  0.85(1) -8(1) RAPT.

Site 2 3.75(10)  0.27(1) 3(1)

Mg formate dihydrate Experimental data supported by first- 39

Mg(HCOO),-2H,0 principles calculations.

Site 1 2.336(50) 0.81(4) —0.6(3)

Site 2 3.521(30) 0.23(4) -3.9(3)

Mg 1-aspartate dihydrate 2.6° 0 -2 Use of FSG-RAPT. A Gaussian 40
distribution of C; was used to fit the
spectra.

Mg r-glutamate tetrahydrate 1.75(5) 0.68(1) —1(1) Use of FSG-RAPT. Experimental data 40

supported by first-principles
calculations.



Mg methylmalonate tetrahydrate

Mg methylmalonate tetrahydrate

Mg phthalocyanine
MgPc

Monopyridinated aqua(Mg)
phthalocyanine
MgPc-H,0O-Py

Tetraaqua-(Orotato-N,0)-Mg-2.5
hydrate

1.95°

2.55(5)

3.79

13.0(1)

2.56

0.80°

0.15(5)

0.1

0.00(5)

0.15

12°

14(1)

n.d.

n.d.

Use of isotopic enrichment. See Ref. 40
for more recent results not agreeing
with this work.

Experimental data supported by first-
principles calculations. Use of FSG-
RAPT.

Use of double-resonance NQR.
Measurements at low temperature
(1.3K). See Ref. 51 for more recent
results on a related compound, at
room temperature.

Use of isotopic enrichment and
QCPMG. Experimental data
supported by first-principles
calculations.

Use of isotopic enrichment. See Ref. 40
for comparisons of these
experimental data with results of
first-principles calculations.

49

40

166

51

49

“ Isotropic chemical shift given with respect to Mg?" in aqueous solution (e.g. of MgCl, or MgSO,).

¥ n.d., not determined.

¢ Data not confirmed by more recent results; see column ““Comments”.

4 This is the chemical shift difference between the two sites.

¢ A Gaussian distribution of Cq (with mean Cq=2.6 MHz and FWHM=2.1MHz) was used to fit the featureless and asymmetrically broadened spectra in this case.
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certainly required for the establishment of meaningful and useful correla-
tions between the Mg NMR parameters and structural aspects of the
bonding involving Mg*" ions in organic systems.

5. SUMMARY AND OUTLOOK

The development of Mg solid-state NMR over effectively the past 25
years has been explored. The initial studies were limited in the context of
a nucleus with a small magnetic moment and a moderate electric quad-
rupole moment, but nevertheless there were hints of what could be
possible by Mg NMR as a probe of materials. The key developments
in the past decade have been the availability of much higher magnetic
fields along with new schemes for enhancing signal intensity from half-
integer spin quadrupolar nuclei. Mg provides a good case study of how
such changes can drive new developments. This is also true of how the
NMR methodology has been much enhanced by the availability of first-
principles calculations of the NMR Earameters. These factors have all
been examined in detail here with Mg as the exemplar nucleus. The
methodology has opened up a whole range of applications to the local
structural information provided by Mg NMR. The importance of mag-
nesium as an element in materials chemistry, biology and Earth sciences
means that there should be an ever increasing number of applications of
this approach and the next decade is likely to see a large increase in the
number of Mg NMR reports from solids and it is hoped this review is
helpful in setting the scene for that development.
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metabolism associated with bioenergy and cell membranes. During
its almost 40 years practice in in vivo research, there have been
many reviews. In this review, we focus on the past 5 years of
research applications and development, based on a PUBMED search
using the keywords “phosphorus-31 OR 31P” and “MRS”. In addition
to reporting the current trend of *'P MRS technical development,
we also emphasize its application in biomedical research, particu-
larly in disease diagnosis and biomarkers. We also give brief
comments on the future direction of in vivo >'P MRS.

Key Words: *'P MRS, *'P MRS|, High fields, Hurnan MRS, MRS
animal models

1. INTRODUCTION

NMR spectroscopy, commonly called magnetic resonance spectroscopy
(MRS) in its in vivo application, is continuing to expand its reach in both
biomedical research and clinical medicine." Currently, most in vivo MRS
utilizes 'H as a straightforward addition to "H MRI on a clinical scanner.
The high sensitivity of 'H permits relatively small tissue volumes, on the
order of 1-8ml, to be probed in vivo in humans. With water suppression,
"H MRS of brain detects several compounds that are markers of important
metabolic processes.

Phosphorus-31 MRS, which has been widely applied since the early
days of in vivo MRS, is also an excellent technique to study in vivo metab-
olism. The °'P isotope (I=1/2) is 100% naturally abundant with a sensi-
tivity of 6.63% that of 'H. An early review provided an excellent
introduction to many aspects of in vivo >'P MRS.” A more recent update
focused on several areas of particular interest to those authors.” Here, we
first provide a brief introduction and update to key characteristics and
methodological developments of in vivo *'P MRS. We then review major
trends for in vivo applications appearing in English in both humans and
animals over approximately the past 5 years. Finally, we speculate
concerning the future direction and impact of >'P MRS in biomedicine.

2. METHODS

2.1. Chemical shifts and information content

The chemical-shift range of >'P MRS for biologically relevant compounds
is about 30ppm, which is substantially larger than for the proton, which
spans about 5ppm. Also, because fewer compounds are typically
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observed, *'P MR spectra are relatively uncrowded compared to "H MR
spectra. Phosphorus-31 MRS provides information on a very different
group of compounds than does 'H MRS. In I vivo, it monitors essentially
two classes of compounds—high-energy-phosphorus metabolites and
phospholipid metabolites. The key high-energy-phosphorus metabolites
adenosine triphosphate (ATP) and phosphocreatine (PCr) are readily
measured. Inorganic phosphate (Pi), a degradation product of all
biological phosphorus compounds, is also observed. The phosphomonoe-
sters (PMEs), phosphocholine (PC) and phosphoethanolamine (PE),
which are synthetic precursors to the corresponding phospholipids, are
observable either separately or in combination, as are the phosphodiester
(PDE) degradation products of phospholipid metabolism, glyceropho-
sphocholine (GPC), and glycerophosphoethanolamine (GPE). Depending
on signal-to-noise ratio (SNR), spectral resolution, and the system being
studied, several other P-containing compounds may be detected.” Esti-
mates of intracellular pH (pHi) and intracellular Mg** concentration can
be made from the chemical-shift separations of Pi and PCr, and B-ATP
and PCr, respectively.*> A typical in vivo spectrum of brain is shown in
Figure 1.° Additionally, adenosine diphosphate (ADP), which plays an
important role in mitochondrial function and cell maintenance, can
also be determined indirectly from [ATP], [PCr], [Cr] (measured from
"H MRS) with some assumptions.”®

PCr

10 5 0 -5 -10 -15 -20 -25
ppm

Figure 1 In vivo *'P spectra acquired from the human occipital lobe at 4 T (top)and
7 T (bottom) using the same experimental setup and NMR acquisition parameters (TR=3 s
and 128 signal averages). PE, phosphoethanolamine; PC, phosphocholine; Pi, inorganic
phosphate; GPE, glycerophosphoethanolamine; GPC, glycerophosphocholine;
PCr, phosphocreatine; ATP, adenosine triphosphate; NADP, nicotinamide adenine
dinucleotide phosphate. Reprinted from reference 6.
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2.2. High magnetic fields

Most *'P MRS studies of human subjects have been performed at 1.5T,
whereas studies of small animals are usually at higher fields on dedi-
cated, narrow-bore scanners from 4.7 to 16.45T. Magnetic fields from 3 to
9.4T are now becoming more widely available for human studies. The
sensitivity and spectral resolution of °>'P MRS undoubtedly benefit from
higher magnetic field.*”'” Figure 1 demonstrates the effects of increasing
the magnetic field from 4 to 7T for >'P MRS of human occipital lobe.®
Whereas at 4T the individual PMEs and PDEs are marginally resolved,
they are well resolved without spin decoupling at 7T.

23. Spin decoupling

Given the line broadening due to the heterogeneity of magnetic suscepti-
bility of tissue, which depends approximately linearly on magnetic field,
spin couplings are usually not observed for in vivo *'P MRS of most
organs. The unresolved three-bond *'P—'H couplings of about 6-7Hz
for the phospholipid metabolites are never resolved and contribute to
significant line broadening at lower fields (e.g. 1.5T). This broadening
contributes to PE and PC (PMEs) remaining unresolved in vivo and
similarly for GPE and GPC (PDEs). The two-bond *'P—3'P couplings of
about 16Hz in ATP and similar compounds are sometimes resolved at
lower fields but usually result in further broadening of those *'P reso-
nances at high fields. Proton decoupling collapses the coupled *'P multi-
plets of the phospholipid metabolites, permitting resolution of PC from
PE and GPC from GPE in vivo at magnetic fields less than 4T."" Of course,
care must be taken to not exceed specific-absorption-rate (SAR) limits
from the substantial additional RF power from decoupling and possibly
the nuclear Overhauser enhancement (see below). Proton spin decoupling
typically is of little use for in vivo >'P MRS at higher fields, because
magnetic susceptibility effects dominate the line broadening and the
individual PMEs and PDEs are often resolved in any event.”

2.4. Spin-relaxation times

Phosphorus-31 spin relaxation times have been measured over a range of
magnetic fields. While there is some disagreement on the precise values,
T1s are typically in the range of 0.6-65s in brain and muscle, with values in
liver being somewhat shorter.®''>'* As expected, T, values are substan-
tially shorter than the corresponding T, values, with T, values for most
metabolites in the range of several hundred milliseconds. The exception is
ATP, which has significantly shorter T»s, with reported values ranging
from about 8 to 90ms.”'”"* The magnitude of T, is particularly important
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as it strongly influences the choice of localization method for in vivo MRS
(see below). In contrast to the typical behaviour of "H with magnetic field,
in brain and muscle, T; decreases with increasing field;*'? in muscle, T,
also has been shown to decrease with increasing field.'” The decreases in
spin relaxation times with field strength are consistent with the increased
contribution of the chemical-shift-anisotropy (CSA) relaxation mecha-
nism, relative to the dipolar mechanism, at higher field.'"* However, this
may not be the case for liver, where paramagnetic ions may contribute
significantly to *'P spin relaxation.'” Tables 1 and 2 provide compilations
of reported T;s and T»s in humans and rats, respectively.

2.5. Sensitivity enhancement by pulse technique

Given the low sensitivity of *'P relative to 'H, methods to enhance
sensitivity are highly valuable. Unlike for '°C, isotopic enrichment is not
possible. Beyond the use of higher magnetic field (see above) or instru-
mental technique improvements (see below), it is generally necessary to
rely on double-resonance methods to improve sensitivity. Perhaps the
most straightforward method relies on the Nuclear Overhauser Effect
(NOE)," whereby the *'P signal is increased by irradiation of the protons
which are dipolar coupled. The NOE can yield a maximum enhancement
factor of 224% for *'P totally relaxed by a dipolar mechanism to irradiated
protons. Observed enhancements are usually reduced from the maxi-
mum,>”'* depending on metabolite, and are further reduced or elimi-
nated at higher magnetic fields, where the dipolar mechanism is less
favoured relative to the CSA mechanism. For example, Lei et al. found
NOEs of 10-44% depending on metabolite for human brain at 7T.
The advantage of the NOE relative to polarization-transfer methods
(see below) is that the entire spectrum is still observed. The major disad-
vantage is power deposition and the potential for exceeding SAR limits.

Polarization-transfer techniques have long been applied in high-
resolution NMR.**? In these techniques, the higher nuclear spin polari-
zation of a nucleus such as 'H is transferred to a J-coupled, lower-sensi-
tivity nucleus (X). The transfer is accomplished by applying synchronized
radiofrequency (RF) pulses at the two frequencies such that the two spin
species share common energy levels. This results in a theoretical enhance-
ment of yi;/yx (for °'P, a factor of 2.5). Moreover, additional sensitivity
gains are realized because pulse repetition rates are governed by the 'H
T1s, which are typically much shorter than for *'P. These techniques are
now being applied to *'P in vivo.**>* Klomp et al. have implemented a
technique dubbed selective refocused insensitive nuclei enhanced by
polarization transfer (sSRINEPT) on a 3-T clinical MRI scanner.’® This 3D
magnetic resonance spectroscopic imaging (MRSI) pulse sequence is
shown in Fig. 2 of Ref. 36. The sequence can be implemented on a



TABLE 1 Relaxation times of >'P metabolites for human in vivo studies
Bo (T) Tissue type Method PME Pi PDE PCr v-ATP o-ATP B-ATP
T, relaxation time (s)

1.5 Brain ¢ IR 1.42 1.45 1.32 3.14 0.65 0.85 0.8
Brain 7 Fast IR 14 1.4 1.3 3.1 0.6 0.8 0.8
Brain '® IR 2.74 1.47 1.64 3.29 1.36 0.97 1.03
Calf muscle ° IR 4.0 5.5 47 3.6 43
Calf muscle SR 47 6.5 42 39 41
Calf muscle 2! SR 35 5.0 41 2.9 3.6
Calf muscle % IR 42 6.1 46 3.2 3.7
Calf muscle % PS 4.0 5.6 45 34 3.8

1.9 Brain 2 SR 2.8 25 24 48 1.0

2.0 Brain Fast IR 1.7 1.4 1.3 2.7 0.6 1.0 0.7
Brain 2* STEAM 4 2.5 2 3 0.7 0.7 1
Calf muscle * 2-angle 5.4 6.0 3.5 3.9 3.9
Calf muscle % IR 4.6 6.5 48 35 3.6

3.0 Calf muscle ® IR 8.1 6.9 8.6 6.7 5.5 34 39
Calf muscle 2 STEAM 5.2 6.4 45 2.6 35

4.0 Occipital lobe © IR 4.27

4.1 White matter % PS 1.573 1.591 2.208 2.385 0.786 0.849 0.771

7.0 Occipital lobe ° IR 3.37
Visual cortex 7 IR 3.19 3.37 1.27 1.26 1.02
Calf muscle ° IR 3.1 6.3 6.0 4.0 3.3 1.8 1.8



T, relaxation time (ms)

1.5 Calf muscle %8 SE 205 424 16 22 8

Calf muscle % sel. SE/SE 240 425 93 74 75
2.0 Brain % STEAM 70 80 20 150 30 30 20
3.0 Calf muscle ® sel. SE 153 414 354 62 47

Calf muscle 2° STEAM 148 334 78 55 55
7.0 Visual cortex ” SE 132 26 26

Calf muscle © sel. SE 109 314 217 29

IR, inversion recovery; SR, saturation recovery; PS, progressive saturation; STEAM, progressive saturation with stimulated echo acquisition mode; SE, Hahn spin-echo; sel.
SE, frequency selective spin-echo.



122 Jing-Huei Lee et al.

TABLE 2 Relaxation times of *'P metabolites for rat in vivo studies

By (T) Tissue type Method PME Pi PCr  y-ATP o-ATP [B-ATP
Ty relaxation time (s)
1.9 Leg muscle' SR 5.6 24
Leg muscle® ss ST 60 25 27 23
Brain'’ SR 39
47  Legmuscle’ SR 45 28 20 20
Leg muscle''  SE 51 37 27 27
Brain'® SR 56 44 20 15 16
Brain® SE 38 26 35 14 13 1.1
Brain, 5-6 SR 201 3.02 168 1.85 1.00
months®?

Brain, 11-12 SR 322 304 172 110 1.06
months®?

Brain, 24-25 SR 300 271 151 097 145
months®?

Brain, newborn SR 4.66 3.52 1.45
pup33

Brain glioma'' SE 54 49 47 21 22 21

Liver'® SR 13 1.0 03 04 02

85 Legmuscle’® SR 27 17 11 12
Brain'’ SR 32 28 11 09 07
Liver!® SR 1.3 1.0 04 04 03

T, relaxation time (ms)

47  Legmuscle'’  SE 234 115 12 9
Brain®! SE 84 62 169 405 327 222
Brain glioma®  SE 136 120 171 536 405 248

SR, saturation recovery; ss ST, steady state saturation transfer; SE, Hahn spin-echo.

single-channel broadband system, as the polarization-transfer pulses
need not be rigorously synchronized.’**® Because anti-phase magnetiza-
tion components are refocused, *'P spectra can be acquired with
"H-decoupling. The competing effects of homonuclear 'H—'H spin
coupling on polarization-transfer efficiency are eliminated by selective
polarization of *'P-coupled protons only. Essentially full enhancement of
the 'H-coupled °'P signals was realized. The major limitation of the
technique is that only the PMEs and PDEs of phospholipid metabolism
are suitable for enhancement; P-atoms of high-energy metabolites have no
significant spin coupling to 'H and are eliminated from the spectrum.
The technique of J-cross-polarization (JCP), which is based on cross-
relaxation between heteronuclear J-coupled spins,*’ is an alternative



Methods and Applications of Phosphorus NMR Spectroscopy In Vivo 123

double-resonance technique for sensitivity enhancement of *'P in vivo.*'
Currently, it does not deliver enhancements comparable to the more
highly developed sRINEPT.***’ As for INEPT-based polarization trans-
fer, it is necessary to have significant heteronuclear J-coupling between
'H and *'P to realize signal enhancement with JCP, and again only PMEs
and PDEs are observed for >'P MRS.

Several methods are available to produce non-Boltzmann (hyperpo-
larized) spin states with the accompanying very large increases (>10,000)
in sensitivity.*> The most common are dynamic nuclear polarization
(DNP) and para-hydrogen-induced polarization (PHIP), which have
seen considerable development for '*C and other low-abundance isotopes
in vivo. Application to *'P is at the earliest stage, perhaps because in vivo
3P MRS is already a well-developed technique. The deoxynucleotide
triphosphate 'P signals were substantially enhanced by DNP in vitro,**
while the y-P of ATP was enhanced via the PHIP technique in the pro-
duction of ">C-enhanced pyruvate from the precursor phosphoenolpyr-
uvate.”* The ultimate utility of hyperpolarization techniques for >'P MRS
must await further technique development.

2.6. Spatial localization and data acquisition

In most cases, precise spatial localization to the tissue of interest is critical
for informative in vivo MRS. For 'H MRS, a wide variety of methods have
been employed to achieve either single-voxel or multi-voxel localization.'
Because of the short T»s and large spectral width relative to "H MRS, the
choices are fewer for >'P MRS in practice. Image-selected in vivo spectros-
copy (ISIS),** often combined with outer-volume suppression, remains
the single-voxel technique of choice for *'P MRS, particularly for human
studies. Its advantages and limitations are well known." Many refine-
ments have rendered ISIS an advantageous technique, even at high
field.*> Other single-voxel sequences, such as STEAM and PRESS at
very low TEs around 2-3ms, can be used for >'P in some cases, although
pulse bandwidth limitations preclude full excitation of the entire *'P
chemical-shift range.*® Some variation of MRSI is the preferred approach
for multi-voxel acquisition of >'P spectra in vivo.> Pulse-acquired 3D MRSI
is well suited for acquisition of short-T, components of *'P MR spectra of
brain. Although time-consuming, 3D MRSI has become clinically feasible
with the introduction of sparse-sampling methods.*” High magnetic
fields have allowed substantially reduced voxel sizes relative to
early, low-field studies. Actual voxel sizes of about 15cc can be expected
at4T,* whereas 6-8cc can be achieved at 7T.*® The feasibility of Slp—{'H}
echo-planar spectroscopic imaging has been demonstrated for
human brain.*
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2.7. Magnetization transfer

A good summary of magnetization or saturation transfer techniques to
measure biochemical reaction rates in °>'P MRS appears in Ref. 1. With the
increasing availability of high fields, quality in vive applications in
humans are becoming more common. Lei et al. used single-site >'P satu-
ration transfer at 7T with surface-coil localization to measure the rate of
conversion of Pi to ATP (catalyzed by the enzyme ATP synthase) in vivo in
human visual cortex.”” Their value of 12.1+2.8umol ATP/ g/min agreed
with the cerebral metabolic rate of glucose consumption. Schmid et al.
measured the Pi to ATP conversion in liver at 3T with ISIS localization.”
Chen and co-workers extended the single-site technique to saturation
transfer among multiple *>'P sites so as to include the flux between PCr
and ATP [catalyzed by the enzyme creatine kinase (CK)] and determine
the forward and reverse pseudo-first order rate constants for the coupled
PCr-ATP-Pi exchange network.”® Bottomley and co-workers modified
their previously developed >'P approach for measuring localized CK
reaction rates in muscle and heart for efficient operation using a surface
coil at 3T.>** The *'P magnetization-transfer experiment for brain has
also been extended to 3T using a dual-tuned, "H/?'P volume coil and ISIS
localization.” Although magnetization and saturation transfer clearly are
powerful methods for probing enzymatic reaction rates in vivo, proper
interpretation must recognize that in different tissues a variety of
enzymatic pathways beyond the above may contribute to the simple,
measured rates.”>”’

2.8. Quantitation and post-processing

The several approaches to quantitation of in vivo MR spectra, including
*IP, have been described in Ref. 1. Typically, the spectrum is initially fitted
using an appropriate computer programme. For *'P, the jJMRUI package
has generally become the programme of choice.”® This Java-based,
graphical-user-interface software contains a variety of quantitation
modules, in particular, the nonlinear least-squares AMARES algorithm,
which enables the user to input prior knowledge of expected chemical
shifts, spin-coupling constants, and line widths.”® Resonance intensities
can then be normalized to a within-spectrum standard or to a suitable
external (phantom) standard as ap;aropriate.1

Automated analysis of many >'P spectra of low SNR, as might be
obtained from a typical 3D-MRSI acquisition, is challenging. Wang and
Lee have developed an iterative-reduction-of-interference-signal, Hankel-
singular-value-decomposition (IRIS-HSVD) algorithm which uses
so-called interference signals to iteratively optimize prior knowledge for
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parameter estimation.”” The major advantage of the technique is its ability
to handle raw data suffering from baseline distortion, as is often the case
for *'P 3D-MRSIL. The method compares favourably to the AMARES
algorithm in jMRUL

Because of the relatively long T;s of most *'P resonances (see above),
in vivo spectra are usually acquired with relatively short TRs and reduced
flip angle, resulting in variable saturation of resonances. Accurate quanti-
tation requires determination of the saturation factor, which depends on
T, for each resonance by comparison to a spectrum with very long TR or
at a widely different flip angle. Such correction is problematic for
dynamic studies where chemical exchange or T; changes are occurring,
such as are often encountered for muscle and heart. Tyler et al. have
developed a correction method for such studies based on an ongoing
dual-flip-angle acquisition during the dynamic experiment.®” The method
is generally superior to single-point corrections; its major limitation is the
loss of temporal resolution arising from the need to acquire two spectra
for each concentration measurement.

2.9. Radiofrequency coils and hardware

A wide range of multinuclear and special-application RF coils for both
human and small-animal studies are now available from a variety of small
manufacturers. With the proper hardware and software tools, specialized,
double-tuned "H/3'P coils can be built in-house.®! With the advent of the
MR phased array and parallel imaging, MRI RF-coil development has
further blossomed.®*“® Phased-array receive coils can provide substantial
increases in SNR for spectroscopic applications. Although most phase-
array technology has been developed for 'H studies and parallel imaging,
a few multinuclear applications of the technology have been developed.
For example, Avdievich and Hetherington have built a double-tuned
"H/3'P volume coil for the human head that combines a "H/3'P TEM
transmit/receive coil with a 4-channel *'P-receive phased array. Two-to-
threefold improvement was obtained at the periphery of the brain for
*IP.%* It is expected that phased-array coils will become standard issue for
multinuclear applications in the future.

Specialty coils closely tailored to the specific application can often be
quite useful.®>*” Howe et al. have developed a needle microcoil for
insertion into tissue to obtain 'H MR images or >'P spectra of small,
adjacent regions.”” Coil performance was demonstrated for rat thigh
muscle at 4.7T. Such a coil, which could be batch-fabricated and intended
for a single use, might be useful for obtaining localized spectra during
interventional surgery or of the walls of large blood vessels.
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3. RECENT APPLICATIONS

3.]1. Brain

3.1.1. Bipolar disorder

Phosphorus-31 MRS studies have provided numerous evidences impli-
cating mitochondrial dysfunction in the pathophysiology of bipolar
disorder (BD). The most commonly reported result of such studies is
that of decreased pHi. In the case of mitochondrial impairment, demands
for energy in the form of ATP are not met by oxidative phosphorylation and
a shift towards glycolytic energy production occurs. The resulting increase
in production of reactive oxygen species leads to oxidative stress, which
causes pHi to drop. The first report of decreased pHi in BD was published
by Kato et al. in 1992.°® They reported decreased pHi in the frontal lobe of
euthymic BD subjects on lithium (Li") treatment relative to controls. Fur-
ther studies reproduced these findings in the frontal lobe®*” and basal
ganglia (BG)”' of medicated euthymic BD subjects as well as the frontal lobe
of medication-free euthymic BD subjects,”” suggesting that decreased pHi
is not a result of lithium treatment. Table 3 summarizes these results.

TABLE 3 Summary of *'P MRS studies of pHi in bipolar disorder

Brain region Results Subjects Medication References
Frontal | pHi in euthymic Euthymic, All BD 68
lobe BD relative to n=10 subjects on
depressed BD  Depressed, Li*
and control n=10
Control, n=10
Frontal | pHi in euthymic Euthymic, All BD 69
lobe BD relative to n=17 subjects on
manic BD and  Manic, n=17 Li*
control Control, n=17
Frontal | pHi in euthymic Euthymic, Uncontrolled 70
lobe BD relative to n=12
control Control, n=59
Basal | pHi in euthymic Euthymic, Uncontrolled 71
ganglia/ BD relative to n=12/11
whole control Control,
brain n=8/10
Frontal | pHi in euthymic Euthymic, Medication 72
lobe BD relative to n=7 free

control Control, n=60
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The investigation of metabolite levels has been another useful tool
afforded by *'P MRS for the study of mitochondrial dysfunction in BD,
as illustrated by the results summarized in Table 4. A 1994 study by Kato
et al. reported significantly decreased PCr peak area percentages in the
frontal lobe of hypomanic, euthymic, and depressed BD patients relative
to controls.”’ A later study by the same group found decreased PCr peak
area percentages in the left frontal lobe of depressed BD subjects and the
right frontal lobe of manic and euthymic BD subjects.” These decreases of
PCr may be explained by an imbalance of the CK equilibrium which
would strongly implicate mitochondrial dysfunction. However, these
results may be confounded as subjects were not medication free in either
study, and both lithium and sodium valproate are known to decrease total
creatine signal in "H MRS.”

Perhaps the most interesting metabolic finding from *'P MRS studies
is the apparent dependency of PME levels on mood state. Numerous
studies have found PME levels to be decreased in euthymic BD subjects
relative to healthy controls regardless of medication status.®®®%7*7
However, significant increases in PME levels have been reported in both
depressed-state and manic-state BD subjects relative to euthymic BD
subjects.®*®”””® The PME signal is predominantly composed of the
membrane precursors PE and PC, so alterations in PME levels typically
indicate changes in membrane synthesis. The observed decreased levels
of PME in euthymic BD subjects may be evidence of mitochondrial
impairment as an environment of energy shortage may inhibit membrane
synthesis, causing a reduction in PE and PC concentrations and thus a
drop in PME signal. However, the increased PME levels in manic and
depressed BD subjects relative to euthymic BD subjects are more difficult
to explain. The apparent state dependency of PME levels may be the
result of a compensatory mechanism of the brain attempting to normalize
the bioenergetic environment. However, these findings could be attribu-
ted to the effect of lithium treatment, although several studies reproduced
these findings in unmedicated or equally medicated groups.”*”>”®

The substantial number of >'P MRS studies of BD in the 1990s and
early 2000s provided considerable evidence for the role of mitochondrial
dysfunction in the disease, as summarized in Tables 3 and 4. However,
recently the focus has shifted from investigating the pathophysiology of
BD to examining the effects of treatment and identifying potential bio-
markers. In a 2008 study, Jensen et al. investigated the effect of Triacety-
luridine (TAU) treatment on 11 depressed-state BD pa’cients.80 Taken
orally, TAU is converted to free uridine, which in turn allows less expen-
diture of ATP during the production of high-energy metabolic intermedi-
ates. After 2, 3, and 4 weeks of TAU treatment, Montgomery-Asberg
Depression Rating Scale (MADRS) scores were significantly decreased
compared to baseline. Additionally, *'P MRS scans revealed significantly
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TABLE 4 Summary of *'P MRS studies of metabolite levels in bipolar disorder

Brain region Results Subjects Medication References
Frontal Lobe | PCr BDII BDII, n=15 Uncontrolled 70
relative to  Control, 59
control
Frontal lobe, | PCrin Depressed, n=11 Uncontrolled 73
bilateral depressed, Euthymic, n=21
euthymic, Manic, n=12
and manic Control, n=21
BD relative
to control
Temporal | PME in Euthymic, n=12 Medication 74,75
lobes, euthymic Control, free, 1
bilateral / BD relative n=14/16 week
Frontal to control
lobe
Frontal lobe | PME in Euthymic, n=10 Uncontrolled 68
euthymic  Control, n=10
BD relative
to control
Frontal lobe | PME in Euthymic, n=17 Uncontrolled 69
euthymic  Control, n=17
BD relative
to control
Frontal lobe | PME in Euthymic, n=40 2 weeks Lit 76
euthymic Control, n=60 treatment
BD relative
to control
Various | PME in Meta analysis Uncontrolled 77
euthymic
BD relative
to control
Frontal lobe 1 PME in Depressed, n=10 Uncontrolled 68
depressed  Euthymic, n=10
BD relative
to euthymic
Frontal lobe 1 PME in Manic, n=17 Uncontrolled 69
manic BD  Euthymic, n=17
relative to
euthymic
Various 1 PME in Meta analysis Uncontrolled 77
depressed

BD relative
to euthymic
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TABLE 4 (continued)

Brain region  Results Subjects Medication References
Frontal lobe 1 PME in Manic, n=9 Manic, 78

manic BD  Euthymic, n=9 euthymic

relative to BD on Li*

euthymic treatment

and control

increased brain pH among BD subjects who responded to TAU treatment,
potentially indicating improved mitochondrial function. Other ongoing
studies continue to investigate the relationship between biochemical
information and clinical manifestations and treatment efficacy. For exam-
ple, in a >'P study of unmedicated adolescent BD subjects, Dudley et al.
found pHi and ADP concentration in the anterior cingulate to be
negatively correlated with Young Mania Rating Scale (YMRS) scores.”

In summary, *'P MRS has provided considerable support for mito-
chondrial dysfunction in BD. Findings of decreased pHi are strong indi-
cators of oxidative stress brought on by mitochondrial impairment.
Observations of metabolic differences, namely PCr and PME, also
strongly implicate mitochondrial dysfunction in the pathogenesis of BD,
although many of these studies are confounded to some degree by the
effect of pharmacological treatment. Phosphorus-31 MRS studies of BD
could be of further value by examining the effect of various medications
as well as determining if changes in the metabolic environment are
widespread throughout the brain or localized to specific regions or
brain structures that are implicated in the manifestation of symptoms.

3.1.2. Attention-deficit/hyperactivity disorder
Attention-deficit/hyperactivity disorder (ADHD) has only very recently
become the target of >'P MRS studies. As a result, only two reports have
been published to date; however, these studies offer novel findings that
are in agreement with much of what is known about the disorder from
investigations using other modalities. ADHD is characterized by a wide
range of cognitive deficits such as impairments in executive function,
inhibitory regulation, perception, motor control, and motivational pro-
cesses.”®* Neuronal networks formed between the prefrontal cortex
(PFC) and BG are known to be associated with many of these cognitive
functions, and these regions have been implicated in ADHD by numerous
structural and functional neuroimaging studies.* ™

Stanley et al. published the first >'P MRS study of ADHD which
examined the PFC, BG, and superior temporal (ST) region of children
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with the disorder compared to healthy controls.”” Decreased levels of
PME were found bilaterally in both the PFC and BG of children with
ADHD compared to the control group. The ratio of PME to PDE was also
found to be decreased in the BG of children with ADHD. A second study
by Stanley et al. found bilateral decreases of PME levels in the BG as well
as increases of PME in the right hemispheric inferior parietal region of
unmedicated children with ADHD.”! Interestingly, correlations of PME
levels with age differed between ADHD and control groups in the PFC
and inferior parietal region. A significant positive correlation was found
between PME and age in the PFC for the control group compared to a
non-significant negative correlation among children with ADHD. In the
inferior parietal region, negative correlation between PME and age was
found to be much stronger in the control group than in the ADHD group.

These findings of alterations in PME levels are consistent with previ-
ous neuroimaging studies of ADHD. The findings by Stanley et al. are
consistent with the findings of structural abnormalities and functional
deficits reported in other MRI studies. Collectively, these results suggest
regionally specific impairment of dendritic branching and of formation of
new synapses in children with ADHD. Continued *'P MRS studies of
ADHD may provide a sensitive means of examining biochemical altera-
tions in the brain as they relate to the progression of this disorder
throughout childhood and into adolescence. Table 5 summarizes the
results of >'P MRS studies of ADHD.

3.1.3. Schizophrenia

A major hypothesis concerning the pathophysiology of schizophrenia is
centred on the membrane composition and functional perturbations asso-
ciated with the disease.”? Therefore, 3'P MRS has been utilized extensively

TABLE 5 Summary of >'P MRS studies of attention-deficit/hyperactivity disorder

Brain
region Results Subjects  Medication References
PCF, BG | PME, bilaterally ADHD, Two ADHD 90
in ADHD n=10 subjects on
versus controls Control, psychostimulants
n=15
BG, | PME, ADHD, All ADHD subjects 91
inferior  bilaterally in n=31 unmedicated
parietal ~ BG of ADHD Control,
T PME, right n=36

inferior parietal
of ADHD
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in investigations of schizophrenia because it affords a sensitive method of
detecting the membrane precursors PC and PE as well as the membrane
breakdown products GPC and GPE. However, the variation in MRS
methodologies, patient groups, and medication regimens across these
studies has resulted in conflicting findings.

At lower magnetic field strengths, as noted above, the MRS signals
from PC and PE and from GPC and GPE cannot be resolved and the pairs
are collectively observed, along with other components, as the PME and
phosphodiester PDE peaks, respectively. Many earlier *'P MRS studies
have reported decreased PME levels”>™” and increased PDE levels”*° in
neuroleptic-treatment-naive schizophrenics. Using the assumption that
observed PME and PDE levels are reflective of membrane precursor and
breakdown product concentrations, respectively, these results indicate an
environment of accelerated phospholipid degradation in schizophrenia.
A recent longitudinal study by Miller et al. conducted at 4.0T was able to
quantify PC, PE, GPC, and GPE.'"™ At baseline, the group reported
increased GPC in the anterior cingulate of first-episode schizophrenics.
After 30 months, GPC levels from that region had normalized and a
decrease in GPE was observed in the left thalamus of the schizophrenic
group relative to the baseline as well as controls. Based on these findings,
Miller et al. hypothesized that the early stages of schizophrenia are
accompanied by accelerated phospholipid degradation and that this
membrane turnover decreases with the progression of the illness.

However, contrary to the membrane hypothesis, other early >'P MRS
studies have reported no change'”’'** or decreases'® in PDE levels
among neuroleptic-treatment-naive schizophrenics. There is some evi-
dence that much of the findings of increased PDE levels may be con-
founded as GPC and GPE signals are contaminated by broad signals from
molecules with short T,* such as micelles and synaptic vesicles.”'%
Smesny et al. attempted to reduce the contributions from these molecules
by applying a convolution difference filter during preprocessing such that
measured levels of PDE more accurately reflect GPC and GPE concentra-
tions.'”” Interestingly, they found decreased PDE levels in the medial and
lateral PFC of unmedicated and neuroleptic-naive schizophrenics
compared to controls, indicating disturbed phospholipid generation
rather than accelerated phospholipid degradation.

Recent postmortem studies by Komoroski et al. utilized high-resolution
31p NMR spectroscopy such that GPC, GPE, PC, and PE signals could be
quantified individually without contamination from the short T,* phos-
pholipids.'®'% They found no significant differences in the membrane
precursors PC and PE in schizophrenics compared to controls. GPC was
found to be significantly increased among male schizophrenics relative to
controls in extracts from the frontal, temporal, and occipital regions. While
this finding is possibly attributable to schizophrenia, it is likely that
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neurotoxic effects from the long-term use of antipsychotics could be respon-
sible. Given that membrane precursor levels were unchanged and that GPC
levels were altered in regions not otherwise associated with the disease,
these postmortem studies do not support the hypothesis that accelerated
phospholipid degradation plays a substantial role in schizophrenia.

Outside of membrane synthesis findings, recent *'P MRS studies of
schizophrenia have identified abnormalities in high-energy phosphate
(HEP) levels in various brain regions. Jensen et al. found the fronto-
temporal-striatal region of first-episode schizophrenics to possess
increased levels of B-ATP in white matter and decreased levels of B-ATP
in grey matter, yet no corresponding alterations in PCr levels were
observed.'"” Despite the mixed medication status among patients and
the small sample size, these results would seem to indicate a widespread
shift in brain bioenergetics at the onset of symptoms. Complementary to
this finding, Jayakumar et al. found significantly decreased PCr to ATP
ratios in the BG of antipsychotic-naive schizophrenics relative to age-, sex-
,and handedness-matched controls.""" A follow-up study of these cohorts
after 30 months of antipsychotic treatment found PCr/ATP to be normal-
ized and that the change in the ratio was significantly positively corre-
lated with change in positive and negative syndrome scale (PANSS)
score.'!?

From the early findings of altered phospholipid concentrations that
supported the membrane hypothesis to more recent results of HEP differ-
ences that implicate alterations in brain bioenergetics, *'P MRS has
proven to be a useful method for the in vivo investigations of schizophre-
nia. The most problematic confounding factors present in much of the
research to date are the effects of antipsychotic treatment and changes
brought about by the progression of the illness itself. Controlling for these
factors and including larger patient groups would enable further *'P MRS
investigations to better elucidate the pathophysiology of schizophrenia.
Table 6 summarizes the results of *'P MRS studies of schizophrenia.

3.1.4. Parkinson’s disease

Much like for BD, mitochondrial dysfunction is implicated in the patho-
genesis of Parkinson’s disease (PD). The use of 3P MRS, however, has
remained somewhat limited in the study of this neurodegenerative con-
dition. Early studies reported abnormalities of the mitochondrial respira-
tory chain in the substantia nigra''>'* and skeletal muscle''®''® of PD
patients. In order to investigate these findings in vivo, *'P MRS studies of
PD measured the ratio of Pi to PCr to characterize the rate of intracellular
energy metabolism. Penn et al. compared *'P data from resting forearms
of 28 PD patients and 28 control subjects.''” The results suggested mito-
chondrial dysfunction with Pi/PCr of PD patients significantly higher
than controls (p=0.004). Their results contradicted an earlier study by
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TABLE 6 Summary of recent *'P MRS studies of schizophrenia

Subjects

Brain region Results (M/F, age) Medication References

Anterior 1 GPCin ACC S: 13 FE 6 on AP at 100
cingulate, at baseline 12/1, baseline
left | GPE in left 24.3) 10 on AP at 30
thalamus thalamus at C: 13 (12/1, months

30 months 28.8)

Medial and | PME S: 31,12 FE F.E.: AP naive 107
lateral | PDE 19 ME ME: off AP for
prefrontal (15/16, 2 weeks
cortex 37.1)

C: 31
(sex, age
matched)

Frontal, 1T GPC in S: 20 ME 11 on AP at time 108,109
temporal, males, all (15/5,71)  of death
occipital regions C:20 (20/0, 9 unknown
regions T GPE in 71)

(extractions)  males,
occipital
region

Fronto- 1 B-ATP in S: 12 FE 3 on AP 110
temporal- WM (11/1, 6 on anxiolytics/
striatal | B-ATPinGM  23.2) antidepressants
region C:11(9/2,

22.2)
Basal Ganglia | PCr/ATP S: 14 ME AP naive at 111,112
at baseline (8/6,29) baseline
A PCr/ATP C:14 On AP at 30
correlates (11/3,29) months
with A
PANSS

Note: S, schizophrenic; C, control; FE, first episode; ME, multiple episode; AP, antipsychotics.

Taylor et al.,"* which found no significant difference in Pi/PCr between
resting finger flexor muscles of 7 PD subjects and 11 age-matched con-
trols. Methodological differences, unknown pharmacological effects of
medication, and the low statistical power of the Taylor et al. study could
attribute to the discrepancies between the findings of these studies.
More recently, Rango et al. examined mitochondrial dysfunction in the
visual cortex of PD patients at rest, during, and after visual activation.'*!
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While the visual cortex does not hold any clinical relevance to PD, this
technique was employed by the same group to demonstrate mitochon-
drial impairment in patients with known mitochondrial diseases without
central nervous system involvement.'*” The results for the PD study were
that HEPs did not differ between PD and control groups at rest or during
visual activation. However, during recovery from activation, HEPs
increased in controls by 16% yet declined in PD by 36%. The slower return
to normal levels of HEPs after visual activation indicates mitochondrial
impairment in PD patients. This deficiency of HEP production is poten-
tially obscured during visual activation as the increased demand of HEPs
may be met by a shift towards anaerobic glycolysis, which does not rely
on mitochondrial function. Further investigation is required to determine
why evidence of mitochondrial dysfunction exists in the visual cortex of
PD patients, although this suggests widespread impairment of mitochon-
dria in this disease.

In 2000, Hu et al. used *'P MRS in conjunction with fluorodeoxyglu-
cose PET (FDG-PET) imaging to investigate cortical dysfunction in non-
demented PD patients.'* Results from the *'P data showed increased
Pi/B-ATP levels bilaterally in the temporo-parietal cortex of PD patients
relative to controls (p=0.002 and 0.014 for right and left cortex, respec-
tively). Complementing these results, analysis of FDG-PET data revealed
bilateral reductions in glucose metabolism in PD patients relative to
controls. Hu posits that mitochondrial impairment in PD negatively
impacts oxidative phosphorylation, causing a shift towards glycolytic
energy production to replenish ATP levels. This anaerobic glycolysis
draws MR invisible Pi from the mitochondria to the cytoplasm where it
becomes detectable by >'P MRS.

In summary, >'P MRS has provided evidence to support the role of
mitochondrial dysfunction in PD. Findings of altered energy metabolism
in brain regions not linked to clinical symptoms of the disease indicate
that widespread mitochondrial impairment is very likely associated with
the underlying pathology. Due to the relatively small number of studies,
it is difficult to ascertain the extent to which effects of medication, age,
severity, and other parameters have had on the results of the studies.
Phosphorus-31 MRS studies of PD could be of further value by examining
these variables and also by investigating indirectly measurable values
such as pHi, ADP, and free Mg*" concentration as these may provide
further characterization of the tissue bioenergetics. Table 7 summarizes
the results of *'P MRS studies of PD.

3.1.5. Stroke and ischemic insult

Alterations in energy metabolism are known to occur during ischemic
conditions which have been associated with pathologies such as stroke,
migraine, and perinatal hypoxia—ischemia (HI). Phosphorus-31 MRS



TABLE 7 Summary of *'P MRS studies of Parkinson’s disease

Tissue Results Number Age Medication References
Forearm muscle 1 Pi/PCr PD: 28 58.6 L-Dopa 119
Controls: 28 56.3
Forearm muscle No significant results PD:7 56-73 Selegiline and 1-dopa 120
Controls: 11  Age

matched
Visual cortex 36% | HEPs in PD versus  PD: 20 63+9 L-Dopa taken 1h before scan 121
16% 7 in controls during Controls: 20  62+13 No dopamine agonists 1 week
recovery before scan
Temporo- 1 Pi/B-ATP bilaterally PD: 10 62.247.0  1-Dopa, 4 on dopamine agonists, 123
parietal cortex Controls: 9 56.8+7.7 all medication stopped

previous evening
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studies of these conditions have been quite fruitful as information on the
local energy metabolism has in some situations informed treatments and
predicted outcomes.

Among all ischemic events, perinatal HI—and the resulting neonatal
encephalopathy—has perhaps been the most extensively studied by
*IP MRS. Numerous studies have found this pathology to be character-
ized by a biphasic pattern of energy failure: an initial bioenergetic
impairment occurs during HI and is followed by an apparent recovery
of energy generation before a period of secondary energy failure
(SEF).!2+127 Investigations of 'H and *'P MRS have identified low cere-
bral PCr/Pi and NTP/total exchangeable high-energy phosphate pool
(EPP) as well as increased pHi and brain lactate as specific metabolic
markers of SEF.'** 3% Recent studies have demonstrated the ability of *'P
MRS to predict the severity of SEF, indicating this modality may provide
useful insight to the pathophysiology of HI and neonatal encephalopathy.
Cady et al. observed SEF severity to be linearly correlated with [Pi]/
[EPP], [PCr]/[Pi], and [NTP]/[EPP] measured approximately 2h after
induced HI in newborn piglets."*® Using *'P MRS in conjunction with
near infrared spectroscopy (NIRS), Kusaka et al. found greater neuropath-
ologic damage when [PCr]/[Pi] was positively correlated with cerebral
haemoglobin oxygen saturation after HL."** In a different *>'P and NIRS
study, Winter et al. suggested mitochondrial dysfunction may occur after
HI based on their findings of incomplete recovery of NTP.'** However, as
the cerebral metabolic rate of oxygen did not correlate with any metabolic
changes, they concluded impaired mitochondrial function could not be
the only factor.

Various types of stroke with ischemic events have been the subject of
*'P MRS investigations. Knowledge of how the metabolic environment
changes during and after these periods of ischemia could have a substan-
tial impact on the efficacy of treatment. Both ischemic and hemorrhagic
strokes can lead to ischemic damage and infarction of brain tissue, poten-
tially causing impairments to speech, movement, and memory. In a
review of >'P MRS investigations of stroke, 3¢ Yang et al. found consistent
reports among animal studies that cortical free Mg*" and energy metabo-
lism were significantly decreased following stroke.'””~'** Further, several
of these studies reported that the degree of decrease in these measures
was strongly correlated with the severity of the ischemic event'*”"** and
that alterations in energy metabolism lag decrease in free Mg?*."*” Unfor-
tunately, there is a relative scarcity of >'P MRS studies of stroke in human
patients; however, it has been demonstrated that the modality is sensitive
to alterations of free Mg”>" and cortical energy metabolism in limited
in vivo studies of stroke.'**"'**

For reasons not well understood, migraine is closely associated with
ischemic stroke.'*'*” A review of the literature by Sparaco et al.
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highlights evidence for a hypothesis of mitochondrial dysfunction as the
molecular basis for the pathology.'*® In addition to morphological and
genetic studies, >'P MRS has provided significant support for impaired
mitochondrial oxidative metabolism in migraine. Specifically, studies
have found decreased PCr, increased Pi, increased ADP, and an increased
V/Vmax of ATP biosynthesis across different forms of migraine.l‘w*152
A study by Schulz et al. 2009 investigated whether migrainous stroke
and severe aura were connected by the same pathologic mechanism.'>?
They reported that patients with persistent aura without infarction had
lower PCr/Pi ratios compared to controls and patients with migrainous
stroke in cortical tissue. Metabolite ratios did not differ significantly for
patients with migrainous stroke relative to controls. These results indicate
migrainous infarction has a different pathologic mechanism than
migraine with persistent aura and that the former is not simply a severe
form of the latter. Table 8 summarizes the results of >'P MRS studies of
migraine.

3.2. Muscle

Non-invasive *'P MRS has become one of the most useful tools to investi-
gate in vivo muscle metabolism since the first muscle *'P MRS study
reported by Hoult et al. in 1974."°* Many muscle *'P MRS studies in
human or animal models have been reported and reviewed. For example,
recently Kemp and his co-workers reported a quantitative review of
phosphorus metabolite concentrations in human muscle."”> Here, we

TABLE 8 Summary of *'P MRS studies of migraine

Brain region Result Condition References

Whole brain | PCr, T ADP, Migraine w/o aura 149
T V/Vinax

Whole brain | PCr, 1 Pi, 1 ADP, Migraine with aura 150
T V/ Vmax

Whole brain | PCr, T ADP, Migraine with 151
T V/Vimax prolonged aura

Cerebral grey | PCr/Pi Migraine, during 152

matter interictal period

Cortical tissue | PCr/Pi versus Migraine and 153

controls and migrainous stroke,

migrainous stroke  during interictal
period
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briefly reviewed some muscle >'P MRS studies particularly associated
with certain diseases published during 2005-2010.

3.2.1. Diabetes, injury, and other diseases

When glucose is oversupplied, our body stores the excess in the liver and
muscle by making glycogen to maintain constant blood glucose level. One
of the important functions of insulin is to decrease whole body glucose
mainly by stimulating glycogen synthesis. The glycogen in muscle cells
serves as an immediate reserve source of available glucose for muscle
action. Insulin resistance (insulin becomes less effective in lowering blood
glucose level) is an early event in the pathogenesis of type 2 diabetics. The
exact processes leading to insulin resistance remain unresolved, but mito-
chondrial dysfunction has been found in the muscle of diabetes patients
and a cause-and-effect relationship between the impairment of oxidative
capacity and pathogenesis of type 2 diabetes has been proposed.'”*™'>®
This proposed relationship was not supported by several studies pub-
lished in 2008."°°7'°! Trenell et al. found that resting and maximal ATP
turnover are not impaired in well-controlled diabetes type 2 patients,
when compared with healthy controls.'® De Feyter et al. investigated
mitochondrial function via PCr and ADP recovery in early, advanced
stages of type 2 diabetes and healthy controls and found no difference
between groups.'® Lim et al. studied the ATP turnover rate in a group of
young healthy subjects using *'P MRS saturation transfer and found
glycogen synthesis was not limited by ATP availability in this popula-
tion.'®” In counterpoint to those studies, Befroy et al. demonstrated that
there is a deficit in muscle TCA cycle flux in the subjects that occurred
before impaired glucose tolerance and concluded that defective muscle
mitochondrial function is an early factor in the pathogenesis of type
2 diabetes.'**'%* Befroy et al. believe that there are muscle-group specific
differences in mitochondrial function and capacity in healthy subjects and
in the modulation of energy production by disease. The disparities
between these studies have been influenced by the precise characteristics
of the populations studied and the muscle chosen for analysis.'®

Peterson et al. found an increase in intramyocellular lipid content and
reduction in mitochondria phosphorylation (mitochondrial rates of ATP
production) in insulin-resistant subjects versus insulin-sensitive sub-
jects.'®® They concluded that their results supported the hypothesis that
insulin resistance is due to dysregulation of intramyocellular fatty acid
metabolism, which may be caused by an inherited defect in mitochondrial
oxidative phosphorylation.

Muscular pain and discomfort in wrist resulting from repetitive strain
injury are referred to as work-related myalgia (WRM). A *'P MRS study in
a group of 18 women with WRM showed earlier onset of the rapid phase
of pHi decline and log([Pi]/[PCr]) in the WRM group.'”” The data
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suggested that WRM may have contributed to an increased reliance on
nonoxidative metabolism with rising power output/ATP demands.

Peripheral artery disease (PAD) patients usually feel leg pain when
walking, which is caused by insufficient blood flow to keep up with
energy demand. The *'P MRS data collected in a PAD patient group
showed prolonged PCr recovery rate (or time constants) in the calf muscle
after exhaustive exercise, suggesting the transition from anaerobic to
aerobic energy metabolism is delayed due to impaired oxygen supply
or mitochondria function caused by atherosclerosis.'®®

Phosphorus-31 MRS has been used widely to investigate mitochondria
diseases in muscle. Trenell et al. measured an elevated ADP concentration
and pHi in a group of mitochondrial myopathy (MM) patients, which is
evidence of impaired oxidative ATP production in their skeletal mus-
cle.'® This study also showed that increased inspired oxygen concentra-
tion improves oxidative function in MM patients. In a separate study,
Jeppesen et al. could not differentiate healthy subjects and MM patients
using *'P MRS."”° They concluded the *'P MRS should not be a routine
test in the diagnosis for MM patients.

After 2 years of poliomyelitis onset, patients still suffering from the
paralysis, fatigue, or weakness of muscle are referred to as having post-
polio residual paralysis (PPRP). Sharma et al. studied the calf muscle of
the affected leg in a group of 19 PPRP patients with *'P MRS."”! They
found that PCr/Pi ratio was lower in patients than in controls. They also
found significant increases in both PME/PCr and PDE/PCr ratios in
patients, a point which needs further investigation.

When combined with the measurement of NIRS, in vivo >'P MRS pro-
vides a way to investigate the effects of pulmonary diseases on muscle
metabolism. Kutsuzawa et al. measured the oxygenation state and energy
metabolism in muscle for patients with chronic obstructive pulmonary
disease (COPD) using NIRS and *'P MRS simultaneously.'”* Their result
showed that the time delay of deoxygenation kinetics during on-transition
of forearm exercise may suggest a slower increase in O, delivery in COPD
patients with a low pHi, which might partly account for altered muscle
energy metabolism (i.e. the reduced PCr levels in muscle). Another study
using °'P MRS and NIRS simultaneously in muscle was also reported by
Okuma et al. in 2007. The *'P MRS data (PCr and pHi) and NIRS data
(intramuscular oxygenated, deoxygenated, and total haemoglobin)
allowed them to monitor the steroid therapy in polymyositis patients.'”

3.2.2. Medication and supplementation on muscle metabolism

Creatine (Cr) is one of the most widely used supplements for muscle
performance enhancement. Creatine supplementation may result in an
increase in muscle total Cr relative to PCr. Brault et al. investigated the
ratio of PCr to total Cr (TCr=PCr+Cr) in a group of adult men using *'P
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and 'H MRS.'”* The Cr concentration in plasma and red-blood cell did
increase 10- and 2-fold, respectively, after the 3rd day of supplementation.
However, the MRS data showed that Cr supplementation does not alter
the PCr/TCr ratio, and hence the cytoplasmic Gibbs free energy of ATP
hydrolysis in skeletal muscle at rest.

Some studies also investigated the effects of Cr supplementation on
pathological muscle metabolism. In a study of steroid-naive, ambulatory
boys with Duchenne muscular dystrophy (DMD), Banerjee et al. reported
that oral Cr supplement significantly improved the muscle PCr/Pi ratio
and preserved the muscle strength in the short term (8 weeks). But they
found no evidence to show that Cr supplementation provides a benefit
after long-term treatment or has any positive effect on patient lifespan.
This study also revealed that the PCr stores in DMD boys are depleted at
baseline.'”” In a study of 6-week Cr supplementation, Kornblum et al.
reported PCr/ATP at rest did not increase and there were no changes in
PCr consumption under Cr supplementation in patients with chronic
progressive external ophthalmoplegia (CPEO) or Kearns-Sayre syn-
drome (KSS). They also found no facilitation in post-exercise oxidative
PCr re-synthesis in this study. They concluded that Cr supplementation
did not improve skeletal muscle oxidative phosphorylation in the CPEO
patient population.'”®

Capsiate has been reported to increase body temperature and oxyge-
nation in humans. It has been considered a potential dietetic therapy for
obesity, which results from an imbalance between energy intake and
expenditure thereby leading to a significant weight gain and excessive
intra-abdominal adipose tissue accumulation.'””!”® Uncoupling protein-3
(UCP3) is a mitochondrial inner membrane protein that plays important
roles in energy expenditure, the maintenance of body weight, and ther-
moregulation. In 2007, Faraut et al. reported that a single oral administra-
tion of capsiate significantly downregulated UCP3 gene expression in rat
skeletal muscle while the rate of mitochondrial ATP production was
increased both at rest and during a stimulation protocol.'” In 2009, they
further published the results from a rat study of 14-day administration
with capsiate. They found that capsiate reduced UCP3 gene expression
and increased PCr level at baseline and during stimulation period in
muscle. The pHi data showed a larger alkalosis in the capsiate group
during stimulation suggesting lower glycolysis and a compensatory
higher aerobic contribution to ATP production. The capsiate group also
showed a lower weight gain coupled to a decreased abdominal fat con-
tent. Based on the *'P MRS and 'H MRI data, they hypothesize that
change in UCP3 expression is a causative factor of weight loss.'”®

Phosphorus-31 MRS provides a valuable research tool to investigate
the correlation between metabolic turnover and pathological fatigue in
muscle such as asthenia and chronic fatigue syndrome (CFS). Jones et al.
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reported that exercise-induced intramuscular pH recovery is altered in
CFS patients and is related to autonomic dysfunction.'®® In a separate rat
study, Giannesini et al. used citrulline malate (CM) to treat asthenia and
found that the supplementation prevented the basal PCr/ATP ratio
reduction and normalized the pHi time-course during muscular activ-
ity.'®" They conclude that CM supplementation corrects the impaired
control of oxidative function and has protective effect on basal energy
metabolism. The data from either human or animal studies provide a
potential approach to therapy.

3.2.3. Miscellaneous applications

Magnetization transfer is a useful tool to study phosphoryl exchange
reactions, which play a major role of bioenergetics in living organs.
A small reduction of the B-ATP signal upon the saturation of the y-ATP
signal has been observed but generated few further, in-depth stud-
ies.'®*1%% Nabuurs et al. reported a well-designed skeletal muscle study
in mouse model to address this issue.'® The study results indicate the
cross-relaxation between free cellular ATP and ATP bound to slowly
rotating macromolecules, observed as NOEs, is responsible for reduction
of the B-ATP signal upon the saturation of the y-ATP signal. This relaxa-
tion process provides the information on the association state of ATP
in cell.

Similar to pHi as measured by the chemical shift between PCr and
other phosphates, intracellular magnesium concentration [Mg”]f can be
measured by the chemical shift between the PCr and -ATP resonances.
However, the accuracy of measurement has been limited by the relatively
small changes in the chemical-shift difference, which eventually gives
large variation in [M%H]i. McCully et al. found the prior exercise does
not affect resting [Mg”"]; measurement.'® They also reported the repro-
ducibility of measurement of [Mg?*]; and muscle oxidative capacity. They
concluded that the measurements of [Mg2+] ;and PCr recovery kinetics to
be reproducible, but in different ways. The PCr recovery kinetics has
better ability than [Mg”"]; to detect the differences among healthy sub-
jects, as shown by higher intraclass correlation coefficients. As pointed
out in the study of Nabuurs,'®* the association state of ATP in the cell may
affect the B-ATP signal. In future studies, it will be interesting to address
how this may affect the measurement of [Mg?*]; in muscle.

3.3. Other organs and systems

3.3.1. Heart

Since 2006, four reviews of >'P MRS of the heart have appeared,'®* "’
with one as recently as 2010."'® These works give a good introduction to
many technique details specific to cardiac >'P MRS, as well as topical
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reviews of applications addressing specific clinical issues. Hence, here
our treatment of cardiac *'P MRS is brief and covers only the most
recent work.

As expected, increased magnetic field substantially improves >'P MRS
of the heart, as demonstrated in two recent reports."”*'”! Bottomley and
co-workers extended their previous quantitative cardiac *'P MRS meth-
ods to 3T by incorporating adiabatic pulses of increased bandwidth to
reduce SAR and a dual TR method to measure T;."”> They report >'P T;s at
3T for PCr and ATP in both heart muscle and skeletal muscle.

A recent *'P MRS study at 1.5T found that the myocardial PCr/ATP
ratio was reduced relative to controls in hypertensive patients with dia-
stolic but not systolic dysfunction.'® In a retrospective study, Zhang et al.
showed that the PCr/B-ATP ratio after coronary artery bypass grafting
was significantly higher than prior to grafting (1.71+0.29 after, 1.43+0.24
before), although both ratios were significantly lower than controls
(2.1340.21)."*

Although *'P MRS can be used to measure pH in isolated, perfused
hearts, it is not suitable in vivo because 2,3-diphosphoglycerate in ventric-
ular blood interferes with the myocardial Pi resonance."” Schroeder et al.
have developed a possible alternative method for in vivo use based on the
carbonic-anhydrase-catalyzed, pH-dependent equilibrium of CO, and
HCO5."” Infusion of hyperpolarized 1-'>C-pyruvate generates strong
signals of metabolically produced *CO, and H'?CO; to yield pH by the
Henderson-Hasselbalch equation. Applicability of the method in humans
remains to be demonstrated.

Little cardiac *'P MRS has been reported in animal models. Lee et al.
describe methods for measuring myocardial energetics using surface-coil
*'P MRS of the open-chested mouse at 4.7T.""® In a *'P MRSI study
performed on a 9.4-T vertical-bore spectrometer, Flogel et al. were able
to map localized energetics in several regions of the heart in a transgenic
murine cardiomyopathy model.'”” They found that cardiac dysfunction
in the mutant was associated with impaired energy state.

3.3.2. Liver and kidney

Two reviews, one a comprehensive account of 31P MRS of liver'”® and the
other a survey of liver and bile MRS,'*” cover the literature through 2003.
As for MRS in other organs, 'P MRS of liver has benefitted from
increased magnetic field. Wylezinska et al. compared ISIS-localized *'P
MRS of liver at 1.5 versus 3.0T in controls and patients with chronic liver
disease.'” Spectral resolution improved somewhat at 3.0 relative to 1.5T
with or without decoupling. An effective SNR increase of 21% was found
for the PME resonance upon going to 3.0T. A quantitative >'P 3D-MRSI
protocol has been developed for liver at 3.0T.** The protocol provides
good spectral quality at a spatial resolution of about 18cc in 34min.
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Except for one case,”" recent clinically oriented *'P MRS studies of
human liver have been at 1.5T. Several studies applied in vivo *'P MRS to
diffuse liver disease.””>*"* The PDE intensity was lower in cirrhosis than
in controls?®® and served to distinguish the alcoholic, viral, and cholestatic
etiologies of diffuse liver disease.’’> However, there was no difference
between patients with non-alcoholic fatty liver disease (NAFLD) and
controls.”” Sharma et al.,*** using the relative PME intensity as a measure
of altered gluconeogenesis (this peak can contain glucose-6-P and 3-phos-
phoglycerate in addition to PC and PE), found that hepatic gluconeogen-
esis was altered in both obese and non-obese Asian Indians with NAFLD,
relative to non-obese subjects without NAFLD.

An earlier cross sectional study had found that the PME/PDE ratio
was a measure of disease severity in chronic hepatitis-C.>"> More recently,
it was found that this ratio may also serve as a biomarker of response to
treatment with antiviral therapy.””® Whereas non-responders had similar
or even elevated PME/PDE initially, that ratio declined from 0.27+0.02
(standard error) to 0.164+0.01 after treatment (p<0.001) in responders.
Liver resection is a common therapy for liver metastases. Prior portal
vein embolization (PVE) of the resected lobe results in hypertrophy of the
remaining contralateral lobe. Phosphorus-31 MRSI has been used to mon-
itor metabolism of the regenerating lobe after PVE.*””

Working at 3.0T with proton decoupling, Sevastianova et al. partially
resolved the resonance of nicotinamide adenine dinucleotide phosphate
(NADPH) from that of a-NTP.**' NADPH was higher in subjects with non-
alcoholic steatohepatitis and cirrhosis than in healthy controls and correlated
with disease severity. Solga et al. investigated the reliability of both 'H
and °'P MRS at 1.5T in cohorts of obese diabetic subjects and healthy con-
trols.?®® Whereas hepatic fat could be reliably measured with relative ease,
hepatic ATP proved difficult with obese subjects due to reduced *'P SNR.

Graft rejection is a major problem with liver transplantation, the pri-
mary treatment for end-stage liver disease. The ability of *'P MRS to
probe liver energy and PL metabolic status non-invasively in humans
may make it a viable diagnostic alternative to repeated biopsy after
transplantation. A study in adults found lower PDE/B-ATP ratios for
well-functioning versus chronically rejected grafts at 101-351 days after
transplantation.””” In a paediatric study,?'’ patients with good graft
function displayed *'P MR spectral profiles similar to those of healthy
subjects, whereas patients with abnormal liver function and hepatic
complications showed elevated PME/total phosphate ratios.

Hepatocyte transplantation is being explored as an alternative to
whole-organ transplantation.”’' In addition, gene transfer therapy is
being developed for familial hypercholesterolemia.’’* A non-invasive
method to serially assess the metabolic status and proliferation of hepa-
tocytes transferred as treatment for end-stage liver disease or genetic
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disease would be valuable. A possible method is to label transplanted
cells genetically for later detection. Two studies have appeared that dem-
onstrate the use of a CK marker gene.”'"*'* Because CK is not normally
expressed in the liver, transplanted cells labelled with the CK gene will
produce PCr, which is absent from liver 3P MR spectra. In vivo 3P MRS
readily detected the PCr expressed by hepatocytes transplanted from
transgenic mice and carrying the CK marker.”''*'> The ATP level was
found to correlate with the degree of hepatic injury as measured by the
biochemically based liver damage score (LDS) in experimental rabbits.*'?

Relatively little *'P MRS has been performed recently in kidney. As a
model of the role of sepsis in acute renal failure, May et al. have studied
the effect of septic shock on kidney energy metabolism in a sheep
model.”'* Using an implanted >'P surface coil on a clinical 3-T scanner,
they found that despite marked, sepsis-induced hypotension, renal ATP
and pH changed little prior to circulatory arrest. In vivo °>'P MRS has been
proposed as a method for following the viability of kidney grafts. Using
a surface coil and ISIS volume selection at 1.5T, Fiorina et al. found
that simultaneous kidney—pancreas transplantation displayed a higher
B-ATP/Pi ratio than kidney-alone transplantation in diabetic patients,
suggesting that restoration of B-cell function positively affects kidney
graft metabolism.*"”

3.3.3. Cancer—Human studies

Perhaps surprisingly, beyond the brain, there are relatively few in vivo >'P
MRS studies of tumours directly in humans in the past 5 years. Chawla
et al. report a multinuclear MRS study of squamous-cell cancer of the
head and neck.”’® They conclude that the biochemical pathways deter-
mining the tCho peak in "H MRS may differ from those of the PME peak
in *>'P MRS, rendering their information content complementary.

The Cooperative Group on MRS Applications in Cancer conducted a
multi-institutional trial to demonstrate the utility and reproducibility of
in vivo *'P MRS in several human cancers, including non-Hodgkin’s
lymphoma (NHL), sarcomas of soft tissue and bone, breast cancer, and
head and neck cancer.”'”*'® Initially, they showed basic technique repro-
ducibility in vitro and for quadriceps muscle in volunteers across partici-
pating institutions.”'” Spectral quality and reproducibility varied among
the different cancers.”’® Later, they demonstrated that a reproducible
measure of PME normalized to nucleoside-triphosphate resonances
could be obtained for a select group of matched patients with NHL.*'®

3.3.4. Cancer—In vivo models

Phosphorus-31 MRS continues to be a powerful tool to study cancer
models in rodent xenografts. Because such studies are conducted at
high magnetic fields with dedicated surface or volume coils, SNR and
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spectral resolution are usually considerably better than from human
in vivo studies. Such studies are well suited for evaluating therapeutic
interventions, and in vivo results can readily be confirmed by ex vivo NMR
analysis. Recent studies have been reported on breast cancer,*'**** colon
cancer,”"?*72% and large B-cell lymphoma.*****” Bansal and co-workers
developed an in-magnet set-up for delivering controlled hyperthermia to
implanted mouse tumours and used it to measure therapy response
by MRS of *'P, 'H, and **Na.”*®

Because woodchuck hepatitis virus is similar to human hepatitis B,
that rodent is a good animal model for the infection. McKenzie et al.
followed the development in woodchucks of hepatocellular carcinoma
arising from the infection over 6 months using *'P 2D MRSL** They
attributed the increased ratio of PME/B-NTP to increased cellular
proliferation of the liver tumour.

3.3.5. Miscellaneous applications

Disease modelling using genetically altered mice has become a major tool
in biomedical studies. Renema et al. review the use of transgenic mice to
study the enzymatic processes of HEP metabolism by multinuclear MRS,
including *'P.**

In a relatively unusual application, Pértner and co-workers have used
in vivo 3'P MRS to study water-breathing animals, primarily fish.?312%2
Earlier work involved restrained or resting fish, but recent techniques
have been developed to study fish while swimming.”*' They have also
recently examined in vivo muscle energy metabolism in the cuttlefish, a
marine invertebrate.**?

4. SUMMARY AND FUTURE DIRECTIONS

Phosphorus-31 MRS is continuing to advance and see wider application.
The capability to perform *'P MRS on both clinical and high-field animal
scanners is steadily becoming more widespread. Advances such as high
magnetic fields and improved RF hardware, data-acquisition approaches,
spectrum analysis automation, and pulse sequences promise a technique
of increased speed and spectral and spatial resolution, with a widening
range of potential applications.

An area where we see increasing application is in cancer diagnosis and
treatment. Currently, there is much effort on characterizing breast and
prostate cancer using either single- or multi-voxel "H MRS.****** This
effort focuses primarily on phosphatidylcholine metabolism, as repre-
sented by the resonance assigned to “total choline”, which arises from
unresolved PC, GPC, and choline.?® If sufficient spatial resolution and
speed can be realized from high fields and instrumental advances,
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3P MRS should be useful in breast and prostate cancer, as it can provide
resolved resonances for PC, PE, GPC, and GPE. Initial efforts appear
promising.*”*%

We also see increasing use for >'P MRS in studying mental illnesses.
The ability to characterize tissue energetics (via PCr and ATP) and phos-
pholipid metabolism (via PMEs and PDEs) in sufficiently localized brain
regions should help clarify the roles of mitochondrial dysfunction and
phospholipid metabolism in schizophrenia and BD, as suggested by
earlier efforts.”*”*%®
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Abstract

Quang M. Tieng and Viktor Vegh

Superconducting magnet coil arrangements applicable in nuclear
magnetic resonance across a range of magnetic field strengths are
described in the context of the minimum stored energy (MSE)
design. The approach is based on first calculating an optimal current
density map, which is then used to allocate coils for the second
stage of the optimization process. Having stated the coil domain,
required magnetic field strength and constraint of current density, a
set of superconducting magnet coil arrangements can be com-
puted. Low- and high-field magnet coils achieving field strengths
of 1, 3,7 and 11.75T are provided for the cylindrical compact designs,
1T for the asymmetric coil arrangement and 1T for the open dou-
ble-doughnut configuration magnet. Irrespective of the magnet
type, our findings show that individual magnet coils should be
arranged at the local positive maxima and negative minima of the
current density map and around the perimeter of the domain used
to specify possible coil locations. Moreover, at high-field, which we
assume to be larger than 3T, the maximum fields are located on
coils with the smallest radii, whereas at low-field, this is not the
case. This becomes a critical observation for high-field applications,
as the superconducting magnet design freedom is restricted by
inherent peak field limits on superconductors. To reduce the peak
field experienced by any coil, the domain has to be made longer,
resulting in physically large magnets. Our findings also suggest that
at low-field, reverse current coils can be employed to shorten the
length of the magnet. When the field strengths is greater than 3T,
large peak fields produced between adjacent coils with alternating
currents limit the ability to incorporate reverse current coils with-
out a breach of the peak field limit.

Key Words:  Nuclear magnetic resonance, Superconducting
magnet, Minimum stored energy, Magnetic resonance imaging

1. INTRODUCTION

Nuclear magnetic resonance (NMR) and Magnetic resonance imaging
(MRI) superconducting magnets are present in both low- and high-field
applications, as resistive magnets are limited to field strengths of less than
a Tesla (T)." The superconducting magnet field strength inside the field-
of-view (FOV) is used to classify scanners and it is proportional to the
signal-to-noise ratio (SNR), allowing image resolutions to be increased.
For this reason, low-field has often been associated with low-resolution
imaging, and high-field magnets are needed to improve image resolution.
The gained SNR at high-field can be traded for a reduction in data
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acquisition times, which is particularly helpful in the clinic, where patient
throughput is important. Our work aims to improve the quality of NMR/
MRI superconducting magnets for use within the clinical and research
settings, as measured by FOV static magnetic field strength, its homoge-
neity and size, and the extent of the stray or fringe field. Our intention
here is to outline magnet designs across a range on field strengths and
configurations and discuss differences between coil arrangements of dif-
ferent field strength magnets. The magnets considered achieve static field
strengths from as low as 1T and up to 11.75T, with substantially large
(1m) inner diameters necessary to image a person.

Previously, we have outlined the MSE magnet design strategy and
applied it to compact clinical magnets,”* open magnets for use in inter-
ventional systems,” MRI and positron emission tomography (PET) multi-
modal imaging of animals® and ultra high-field systems.® We have also
compared 1 to 3 to 7T and highlighted specific differences.” Previously,
we have not published asymmetric magnet coil arrangements, details of
which we provide here on top of existing symmetric designs. In all
configurations, the primary objective of the problem formulation was to
reduce superconducting magnet cost® and to improve performance as
measured by magnetic field attributes." This work brings together all of
our low- to high-field designs and summarizes our findings from before
by considering compact symmetric magnets (1, 3, 7 and 11.75T), an
asymmetric magnet design (1T) and a double-doughnut open magnet
design (17).

11. Design parameters

The methodology of designing magnets has broadly been investigated by
researchers. In view of superconducting magnet designs alone, different
optimization strategies have been utilized to obtain coil layouts, coil
arrangements that achieve predefined magnetic field homogeneities
within a specified imaging region or the FOV. Across the various magnet
design stages, the stray field of the coil layout is also considered, since the
fringe field determines the magnet footprint, and therefore, the ability to
safely house the NMR/MRI scanner. The technique to obtain a specific
collection of coils that together deliver an appropriate homogeneity and
strong magnetic field to the FOV, and at the same time minimizing
magnet footprint, requires consideration to not only these factors but
also to the ability of the superconductor to carry a sufficiently large
transport current with minimum superconducting material. Moreover,
the magnet at field implies that the superconductor is exposed to a self-
generated static field, which if large enough can cause the magnet to
quench, or the inability to bring the magnet to the field achieved in the
simulation. For this reason, superconductors are limited by the transport
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current, or current density, and the peak field on the conductor.” Essen-
tially, the combination of the transport current and the magnetic field
around the superconductor creates stresses on the assembly through the
generation of Lorentz forces. The magnitude of the created forces should
be sufficiently small, such that the stresses produced are not large enough
to quench the magnet.

NMR/MRI magnets are generally actively shielded, meaning that the
final coil arrangements utilize reverse current direction coils to help
reduce the magnetic field footprint of the system. In the past, the reverse
current coils were placed furthest from the FOV, to minimize their impact
on the imaging field strength and to maximize stray field reductions.
Recent advances have shown that this arrangement of coils can be the
case but does generalize to all magnet designs across all field strengths.
On top of active shielding, the magnet should be designed and built in a
way that restricts the peak magnetic field produced inside the super-
conductors themselves, whilst minimizing magnetic fields external to
the assembly. '’

The final designs should require less energy and therefore incur lower
manufacturing costs,® which ultimately translate to more affordable sys-
tems with reduced scan costs. The amount of stored energy present
defines superconducting magnet quality, because training time reduces,
as well as providing the ability to release energy quickly in case of a
quench. Attempts have been made to address the concerns of weight,
size and magnetic field nonlinearity in magnet systems, with the intention
of lowering manufacturing cost of systems.'''* Notably, a number of
specific advancements have seen improved and cheaper technologies
emerge in magnet construction and performance,''”"” which benefit the
community through better, more insightful diagnostic and preventative
medical imaging.

1.2. Optimization approaches and cost functions

Having noted the common factors influencing superconducting magnet
design, previously employed optimization methods can be grouped into
two categories: approaches that search a large parameter space from
which an optimal superconducting coil configuration is obtained,'®>" or
where a predefined set of constraints is used as part of the optimization
strategy to speed up computation whilst stabilizing convergence towards
the optimal solution.”* ** In the prior, large computational resources are
needed to obtain coil arrangements, and the latter employs existing
knowledge as part of the optimization to improve convergence to a
solution. It has been shown that the various methods have a tendency to
achieve a similar result, irrespective of the approach adopted.” Further,
it was also shown that superconducting magnet coil layout can be



Compact Superconducting Magnet Design for Nuclear Magnetic Resonance 165

improved through the use of subdomains for coil arrangements.'” The use
of subdomains can be restrictive, as coils cannot move outside of them
during the iterations of the optimization process.

Our work uses the concept of a single magnet domain and an MSE
current density map, from which we seed individual magnet coils.” The
seed coils are used in the second stage of the optimization process to yield
an optimal coil configuration.> Our approach minimizes the supercon-
ductor volume and the current density experienced by individual con-
ductors by minimizing the magnet stored energy. We achieve an MSE coil
arrangement, because the stored energy is a function of inductance and
current density, and the self-inductance is proportional to the supercon-
ductor volume, which are components of the energy cost function.

In contrast to our MSE technique, Kakugawa et al.*® formulated the
cost function to be minimized as a product of coil cross sectional area and
its current density. The result is an optimal coil configuration for the coil
cross sectional area and coil current density. However, it is not clear that
the superconducting volume is also minimized when cross sectional area
is reduced, as individual coil volumes are a function of the coil radius,
which was not considered.

Xu* and Jensen® independently developed methods of designing
magnets by minimizing the dissipated power. The approach is only
suitable for designing resistive magnets, as dissipated power in super-
conductors is negligible, and to achieve a smaller resistance, a larger wire
cross sectional area is required. Therefore, conductor volume and
manufacturing cost increase, since dissipated power is proportional to
conductor resistance. Jensen®® also described a technique based on mini-
mizing coil volumes, which required fixing the value for the coil current
density prior to optimization. Another contrasting technique to our MSE
approach is by Park et al.,* where the stored energy is maximized, which
is only useful as an energy storage device.

1.3. MSE magnet coil arrangement and implementation

Coil arrangement layers in the MSE design are not referred to as primary
and shield, as is the case in the literature for other design methods,*°!
since all coils act in unison to achieve optimal design parameters. There-
fore, action of individual coils is not considered. In the MSE design,
positive and negative transport current coils are not restricted to a partic-
ular layer of the domain used in the optimization, and alternating current
coils are only employed to achieve FOV magnetic field homogeneity and
to constrain the size of the stray field. Therefore, we make no reference to
primary and shield layers, and all designs depicted are classified as
actively shielded magnets.
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In our method, the implementation of the magnet domain requires a
discretization strategy involving a number of small cells, which is often
adopted in the other magnet design approaches. Others approximate cells
by the filament coils, from which magnetic fields are calculated. However,
in the MSE approach, the actual cell dimensions in relation to conductor
cross section are used in the computations. As a consequence, and as an
outcome of the first step of the optimization, the current density map
gives exactly the desired magnet field. In the second stage of the optimi-
zation process, we go onto obtaining coil configurations with minimal
conductor volumes and optimal current densities, such that collectively
the stored energy is minimized.

2. METHOD OUTLINE

The MSE method of designing superconducting magnets consists of two
independent steps, which are to determine:

(1) MSE current density map over a predefined magnet domain,
where superconducting coils will be laid out, subject to constraints,
such as the homogeneity of the FOV and footprint of the magnet
stray field.

(2) Magnet arrangement with the initial coil layout based on the MSE
current density map. The coil locations and sizes are refined to
enhance the field homogeneity and to decrease the footprint of the
magnet, without changing the original constraints defined for the
MSE current density map.

The second step of the optimization process is repeated a few times, as
a breach of superconductor peak field values have to be carefully and
manually considered given different types of superconductor.

2.1. Magnetic field computation

In both steps, the magnetic field generated by electronic current carrying
conductor needs to be quickly and repeatedly calculated as part of the
optimization processes. Thus, an efficient method of magnetic field com-
putation must be employed. In this work, the magnetic field produced by
an arbitrarily shaped electric current carrying conductor cell is expressed
as the sum of an infinite series of spherical harmonics. The amplitude and
sign of each spherical harmonic expansion term depend on the cell geom-
etry, current strength, winding direction and relative positions of cells in a
particular domain configuration. Hence, a collective set of cells expressed
in terms of spherical harmonics can be arranged in space to satisfy
design specific constraints, through appropriate choice of size, current
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magnitude/direction and spacing. In addition, we have found that only
the first few spherical harmonic terms are needed. Therefore, spherical
harmonic expansions are used to define individual current carrying cells
to reduce the computational cost and overall optimization complexity.

Figure 1 shows how we defined the geometry and reference frame for
a conductor in space, where the inherent symmetry is assumed to be
characterized by the cylindrical nature of the system. This also allowed
us to simplify the problem to two coordinate directions. We assume the
z-axis to be along the longitudinal direction of the system aligned with the
magnet field (By), and to be the direction in which samples are inserted
into the scanner.

The axial component of the magnetic field at a point (r<rq,0) in an
axisymmetric configuration comprising current carrying circular

conductors coaxial with the z-axis is given by:*
&
Bz(i’ < 190, 0) :]Zﬂnpn—l(cose)r;Flv )
n=1

where

. Pl(cos0
a, = #20 sm@o%.

A

Superconducting cell

Figure 1 Illustration of how a magnetic field is defined at a point P(r,0) produced by a
cylindrical superconductor cross-sectioned in the yz-plane.
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In Equation (1), uois the permeability of free space, ] is the element current
density, (ro,0o) defines the element geometry with respect to an arbitrary
origin, (r,0) is the field point with respect to the origin and P;/(cosf) is the
associated Legendre polynomial evaluated at the appropriate location in
space.The corresponding field expansion for points lying in the external
region defined for r>7 is given by:*

P,11(cos0)
1’ > 1’0, ]Z b rn+2 ’ (2)
where
_ Mo . n+1
b, = -5 sinfy P}, (cos0),ra
For more appropriate element definitions, Equations (1) and (2) are

extended to allow for the calculation of the magnetic field generated by
a rectangular cross section element as:

B, (r <\/Y5+23, 6) = ]zoo:oc,1Pn_1(0059)r”’1,

3)
[ 5 n1( cos0) (
(1’> yl +Z%70) _IZﬁn%v
where
Pl #
Moy, W2
__H
=3 || gy

Z2Y2
1

z
B, = _ Mo JJ 7= y+ > P! N (2 + ZZ)<”+1)/Zdde.

In Equation (3), coordinates (y1,z1) and (y,,z;) define the rectangular
conductor cross section in the yz-plane, as shown in Figure 1. The har-
monic coefficients («,, and f,;) can be computed analytically or numeri-
cally. The analytic expressions for the coefficients can be obtained by
solving the integral for o, and f,, but in our implementation, we used
Gaussian quadrature33 to compute «, and f, individually. The procedure
of using Gaussian quadrature was found to be both accurate and efficient,
when compared to the analytic expressions. For reference, the first two
harmonic coefficients in analytic form for the inner region are:

222
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and for the outer region:
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2.2. MSE current density map

As the spherical harmonic expression only defines the magnetic field
outside its current source, we divide magnetic fields in two disjointed
regions, referred to as the inner and outer regions with respect to the
magnet domain; illustrated in Figure 2. The inner region encases the FOV
and the outer region is used to define the stray field of the magnet, from
which we later calculate the magnet footprint. To achieve a desirable
magnetic field inside the FOV and to limit the extent of the stray field,
inner and outer spherical harmonics are made to vanish through succes-
sive iterations of the optimization process. The number of zeroed inner
and outer harmonics, respectively, defines the order and degree of the
MSE magnet. To generate the MSE current density map, the magnet
domain is divided into K elements, for each of which the internal and
external spherical harmonic coefficients are computed using the approach
from above. The current density associated with each small conductor, or
element k, is calculated by minimizing the stored energy sum given in
terms of self-inductance (L) and current density (J):

1K—1
inF ==Y LJ?A2 4
n’}:n 2; k]k k> ( )
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Figure 2 Illustration of the magnet domain, inner and outer fields, elements or
conductors within the domain and specific dimensions used throughout the optimiza-
tion process for (A) symmetric magnet, (B) asymmetric magnet and (C) symmetric open
magnet.

where Ay is the element cross sectional area corresponding to location k
and L, is the self-inductance.** We assume that the element cross sectional
area corresponds to the superconductor cross section, although this does
not have to be the case. To obtain the MSE current density map,
Equation (4) is solved subject to linear constraints on the magnet
field strength (By), the vanished N—1 internal (¢) and M external (f)
spherical harmonics:
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K-1
fok,l]k = B,
k=0

Ii
O(kﬂJk:O, 1’l=2...N,
k=0 ®)

K-1
Zﬁkm]k :0, m = 1M,
k=0

]min S ]k S ]mam

where (Jmin/max) provides a bound on the individual current densities;
o, » and Py ,, are the inner a, and outer f8,, harmonics of the kth element.
The problem relating to the MSE current density map cost function given
in Equation (4) is solved using the general quadratic program (QP),*
subject to constraints stated in Equation (5). The mutual inductance is
not incorporated into the current density map cost function in Equa-
tion (4), because we intended to state the problem as strictly convex,
which enables a global solution to be attained.

For magnet configurations in which coils are coaxial and symmetric
about the illustrated xy-plane, such as the magnet configurations in
Figure 2A and C, the spherical harmonic expansion results in the elimina-
tion of all even order terms within the expansion. To further reduce
computational complexity, the strategy employed here considers only
one quarter of the magnet domain, and thus, the constraints in Equa-
tion (5) simplify to:

K*—1

B
fok,l]k = 70,
k=0

K*—1

N-1
E OCk,21/l+1]k = Oa n=1... 7
k=0

K*—1 M—1

Zﬁk,2m+1]k:07 m:OTa
k=0

]min < ]k < ]maXa

where K*is the number of elements in one quarter of the magnet domain.

Figure 3 provides illustration of MSE current density maps with dif-
ferent order and degree for 3 and 1m length magnet domains. The figure
shows that the current density map has several local maxima and minima
within the magnet domain, referred to as extremities. The number of
extremities is proportional to the number of eliminated spherical harmo-
nics. The extremities lie around the perimeter of the magnet region.
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Figure 3 Illustration of different MSE current density maps. Given are MSE current
density maps of (A) order 10 degree O for a 3-m length symmetric magnet domain,

(B) order 14 degree O for a 1-m length symmetric magnet domain, (C) order 16 degree 4
for a 1-m length symmetric magnet domain and (D) order 16 degree 4 for a 1-m length
asymmetric magnet domain.

For long magnet domains, the current density map may have a relatively
large number of successive maxima and minima of a common polarity,
such that positive maxima are adjacent to positive minima, and vice versa,
as shown in Figure 3A. As the length of the magnet region is reduced, the
number of such extremities becomes smaller, with a further reduction in
the size of the magnet domain resulting in the adjacent extremities having
opposite polarities, as shown in Figure 3B-D. This means that in compact
designs, positive maxima are located adjacent to negative minima.

2.3. MSE coil configuration

The coil structures are initially positioned coincident with the positive
maxima and negative minima of the MSE current density map with their
initial cross sectional areas being proportional to the value of the asso-
ciated current densities. The coil locations and dimensions are then
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refined to generate desired internal and external magnetic fields through
a non-linear optimization method that minimizes the following cost
function:’

E
I

-1

M (ArJi) (Anln)s (6)
0

1
min F=—
J. M 2

-
i

0

=
i

where |Ji|=|Ji|=] is the current density in all H coils. It is possible to have
different cross sectional superconductors amongst different coils, yielding
different current densities, but here we simplify the problem to constant
current density to enforce standard definitions and allow comparisons
between designs. In Equation (6), My, is either self (h=k) or mutual induc-
tance (h+#k). Specifically, self-inductances are calculated using the equation
given by Edminister,”* and mutual inductances are computed using the
Lyle method of equivalent filaments.® To solve Equation (6), sequential
quadratic programming (SQP)*” was used subject to constraints:

H-1
> “ana]i = Bo,
=0

O(hﬁn]hzo, n=2...N,
h= @)

H-1
Zﬁhm]h = 0, m=1.. .M,
h=0

0< ]h < ]mam

where spherical harmonics are defined as outlined above. Similarly to the
process employed to calculate the MSE current density map, if the mag-
nets are cylindrical and symmetric, then the constraints (7) can be simpli-
fied as follows:

H*-1

Z‘xh l]h — 5

H*—1

E O‘h,2n+1]h = 0, n=1. e,
h=0

H* -1

M-1
Zﬁh,Zerljh =0, m=0...——,
h=0 2

0< ]h < ]max»

where H* is the number of superconducting coils in one quarter of the
magnet domain.
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2.4. MSE magnet design procedure

In the MSE approach, the size and field homogeneity of the FOV are
proportional to number of zeroed inner spherical harmonics, and number
of vanished outer harmonics defines the size of the system footprint. We
recall that the number of inner and outer spherical harmonics made to
vanish refers to the order and degree of the design. Once the order and
degree are specified based on the requirements of the FOV and the stray
field, and the magnet domain has been established, then the MSE current
density map is calculated.

At the second step, the seed coils have been selected based on the MSE
current density map, they are optimized for location and size without
changing the total number of coils. The total number of coils proportion-
ally increases with the sum of the order and degree of the design. This
means that the order and degree of the design remains fixed throughout
the design process. Due to the relationship between the total number of
coils and the order and degree of the design, we cannot continue to
increase the FOV and decrease the coil layout footprint by increasing
the order and degree without altering the magnet domain dimensions.
This is because the number of coils will increase and the distance between
adjacent coils will decrease, in turn increasing the peak magnetic field on
the superconductors. Essentially, the continual increase in both order and
degree of the design creates magnetic fields above superconductivity
limits or results in overlapping coils.

After convergence has been achieved at the second stage of the opti-
mization, the magnetic field experienced by the superconducting coils is
calculated using the method outlined by Forbes et al.>® If within the coils
the peak field is greater than the allowable limit,” then before the second
stage of the optimization is repeated, the spacing between problematic
adjacent coils is adjusted and geometrical constraints can be applied if
required to reduce the peak field.?

3. MSE MAGNET CONFIGURATIONS AND DISCUSSION

The MSE magnet design method was used to obtain coil configurations
for compact superconducting magnets, with the aim of having an inner
bore diameter of 1m. The outer diameter and length was manipulated to
meet the criteria of superconductivity, as limited by the current density
and the peak field on the superconductors at a given operating
temperature.

The combination of the transport current and magnetic field surround-
ing superconductors creates stresses on the assembly through the
generation of Lorentz forces. Calculation of coil stresses for final coil
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arrangements is included, since sufficient stress conditions are needed to
be able to build the proposed magnet designs. The hoop stresses along the
radial direction at the middle plane of each coil are calculated using
Appleton’s method.” An alternative method based on the BJr relation-
ship* is also used to compare stresses against Appleton’s method. The
hoop stresses obtained using the BJr approach are reported for all magnet
coil configurations.

We only report coil configurations for active shielded magnets. For
uncommon unshielded magnets, readers could refer to our recent
works.** The design steps for actively shielded and unshielded magnets
are similar to what we have already described. To design an active
shielded magnet, both inner and outer spherical harmonics are consid-
ered. However, as only the outer harmonics affect the stray field, the outer
harmonic constraints are ignored in both steps of unshielded magnet
design.

3.]. Layout of compact symmetric superconducting magnets

Four different magnetic field strength compact magnets (1, 3, 7 and 11.75
T) are depicted to compare the salient features of the designs. The mag-
nets all have different field distributions that allow a certain coil arrange-
ment to be obtained, and these are highlighted within this section. We also
point out the important considerations that should be made towards low-
field and high-field magnets, and how these change as the FOV field
strengths are increased, or for that matter decreased.

Figures 4-7 respectively provide illustrations associated with the
design and features of the 1, 3, 7 and 11.75T magnets. These magnets
have been designed using the magnet domain shown in Figure 2A. The
domain divides the magnetic field into two disjointed regions. The origin
of the spherical harmonic expression (provided in Figure 1) or the FOV
centre is placed at the centroid of the domain. The designs of the 1,3 and 7
T magnets assume the use of NbTi superconducting wire, with detailed
characteristics provided in Sciver and Marken.” Hence, in our designs, the
peak field on any coil was restricted to be less than 9T, and the conductor
at this field strength is capable of carrying a transport current of no more
than 250 A/mm? at 4.2K. The 11.75T design uses a composite of NbTi-Cu
Rutherford wire with a critical current density of 165A/mm? at 12T and
2.8K, which is a target for all coils and has been used previously.*'

Figures 4A, 5A, 6A and 7A depict current density map contour plots
along with the placement of the seed coils used for the second stage
optimization. The seed coils are placed at local positive maxima and
negative minima of the MSE current density map. The current direction
of each coil is defined by the polarity of these local extremities. It is also
important to mention that the local extremities in the MSE current density
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map appear around the magnet domain perimeter, and seed coils for the
second stage of the optimization are defined accordingly.

The magnetic field distribution of the final configurations is depicted
in Figures 4B, 5B, 6B and 7B. Its contours are plotted as part of the final
coil configuration of Figures 4C, 5C, 6C and 7C, wherein the positive
transport current coils are identified by the ‘+’ sign and other coils have
negative transport current. From the plots, it can be seen that, for the 1T
magnet coil arrangement, the total magnetic field tends to be largest
between the middle and outer layer coils (i.e. coils 7 and 8 in Figure 4B).
From the field strength of the 3T magnet in Figure 5B, it can be seen that
the maximum fields are now between the inner and middle layer coils (i.e.
coils 7 and 8). In the case of 7 and 11.75T configurations given as
Figures 6B and 7B, the maximum total fields have moved to the inner
diameter of the magnet. This is an important observation, since peak field
problems for high-field magnets appear to be associated with the inner
coils, whereas in low-field designs, it may be that the inner coils experi-
ence less problems associated with high-magnetic field strengths. There-
fore, to reduce the peak field on superconducting coils for- low and
medium-field magnets, the relative distance between coils at the middle
layer, and coils at the inner or outer layer, should be adjusted. However,
for high-field magnets, the peak field can only be reduced by increasing
the length of the magnet domain and by reducing the current density on
the superconducting coils.

Figures 4D, 5D, 6D and 7D are the stray field contour plots, where the
contours represent the 5, 10, 15 and 20G lines, from outside in. In all
designs, the 5G line extends approximately 5m in all directions from the
FOV centre, which is better than clinical magnets provided by the major
manufactures with 45-50cm FOVs.

Figures 4E, 5E, 6E and 7E depict the individual coil hoop stresses along
the radial direction at the middle plane of each coil. Particularly for the
high-field 11.75T magnet, the stress calculation indicates that the most
inner coils are the ones that are most crucial in the design, because they
are exposed to the greatest magnetic fields and stresses. It is possible to
use different superconductors (i.e. cheaper) to build the outer supercon-
ducting coils, since these are well within the superconductivity limit.

The MSE 1T design can be compared to the primary 1T magnet
reported in Cheng et al.”” using 110A transport current. Cheng’s magnet
has the same inner diameter and a larger outer diameter (1.35m compared
to our 1.15m), smaller FOV (30cm compared to 40cm at 1ppm peak-to-
peak variation) and larger stray field (11.9 by 9.8m compared to 7.8 by 7m
at the 5G line).

Table 1 provides the specifications of interest obtained for the various
designs. In Table 2, further information is provided with respect to the
coil arrangements. The central location of the coils with respective radial
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TABLE 1 Specifications of interest obtained from the six different designs

Specification 1T 37T 7T n7sT T Te
Order (inner harmonics vanished) 14 14 12 12 11 14
Degree (outer harmonics vanished) 4 6 4 6 2 4
Length (m) 1.00 144 194 326 1.00 1.40
Inner diameter (m) 1.00 1.00 1.00 1.00 1.00 1.00
Outer diameter (m) 230 2.02 200 322 220 220
Radial FOV at 1ppm (m) 0.40 0.46 043 058 034 0.56
Axial FOV at 1ppm (m) 0.40 0.46 041 056 035 0.66
Radial footprint at 5G (m) 7.00 560 7.80 920 9.00 6.80
Axial footprint at 5G (m) 78 615 9.15 10.60 10.40 7.80
Stored energy (M]) 33 3 58 155 7 16
Peak hoop stress (MPa) 369 188 182 129 276 = 286
Peak magnetic field (T) 873 8.16 8.76 12.11 847 6.79
Current density (A/ mm?) 160 175 94 47 155 175

The critical current density of the NbTi/Cu Rutherford wire used in the 11.75T design is 165 A/mm? at the
magnetic field strengzth of 12T operating at 2.8K. The critical current density of the NbTi wire used in other
designs is 250 A/mm? at the magnetic field strength of 9T at 4.2K. (*asymmetric, “open).

and axial coordinates is given as (z.), and the corresponding coil has
dimensions (D,,D;). The peak field (Bpcai) for each coil is reported along
with the calculated hoop stress (o) using the BJr relationship, where B is
the average axial magnetic field, | is the current density and r is the
average radius.*’

3.2. Layout of asymmetric superconducting magnet

Figure 8 provides the MSE asymmetric magnet design. Its domain is
given in Figure 2B. The FOV centre is moved near to one end of the
domain along the z-axis to create an asymmetric magnetic field with
respect to the domain. The design is order 11 and degree 2. These values
were selected to ensure that the peak field on each superconductor is
within an acceptable range. However, as this design has the smallest
achievable order and degree, it also has the smallest FOV but a large
footprint, as given in Table 1. A 1-mm? cross section NbTi wire was used
and the maximum peak field for the conductor has to be less than 9T at
175A and 4.2K.” The current density map and seed coils are provided in
Figure 8A. Figure 8B shows the magnetic field distribution for the inner
region of the magnet domain. Figure 8C illustrates the field contours and
the final coil configuration. Plots show that the magnetic field has been
shifted to one end of the coil arrangement, and the larger coils appear at
this end. As adjacent coils have opposite current polarity and are close to



TABLE 2 The coil configurations for the six designs are provided

Magnet Coil Polarity I (A/mm?) Volume (m?) Bpeak (T) re (m) z. (m) D, (m) D, (m) a9 (MPa)
1T 1 aF 160 0.0056 4.2145 0.5344 0.0122 0.0689 0.0243 155.171
2 — 160 0.0128 4.4176 0.5289 0.0676 0.0579 0.0663 146.690
3 F 160 0.0088 4.0903 0.5236 0.1410 0.0472 0.0566 132.594
4 — 160 0.0179 6.1822 0.5316 0.2217 0.0632 0.0850 191.774
5 F 160 0.0122 5.5941 0.5433 0.3003 0.0866 0.0411 307.353
6 — 160 0.0204 6.3448 0.5251 0.4003 0.0501 0.1233 278.592
7 F 160 0.1181 8.7248 0.7819 0.4165 0.1438 0.1671 68.9890
8 — 160 0.1161 8.7223 1.0832 0.4362 0.1336 0.1277 369.317
9 == 160 0.0413 4.6549 11171 0.0446 0.0659 0.0893 34.9437
3T 1 AF 175 0.0110 5.1712 0.5462 0.0173 0.0925 0.0347 83.0100
2 — 175 0.0082 5.0338 0.5212 0.0714 0.0424 0.0592 188.144
3 ar 175 0.0213 5.4672 0.5401 0.1492 0.0801 0.0783 124.006
4 — 175 0.0111 5.9871 0.5240 0.2335 0.0480 0.0703 179.269
5 hig 175 0.0334 7.2336 0.5473 0.3353 0.0947 0.1025 126.146
6 — 175 0.0216 6.8989 0.5348 0.4538 0.0697 0.0924 88.2740
7 A 175 0.0623 7.7368 0.5495 0.6288 0.0990 0.1824 10.4410
8 — 175 0.0858 8.0787 0.8553 0.6670 0.1506 0.1060 123.763
9 hig 175 0.0862 7.3361 0.9800 0.4333 0.0600 0.2334 58.1230
10 = 175 0.0607 6.5604 0.9800 0.0821 0.0600 0.1642 182.224
7T 1 <F 93.734 0.0477 7.0221 0.5526 0.0881 0.1052 0.1305 119.113
2 F 93.734 0.0715 7.0704 0.5504 0.3042 0.1008 0.2050 120.887
3 F 93.734 0.2484 8.4426 0.5740 0.7373 0.1480 0.4654 54.0865
4 — 93.734 0.2175 5.8079 0.9611 0.7318 0.0777 0.4636 181.819



11.75T 1 - 44.400 0.1912 11.757 0.6455 0.0913 0.2910 0.1645 127.645
2 ar 44.400 0.2735 11.812 0.6455 0.3116 0.2910 0.2333 128.652
3 il 44.400 1.3016 12.108 0.6455 1.0152 0.2910 1.0947 104.760
4 = 44.400 0.4732 6.4423 1.1607 1.5810 0.6616 0.0970 73.9070
5 = 44.400 0.3826 3.5121 1.5599 0.1953 0.1001 0.3907  93.8790
1T 1 = 155 0.0202 7.3588 0.5000 —0.3367 0.0510 0.1260 275.915
2 ar 155 0.0087 4.1991 0.5258 —0.2235 0.0517  0.0511 175.085
3 = 155 0.0114 4.3260 0.5234 —0.1425 0.0467  0.0741 94.1320
4 4F 155 0.0098 3.2526 0.5241 —0.0526 0.0481 0.0617 83.1000
5 = 155 0.0063 2.9329 0.5171 0.0271 0.0342 0.0567  52.2210
6 4F 155 0.0085 2.6471 0.5185 0.1149 0.0371 0.0706 51.5930
7 = 155 0.0054 2.3240 0.5153 0.2038 0.0307  0.0542 29.6750
8 - 155 0.0086 2.6748 0.5188 0.3073 0.0377  0.0698 66.5320
9 = 155 0.0089 3.4772 0.5147  0.4434 0.0293 0.0943 82.0880
10 4F 155 0.0338 4.4609 0.6525 0.5774 0.1823 0.0452 80.1380
11 = 155 0.0697 2.2910 1.0904 —0.0973 0.0192 0.5298 127.184
12 F 155 0.5657 8.4084 0.7269 —0.3597 0.2338 0.5298 146.078
1T° 1 - 175 0.0068 2.8406 0.5496 0.3630 0.0760 0.0260 26.1530
2 = 175 0.0061 3.3164 0.5170 0.4035 0.0340 0.0550 108.254
3 il 175 0.0080 3.5979 0.5236 0.4744 0.0470 0.0520 123.876
4 = 175 0.0142 5.7564 0.5243 0.5810 0.0490 0.0880 165.020
5 - 175 0.0206 5.3065 0.6553 0.3754 0.0980 0.0510 182.115
6 = 175 0.0404 6.1251 0.6731 0.6765 0.2030 0.0470 125.311
7 il 175 0.0737 5.9765 1.0777  0.5788 0.0450 0.2420 285.821
8 = 175 0.0753 6.7900 0.8922 0.3866 0.1840 0.0730 6.13800

For each coil, the peak magnetic field along with the average hoop stress has been calculated. In the table, (D,, D) provides the coil dimension at centre (r,, z.) along to the radial (r)
and axial (z) coordinate directions. The hoop stress (g) for each coil is reported in the last column. All 12 coils of the asymmetric magnet are provided. For symmetric magnets, only
a half of number of coils is provided. (*asymmetric, “open).
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Figure 8 The 1T order 11 degree 2 asymmetric magnet design. Illustrations of (A) the
MSE current density map distribution with locations for initial seed coils, (B) the total
magnet field distribution, (C) the final coil layout and associated inner field, (D) the outer
field cut-off with 20, 15,10 and 5G contours from inside out, and (E) the stress with
respect to the radial direction inside each of the coils. The ‘+’ signs in (C) indicate
positive transport current, otherwise the transport current is negative and the contours
correspond to the field in (B).
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each other at one end, higher peak field on these superconducting coils is
created than that of symmetric magnet configurations. Figure 8D pro-
vides the stray field of the design. Since the design has a small degree, the
footprint is large in comparison to the 1T symmetric design, but the 5G
line is still only 5m in all directions from the FOV centre. The hoop stress
of each coil at the middle plane along the radial direction is given in
Figure 8E. It shows that the coil with the largest hoop stress is the one at
the end of the domain close to the FOV centre. The specification of the
design is given in Table 1 and individual coils details are provided in
Table 2.

3.3. Layout of symmetric open superconducting magnet

Figure 9 illustrates the MSE actively shielded order 14 degree 4 open
magnet design. The magnet domain of the symmetric open magnet con-
figuration is shown in Figure 2C. Similar to the compact symmetric
system, the FOV centre was placed at the centre of the domain. The
domain is split along xy-plane to create an open space. In this design, a
1-mm? cross section NbTi wire was used and the maximum peak field
must be less than 9T at 175 A and 4.2K.” The choice of order 14 was found
to be sufficient to obtain a FOV of at least 50cm in diameter with better
than 1ppm field homogeneity. The elimination of four external harmonics
provided adequate shielding, as measured by the magnet stray field. In
Figure 9A, the current density map with seed coils is provided. The
magnetic field strength distribution in the inner field and on the final
configuration is shown in Figure 9B. Figure 9C depicts the field contours
and final coil configuration. Figure 9D is the illustration of the stray field
of the design. It shows that using degree 4 for the design, the 5G line
extends less than 4m in all directions from the FOV centre. Figure 9E gives
the hoop stresses along the radial direction at the middle plane of indi-
vidual coils. Table 1 provides the specification of the whole design, and
the details of each coil can be found in Table 2.

This symmetric open design can directly be compared to the double-
doughnut system in Schirmer et al.** Their system has an FOV of 30cm,
inner bore diameter of 60cm (including shims, gradient and radiofre-
quency coils), 0.5T field strength with a 0.58m gap between doughnuts
and stray field of 6 by 4m at the 5G field level. In comparison, our design
has a 60-cm magnet FOV, inner bore of 1m (clear bore, not including
shims, gradient and radiofrequency coils), 1T field strength with 0.7m
gap (not including coil support and cooling) and stray field of 3.8 by 3.4m
measured at the 5G line.

It should be noted that here we only illustrated theoretical coil layouts
using the MSE approach without considering particular manufacturing
aspects and other possible limitations. In some cases, the designs may not
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Figure 9 The 1T order 14 degree 4 open magnet design. Illustrations of (A) the MSE
current density map distribution with locations for initial seed coils, (B) the total magnet
field distribution, (C) the final coil layout and associated inner field, (D) the outer field
cut-off with 20, 15,10 and 5G contours from inside out, and (E) the stress with respect to
the radial direction inside each of the coils. The ‘+’signs in (C) indicate positive transport
current, otherwise the transport current is negative and the contours correspond to the
field in (B).
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be best practice from a manufacturing point of view. It is possible that
some coils will experience a bucking effect that requires special mechani-
cal support, or coils are too large for practical manufacturing purposes.
These unwanted effects can be avoided by including additional individ-
ual coil constraints, such as coil aspect ratio (i.e. radial to axial dimension)
and maximum cross sectional area in the optimization. The additional
constraints utilized in the designs may be different for each manufacturer.
Further, the above effects could possibly be reduced by subdividing large
problematic coils into several small coils carrying the same current and
polarity. The order and degree of the design could also be varied to meet
manufacturer specifications. However, this will affect the size of the FOV
and footprint of the final magnet coil layout. Additionally, NbTi super-
conducting wire was used in the designs elucidated here, and Nb35n type
superconductor with higher current carrying capacity and peak magnetic
field support could also be considered to reduce coil block sizes. Gener-
ally, this type of superconductor is more expensive, harder to work with
and can further complicate manufacturing processes.

4. CONCLUSIONS

The MSE method of designing superconducting magnets for MRI whole
body imaging was outlined. The method was then used to design four
compact magnets with 1, 3, 7 and 11.75T static magnetic field strengths
measured at the FOV. The method was then extended to design other
magnet configurations. We provided a 1T magnet design for an asym-
metric and an open magnet coil configuration. All designs had an inner
diameter of 1m. Comparisons between the different coil arrangements
were made and we performed qualitative and quantitative analyses of
our results. The discussions were based on FOV size, footprint, peak
magnetic field and coil stress.

We found that using the MSE approach, superconducting magnet coils
are allocated on the perimeter of the magnet domain. The manner in
which these coils are distributed depends on the field strength, size of
the FOV and extent of the stray field. To increase the size of the FOV and
to decrease the stray field, it is necessary to increase the number of zeroed
inner and outer harmonics, or the order and degree of the harmonics
defining the magnetic field produced by the magnet. An increase in the
order and degree also increases the number of coils, potentially causing
problems with the peak field /current criteria on individual superconduc-
tors. Therefore, there is an appropriate choice of order and degree, for
which the most compact designs can be obtained.

Given a suitable choice of order and degree, adjacent coils in low-field
strength compact magnets (i.e. to 3T) tend to have polarities that alternate
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in current directions. This is not observed in high-field strength magnets
(i.e. 7T and above), because the peak fields are now in close proximity to
the magnet bore. The magnet domain needs to be increased to reduce
them to an acceptable range specified for the superconductor. A reduction
in the magnet domain can introduce reverse current coils in the design,
increase the peak magnetic field and essentially breach the ability of the
superconductor to carry an electric current.
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54-55, 55f
FSG-RAPT. See Frequency switched
Gaussian-RAPT, 42-43, 54-55, 55f, 100
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method, 56
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GIAO method. See Gauge-including atomic
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GIPAW. See Gauge-including projector
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applications, survey, 87, 88t
cation field strength, 82, 85f
description, 82
diopside and leucite, 82-83
silicate, composition, 86
SizNy and sialon compounds, 86-87

H
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Heteronuclear dipolar couplings
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quantification, 2—4
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applications, survey, 71-73, 88t
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silicates and aluminosilicates, 75-76
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Liouville-von Neumann equation, 4
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commercial probes, 37-38
description, 31-33
development, 38, 39
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37t
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53-54, 54f
pulse sequence, 48, 48f
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satellite transition (ST). See Satellite
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34, 35f
second-order quadrupole-induced shift, 33
triple quantum (3Q), 83-86, 87-99
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techniques, 124
MAS. See Magic angle spinning, 31-33,
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probe use, 99
quadrupole coupling constants, 101
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Minimum stored energy (MSE)
approach
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magnetic field distribution, 181-185
1T order 11 degree, 181-185, 184f
coil arrangement and implementation,
165-166
coil configuration, 172-173
coil stresses, 174-175
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current density map
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171-172, 172f
harmonic coefficients, 169-171
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magnet arrangement, 166
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optimization approaches and cost
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parameter space, 164-165
single magnet domain, 165
technique, 165
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coil layouts, 185-187
constraints, 185-187
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1T order 14 degree 4 open magnet
design, 185, 186f
MQMAS. See Multiple quantum magic angle
spinning, 34, 35f, 38, 42-43, 49, 85-86
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approach, 161-189
Multiple quantum magic angle spinning
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amorphous slags, 85-86
description, 33-34
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pulse sequences and coherence pathway,
34, 35f
RAPT, 4243
S/N ratio gain, 49
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diabetes, injury
insulin, 138
NIRS measurement, 139
PAD patients, 139
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magnetization transfer, 141
medication and supplementation,
metabolism
capsiate, 140

Cr, 139-140

phosphorus-31 MRS, 140-141
non-invasive >'P MRS, 137-138
PCr, 141
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NMR spectroscopy
REDOR. See Rotational echo double
resonance spectroscopy,
1-23
solid-state Mg, See Solid-state Mg
NMR spectroscopy, 25-114
Nuclear magnetic resonance (NMR).
See Minimum stored energy approach,
161-189
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PANSS. See Positive and negative syndrome
scale, 132
Parkinson’s disease (PD)
FDG-PET imaging, 134
mitochondrial dysfunction, 132-134
*'P MRS studies, 134, 135t
PAW. See Projector augmented wave, 55-56,
57-58
PD. See Parkinson’s disease, 132-134
Phosphomonoesters (PMEs)
PC and PE, 116-117, 118
and PDEs, 118, 119-123, 146
signal, 127
Phosphorus NMR spectroscopy, in vivo
applications
brain, 126-137
muscle, 137-141
organs and systems, 141-145
breast and prostate cancer, 145-146
chemical shifts and information, 116-117
description, 116
high magnetic fields, 118
magnetization transfer, 124
quantitation and post-processing, 124-125
radiofrequency coils and hardware, 125
sensitivity enhancement, pulse technique,
119-123
spatial localization and data acquisition,
123
spin decoupling, 118
spin-relaxation times, 118-119, 120t, 122t
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118, 119-123, 146
Polarization-transfer techniques, 119-122
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Projector augmented wave (PAW), 55-56,
57-58
Pulse technique, sensitivity enhancement
JCP, 122-123
NOE, 119
PHIP, 123
polarization-transfer, 119-122
relaxation times, 3'P metabolites

Q

QCPMG experiment. See Quadrupolar
Carr-Purcell-Meiboom-Gill
experiment, 47-50

Quadrupolar Carr—Purcell-Meiboom-Gill
(QCPMG) experiment

CPMG pulse sequence, 47
description, 47-48

MAS, pulse sequence, 4748, 48f
S/N ratio gain, 49

spikelet, linewidth, 48-49

R

RAPT. See Rotor-assisted population
transfer, 42-43, 42f, 47
REDOR spectroscopy. See Rotational echo
double resonance spectroscopy, 1-23
Rotational echo double resonance (REDOR)
spectroscopy
Al(PO3)5, 15
archetypical pulse sequence, 24, 3f
BPO4
bias, data analysis, 18-20
compensation technique, 17-18
CT-REDOR data, 15-16, 17f
CT-VPP and VPD data, 18-20, 19f
dipolar couplings, 20-21
second moments calculation, 15-16,
17-18, 18t
slices, CT-VPDP-REDOR, 20, 20f
constant-time, 7-13
data analysis, second moment, 4-5
dipolar couplings, 20-21
dipolar interaction Hamiltonian, 5-6
heteronuclear dipolar coupling, 2—4
multiple-spin interaction, 6
normalised difference intensity, 5-6
quadrupolar nucleus, 4
samples, CT-REDOR approaches
validation, 13-14, 15f

signal intensity, 5-6
simulated evolution curves, 6, 7f
variations, 6-7

Rotor-assisted population transfer (RAPT)
description, 42-43, 42f
and DFS-based excitation, 43
FSG. See Frequency switched Gaussian-

RAPT, 42-43, 54-55, 55f, 100

optimisation, 47

S

Satellite transition magic angle spinning
(STMAS)
description, 34
pulse sequences and coherence pathway,
34, 35f
Sensitivity enhancement methods
description, 39
Mg NMR
DFS method, 53
FSG-RAPT, 54-55, 55f
36Mg(VOs); use, 50
offset dependence, HS pulses, 53-54, 54f
programme use, 50
QCPMG spectra, 51-53, 52f
time domain signal and spikelets
spectrum, 50, 51f
population transfer
adiabatic pulses, 43
cosine modulation, 43-45
CT excitation, 46-47
description, 3940
DFS pulse, 41-42
enhancement, CT, 46
fractional population, 39-40
FSG, 42-43
half-integer spin quadrupolar nucleus,
49-50
HS pulse, amplitude and phase
modulation, 43, 44f
nuclear spin energy levels, 39-40, 40f
pulse sequence, 4142, 42f
RAPT, 42-43
saturating/inverting STs, 4041, 41f
single and double HS pulses,
43-45, 45f
WURST pulses, 43-45
QCPMG. See Quadrupolar
Carr-Purcell-Meiboom-Gill
experiment, 47-50
SIMPSON, 6, 7f, 15
Single-site technique, 124
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Solid-state Mg NMR spectroscopy
ab initio calculation, 67-68
Al alloys, 64-65

crystalline non-oxide inorganic materials.

See Inorganic materials, 68-87
description, 27-28
development, 38-39
experimental approaches
“brute force”, 38
description, 36
dynamic nuclear polarisation (DNP),
38
Na,MgEDTA®4H,0 compound, 36,
37f, 37t
radiofrequency (RF) power, 36-37
spin-lattice relaxation, 36
first-principles calculations. See
First-principles calculations, 55-63
glassy inorganic materials. See Glassy
inorganic materials, 82-87
hcp Mg metal, 64
intermetallic compounds
Al alloys, 64-65
Mg17Al]z, 64-65
Mg,Sn and Si, 65
superconductivity, 65-67
magnetic and moderate electric
quadrupole moment, 106
MgB,
CT spectrum, 65-67, 66f
powder pattern, 65-67
quadrupole coupling constant, 67
NMR interactions
chemical shielding, 31
CSA tensor, 29-30
description, 29-30
Haeberlen notation, 29-30
lineshapes, parameter, 31
MAS, 31-33
MQMAS, 33-34
parameters, second-order quadrupole,
33
principal axis system (PAS), 29-30
pulse sequences and coherence
pathway, 34, 35
quadrupole interaction, 29-31
second-order quadrupole-induced
shift, 33
simulations, CT lineshapes, 31, 32f

ST experiment, 34-35
STMAS, 34
nuclear characteristics, 28-29
organic compounds. See Mg-containing
organic compounds, 87-106
oxide-based crystalline inorganic
materials. See Inorganic materials,
68-87
sensitivity enhancement methods. See
Sensitivity enhancement methods,
39-55
Spatial localization and data acquisition, 123
Spin decoupling, 118
Spin-relaxation times, 118-119
STMAS. See Satellite transition magic angle
spinning, 34, 35f
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TAU. See Triacetyluridine, 127-129
Triacetyluridine (TAU), 127-129
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Variable pulse duration (VPD)
I-channel dephasing, 10-11
simulated CT-VPD-REDOR evolution
curves, 11, 11f
simulated 6-REDOR evolution curves, 12,
13f
two-spin system, 12
Variable pulse duration and position
(VPDP), 12-13
Variable pulse number (VPN), 8
Variable pulse position (VPP)
pulse sequences, CT-REDOR versions,
8-9, 9f
simulation, CT-VPP-REDOR evolution
curves, 9, 10f
VPD. See Variable pulse duration, 10-12
VPDP. See Variable pulse duration and
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VPN. See Variable pulse number, 8
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Wideband, uniform rate, smooth truncation
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