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Abstract

We present a new CPMAS method that allows the acquisition of through-space 2D HETCOR spectra between spin-1/2 nuclei and
half-integer quadrupolar nuclei in the solid state. It uses rotor-synchronized selective pulses on the quadrupolar nucleus and continuous-
wave RF irradiation on the spin-1/2 nucleus to create hetero-nuclear dipolar coherences. The method is more robust, more efficient, and

easier to set up than the standard CPMAS transfer.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Cross-polarization (CP) [1,2] has played an instrumental
role in extending the analytical capabilities of solid-state
nuclear magnetic resonance (NMR) to the studies of what
were once considered ‘difficult’ nuclei, such as *C, N,
and ?°Si. Nuclear polarization is usually transferred from
abundant spins I with large gyromagnetic ratio y; and short
longitudinal relaxation time 7;; to diluted spins S with
small yg or long T, in order to increase the magnetization
of S and the repetition rate of the experiment. For resolu-
tion enhancement, this transfer is usually combined with
magic-angle spinning (MAS) [3]. The use of CPMAS
method is not limited to signal enhancement, but can be
extended to include spectral editing and various two-
dimensional (2D) techniques, such as hetero-nuclear corre-
lation (HETCOR) experiments. These experiments can
provide detailed information about complex structures in
chemistry, biology and materials science by identifying
atoms in local ‘proximity’ to one another. For spin-1/2
nuclei, HETCOR methods have become well established
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for such structural investigations using CPMAS [4,5].
Improvements of CW-CPMAS (Continuous-Wave
CPMAS) for spins 1/2 have also been developed, giving
many different sequences such as RAMP CP [6], SPICP
[7], D-AMCEP [8], or SSAMCP [9,10], in order to broaden
Hartmann-Hahn conditions, but these improvements have
never been applied to quadrupolar systems. Indeed, these
methods were designed for radio frequency (RF) fields
much larger than the spinning speed. Moreover, applying
original CW-CPMAS to half-integer quadrupolar nuclei
(spin: 3/2, 5/2, 7/2, 9/2) represents additional challenges
compared to spins 1/2 due to the complex spin dynamics
during spin-locking of these nuclei and during the polariza-
tion transfer period. In powdered samples, CP dynamics is
strongly anisotropic with respect to crystallite orientation
and depends on numerous experimental parameters
[11,12]. As a result, in most cases, CW-CPMAS involving
quadrupolar nuclei is much less sensitive than the transfer
between two spin-1/2 nuclei, especially when two different
quadrupolar nuclei are involved [13,14]. To be efficient,
the RF-fields must then be very weak, which leads to a
large sensitivity to off-resonance irradiation. This is the rea-
son why CW-CPMAS HETCOR spectra of quadrupolar
systems are often recorded by superimposing several com-
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plementary experiments performed with different offsets,
especially at high magnetic field [15]. Moreover, the RF
matching curves show numerous dips related to level cross-
ings [16] or rotary resonance phenomenon [17], which
means that setting up the CW-CPMAS transfer is not easy,
especially with samples of low sensitivity. Also, the effi-
ciency of the transfer decreases significantly with increasing
second-order quadrupole interactions [16], and hence the
sites with large quadrupolar constant values (Cq = *q0)
are often hardly observable. As a result, methods based
on CW-CPMAS transfer to or from half-integer quadrupo-
lar nuclei are subject to many important experimental and
theoretical limitations and are thus not commonly used.

Recently a sequence, named MP-CPMAS (Multiple-
pulse CPMAS) has been presented [18]. It is composed of
a CW irradiation on one channel and rotor-synchronized
pulses on the other channel. The sequence was originally
designed to reduce 'H RF power in 'H-'2C CP at ultra-fast
MAS speed. The authors made a comparison on alanine
under vg = 60 kHz MAS between CW-CPMAS with pro-
ton RF amplitude of viy =4 kHz and MP-CPMAS using
short and strong pulses (0.35 pus and vy = 280 kHz) lead-
ing to the same averaged 4 kHz RF-field on 'H. In both
cases, the '*C RF-field (vic) was close to either vg or
2vg. The signal to noise ratio under MP-CPMAS condi-
tions was approximately 50% larger than that obtained
with a CW-CPMAS experiment performed with either
low (4 kHz) or high (100 kHz ramped) 'H power. As it uti-
lizes a weak average RF-field, this method is close to that
used for quadrupolar nuclei where RF-field is most of the
time smaller than vg. In this article, we adapt the
MP-CPMAS method to avoid the previously described
limitations observed with CW-CPMAS transfers between
spin-1/2 and half-integer quadrupolar nuclei.

2. Theory

Our MP-CPMAS experiment is based on the conven-
tional CPMAS sequence where one replaces the CW
spin-lock pulse on the quadrupolar nucleus by low RF
rotor-synchronized multiple pulses using the same phase
(Oy) shifted by 90° relative to the initial pulse (Ox). Here,
low RF means that one wants to manipulate only the cen-
tral transition (CT), which thus behaves as a fictitious spin
%, Indeed, a low RF-field in the order of a few kHz does not
affect satellite transitions and avoids uncontrollable trans-
fer to satellite coherences [11,12,16]. We will call these
pulses CT-selective. Fig. 1 shows the sequence when trans-
ferring magnetization from the quadrupolar nucleus. We
will also show results for the opposite transfer (spin 1/2
to quadrupolar nucleus) in Fig. 9.

During the multiple CT-selective train pulses the first-
order anisotropic interactions are averaged by MAS over
full rotor periods and rotary resonance conditions are
avoided, while the series of rotor-synchronized RF pulses
acts as a spin-lock. Indeed, the pulses make the magnetiza-
tion rotate around the “spin-lock” axis keeping it close to it
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Fig. 1. Pulse-sequence for the acquisition of MP-CPMAS 2D HETCOR
spectra, starting from the quadrupolar nucleus (the subscript sel stands for
CT selective). Phases follow the conventional CPMAS sequence.

as long as dephasings due to offsets are not too strong. Of
course, this is true only as long as the non-refocusable
transverse (7%) relaxation time (instead of 7;, in CW-
CPMAYS) is long enough to avoid signal decay during the
spin-lock period.

In the following, the observed nucleus will always be
denoted S and the non-observed I. In the standard CW-
CPMAS method performed under fast MAS with weak
CT-selective irradiation of the quadrupolar I nucleus, the
two effective RF-fields (vis,¢Hl) are related each other by
the extended Hartmann—Hahn conditions [3,11,12,16]:

Vis = SVT? :thR (1)

with j=0, 1, 2, 3,... and ¢ = +1. In the case of very fast
MAS only the j =1 and 2 conditions are efficient. ¢ corre-
sponds to flip-flop (+1) or flop-flop (—1) terms leading to
CP transfer of opposite signs.

For quadrupolar CT-selective RF-field we have
vl = (1+1/2)vy;, where vy is the field measured in the
absence of the quadrupolar coupling, for example on a
liquid.

Following the treatment in S-AMCP [9,10], in MP-
CPMAS one must consider the averaged effective field
() instead of v¢If. For one pulse every N rotor periods
(NTR) one has:

T}ﬁf = vﬁf‘c/NTR = vﬁfkrnselvR/N = kv /2N (2)

where the pulse-length (7) has been scaled by the factor &
with respect to that of a CT-selective 1 pulse (Tgel) USing
the same effective RF-field. As example, for a spin 5/2 nu-
cleus, if the RF pulse specifications are: t = 8.333 ps and
vit = 10 kHz (Tgeer = 50/3 = 16.667 ps), then k=0.5. Let
us introduce the duty-cycle parameter p equal to the ratio
between the pulse-length and the rotor period:

p=1/Tr = ktpe1/TR = ().SIcvR/th;f (3)
Eq. (2) assumes that one pulse fits into N rotor periods,
that is:

kfnsel<N/VR or k/2N<(I+1/2)V1[/VR 0rp<N (4)
By replacing the I RF-field by its time average, one can re-
write Eq. (1) as:

vis = (¢k/2N £ j)vr, (j=0,1,2,3,..)) (5)



10 B. Hu et al. | Journal of Magnetic Resonance 192 (2008) 8—16

As already discussed before, for quadrupolar nuclei one
must use weak RF fields. One may also wish to spin very
fast in order to enhance proton resolution or to drive the
sidebands out of the spectral range or to get sufficiently
large indirect spectral width in rotor-synchronized 2D
experiments. Therefore, the factor k/2N is usually smaller
than 1, and hence Eq. (5) can be simplified as:

vis = (ek/2N + j)vg, (7=0,1,2,3,...) (6)

In the case of very fast MAS mainly the j = 1 and 2 condi-
tions are efficient, which gives rise to four main resonances,
with v;g frequencies pair-wise symmetrical with respect to
vr and 2vg: two with flip-flop and two with flop-flop trans-
fers (¢ = +1 or —1, respectively). When the pulse-length is
short, as in the "H — '*C experiment previously described
(k=10.19) [18], two matching fields are close to vg and
the two others to 2vg.

A partial signal cancellation occurs at vig = 1.5vg when
the condition k£ = N is fulfilled on the quadrupolar channel,
e.g. one CT-selective m pulse every rotor period. This par-
tial cancellation is related to coinciding matching condi-
tions of flip-flop (¢=+1, j=1) and flop-flop (6= —1,
j = 2) transfers, which are of opposite signs.

3. Experimental parameters

In preparation for the experiments, simulations were run
on SIMPSON. [19] The system used for the simulations is a
27Al nucleus ( Cqo =3 MHz, ng = 0) coupled to 3P with a
dipolar coupling of 400 Hz aligned with the electric field
gradient tensor. Powder averaging was performed using
168 crystallites following the REPULSION algorithm
[20]. RF-fields, spinning speed and static field are given in
figure captions.

The experiments were performed on a wide bore 9.4 T
and narrow bore 18.8 T Bruker Avance-II spectrometers
equipped with triple resonance 3.2 mm MAS probes. We
have tested the MP-CPMAS experiments on four different
samples: AlIPOy-berlinite, AIPO4-VPI5, AIPO4-14, and
Na7(A1P207)4PO4.

The structure of berlinite AIPO, (space group P3;21)
involves only one Al and one P crystallographic sites [21].
Aluminum and phosphorus atoms occupy tetrahedrally
coordinated positions, Al-(OP); and P—(OAl),, cross-
linked by two different bridging oxygen atoms, O; and
0,. This leads to a single gaussian line for the *'P MAS
NMR spectrum and a single second-order quadrupolar
line-shape for the >’Al MAS spectrum (Cqo=4.07 MHz,
and nqo = 0.34) [22].

Microporous hydrated aluminophosphate AIPO4-VPIS
contains three equally populated sites for Al and P, which
are coordinated with each other through one bridging oxy-
gen [23]. Under MAS, the *'P resonances are well resolved,
but only two ?’Al peaks are observable at 9.4 T. The reso-
nance which is labeled Al represents a site between the
fused four-membered rings. Two water molecules complete
an octahedral coordination sphere for Al; and render

inequivalent the tetrahedrally coordinated Al, and Alj
sites, as well as the phosphorus sites P, and P3 in the six-
membered rings. The specific connectivities between vari-
ous nuclei are as follows: Al; (2P, P,, P3), Al, (P4, 2P,
P;), and Al; (Py, P,, 2P3). The quadrupolar coupling con-
stants Cq for the aluminum sites are 3.95 MHz (Al),
1.3 MHz (Al,), and 2.8 MHz (Als) [24,25].

We have also tested our sequences on a powder sample
of AIPO4-14, templated using isopropylamine. Its structure
consists of 4-, 6-, and 8-rings pores. Its space group is P1
with an inversion center. [26] The unit cell composition cor-
responds to AlgPsOs,(OH), for the framework, plus two
protonated isopropylamine (C3H;oN)" ions and two water
molecules [26] that undergo motions on the microsecond
timescale in the 8-ring channels [27]. This AFN-type mate-
rial forms a 3D channel system, made of alternating AlO,
(x =4, 5, 6) and PO, polyhedrons, with 8-ring pores con-
taining four different P and four different Al sites. The
quadrupolar coupling constants Co and asymmetry
parameters 1o of Al 4 are equal to 5.58, 4.08, 1.74, and
2.57 MHz and 0.97, 0.82, 0.63, and 0.7, respectively [28,29].

As for the sample of Na;(AIP,0,)4PO,, there are one
aluminum species, three phosphorus species and three
sodium species [15,30]. The phosphate network is made
of one (P,O,)*" unit where the two Q; phosphorous sites
are close to all three Na sites and one isolated (PO,4)*~ unit
where the Q, phosphorous site is close to only two Na sites.

4. Results
4.1. Synchronization
First we have verified experimentally on AIPOg4-berlinite

that the rotor-synchronization of the pulses is mandatory
(Fig. 2). It is important to note that, in contrast to CW-
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Fig. 2. 3P signal observed on the *’Al — 3'P MP-CPMAS spectrum of
AIPO,-berlinite (7, =0), versus the repeat frequency of the pulses vF,
which are applied to the aluminum channel. By =9.4 T, vg = 10 kHz,
k=N=1, viay=8kHz. vip is optimized after every change of the
frequency. The signal is maximal when rotor synchronization is achieved:

P
Vo =VR.



B. Hu et al. | Journal of Magnetic Resonance 192 (2008) 8—16

CPMAS [16], for MP-CPMAS of quadrupolar nuclei we
have never observed any dip in the matching curve. The
reason for this is that the RF-sequence applied to the quad-
rupolar nucleus consists of short selective pulses and thus
the anti-level crossing and rotary resonance effects encoun-
tered with CW-CPMAS are avoided. This is very impor-
tant when optimizing the RF-conditions on an insensitive
sample. The CW RF-field applied to the spin-1/2 nucleus
on the other hand is easy to optimize as its value is known
in advance from Eq. (6).

4.2. Matching curves

In Fig. 3 we have simulated the absolute value of the signal
versus vs. One can see that Eq. (6) is fulfilled. For example,
for k = 0.5 the best matching field is achieved for 7.5 kHz
(e=-1,j=1), 125kHz (e=+1, j=1), 17.5kHz (¢ =1,
j=2) and 22.5 kHz (¢ = +1, j =2). For very short pulse-
lengths (0 <k <0.5) the transfer efficiency remains poor;
but when k increases, the spin-locking of the I nucleus
becomes more efficient. It reaches a maximum for
0.5 < £ < 0.9, and then decreases for k equal to 1, for which
only three matching conditions (v;g/vg = 0.5, 1.5, 2.5) are
observable. In the latter case (k = 1), resonances are much
less efficient than those observed for 0.5 < k < 0.9. This
decrease of the signal is related to a partial signal cancellation
due to overlap of flip-flop (¢ = —1) and flop-flop (¢ = —1)
transfers, which are of opposite signs. As an example, the res-
onance observed at vig = 15 kHz, results from an overlap of
flip-flops with j = 1, and flop-flops with j = 2. When the CP
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transfer is made to, not from, the quadrupolar nucleus the
matching curves are exactly the same, except that vig is
exchanged with v;.

4.3. CT-selective pulses

With moderate or large quadrupole interactions, only
the central transition (CT) is observable on powder sam-
ples, and most of the time (Cq > 100 kHz) soft CT-selec-
tive RF pulses must be used in order to control the
evolution of the density matrix during the dipolar transfer.
Indeed, when this is not the case the coherences will spread
all over the density matrix after a few pulses, instead of
remaining localized within the +1/2 <> —1/2 one-quantum
coherences, as it is the case when using weak RF-fields.
Simulations have shown that for v;; > 20 kHz, most of
the time (Cq > 100 kHz), the signal decreases considerably
in the same way as for CW-CPMAS [16]. This fact has been
experimentally confirmed on our test sample, AIPO4-berli-
nite (Cq =4.07 MHz, 5g = 0.34) [22]. Indeed, in Fig. 4,
one can observe a decrease in efficiency of approximately
a factor of 2 when increasing the RF-field from 5 to
20 kHz.

4.4. Non-uniform CT excitation

We have also checked the effect of non-uniform CT exci-
tation by RF pulses. Fig. 5 shows a simulation made for
two field-strengths, By = 9.4 T (a) and 18.8 T (b). For each,
we have simulated for several Cq, the efficiencies that can be

67
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Fig. 3. 27A1 - 3'P MP-CPMAS HETCOR absolute-value of the signal (¢; =0) versus v;s, simulated with SIMPSON. B, =9.4T, on-resonance
irradiation, vy (27A1) =vg = 10kHz, Cq=3 MHz, 5o =0, Dis =400 Hz aligned with the largest component of the aluminum electric-field gradient
tensor, one rotor-synchronized pulse every rotor period (N = 1). The k value is indicated for each matching condition. The duty-cycle parameter is equal to
»=0.033, 0.067, 0.100, 0.133, 0.167 for k =0.2, 0.4, 0.6, 0.8, 1.0, respectively.



12 B. Hu et al. | Journal of Magnetic Resonance 192 (2008) 8—16

40
35—-
30—.
25 -

20

Intensity (a.u.)

—~
(=]
~

Vi (kHz)

Fig. 4. 3P experimental signal intensity versus the v,5; RF-field ampli-
tude, observed on the *’Al —» 3'P MP-CPMAS spectrum of AIPOy4-
berlinite (¢, =0), k= N =1, on-resonance irradiations. (a) By=9.4T,
vip =5kHz, vg =10kHz. (b) By =18.8 T, vip = 10 kHz, vg =20 kHz.
The duty-cycle parameter p varies from 0.333 (via; =5 kHz) to 0.083
(lel =20 kHZ), or from 0.666 (lel =5 kHZ) to 0.167 (VIAI =20 kHZ),
according to By is equal to 9.4 or 18.8 T, respectively.

obtained with different flip angles 1807, (k=1,
vis =0.5vg), 1202, (k=2/3, vis=2vr/3), and 90,
(k=10.5, vis=0.75vg). The curves corresponding to

180, pulses are only shown to remind that this case, which
is subject to a partial cancelling of the flip-flop and flop-
flop signals, is always the least efficient. For increasing
quadrupole interactions the behavior of the other curves
is identical: for weak Cgq the signal first increases, then it
follows a plateau and finally it decreases for large Co.
For small quadrupole interactions (c.a. Cq < 2-3 MHz),
the RF excitation is too strong and hence not fully CT-
selective and the evolution of the density matrix is not per-
fectly controlled. Taking into account the RF and quadru-
polar specifications introduced in the simulations, the total
static CT line-width is 4 =3-10"""C{, (4=12kHz to
19.2kHz for Co=2MHz to 8 MHz, respectively) at
By=94T and 4=15-10""C, (4 =600 Hz to 9.6 kHz
for Co =2 MHz to 8 MHz, respectively) at 18.8 T, respec-
tively. For large Cq values the RF-field v;; becomes insuf-
ficient to irradiate uniformly the whole CT line-width and
the signal decreases. This occurs if Cq is larger than c.a.
3 MHz or 4.5-5 MHz for By = 9.4 and 18.8 T, respectively.
Fig. 5 also confirms that the CP efficiency decreases
when second-order quadrupolar interaction (o CzQ /Bo)
increases; hence higher static magnetic fields are useful
when observing sites with larger Cq. The evolution of the
threefold and fourfold rotation efficiencies are very similar,
however the first ones are always slightly larger than the
seconds.

4.5. Pulse flip angle effect

In Fig. 6 is represented the *’Al — *'P signal that have
been observed on AIPOy-berlinite at Bo=9.4 and 18.8 T.
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Fig. 5. Al - 3'P MP-CPMAS signal (¢, = 0) versus Cq, simulated with
SIMPSON. The conditions are: on-resonance irradiation, vy
(*’Al) =vg = 10 kHz, 5o=0, Dis=400Hz aligned with the largest
component of the aluminum electric-field gradient tensor, one rotor-
synchronized pulse every rotor period (N=1), By=9.4T (a), or 18.8 T
(b). The three k values corresponding to the simplest r-fold rotation about
Oy are indicated: k=1 (r=2, 180,), 0.67 (r=3,1203,), and 0.5

(r=4,902,). The duty-cycle parameter is equal to p =0.167, 0.111, and

sel

0.083, according to k is equal to 1, 0.67, and 0.5, respectively.

The RF amplitude was fixed to via; = 7.5 kHz, but the
pulse-length 7 was changed to cover a flip angle varying
between 36, and 180g,. For small flip angles the magneti-
zation is not rotated fast enough to remain close to the
spin-lock axis, while a flip angle of 1807, (k = 1) leads to
destructive overlap of flip-flop and flop-flop transfers. In
between, one observes a broad maximum. Experimentally,
maximum signal occurs for pulse flip angles close to 1202,
and this optimum condition leads to a larger sensitivity

than the CW-CPMAS transfer.

4.6. Offsets

It is well-known that using a very weak RF-field leads
to a large offset sensitivity. Thus another limitation for
standard CW-CPMAS transfers involving quadrupolar
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Fig. 6. 3'P MP-CPMAS signal (1, = 0) versus the flip angle expressed in
CT-selective flip angles (9,), observed on the 2’Al - 'P spectrum of
AlPOg-berlinite. The parameters are via; = 7.5 kHz, N=1, vip is opti-
mized after the change of pulse-length. (a) By=9.4T, vg = 10 kHz. (b)
By =188 T, vg = 20 kHz. Both signals have been scaled with respect to
the optimum CW-CPMAS signals observed for the same vg and vja;
values. The duty-cycle parameter p varies from 0.049 (402,) to 0.222

sel
(180%,), or from 0.098 (40g,) to 0.444 (180, ), according to By is equal to

94T (a) or 18.8 T (b), respectively. It is equal to 1 for CW-CPMAS.

nuclei is the attenuation due to the RF offset. Indeed, this
attenuation is often very important due to the use of weak
CW RF-fields during a relatively long time (~1/Dis)
resulting in very narrow offset line-widths [16]. In the case
of MP-CPMAS experiments, the RF is applied in a com-
pletely different way, which thus leads to a different offset
sensitivity, especially on the quadrupolar channel where
the multiple-pulses are applied. This can be observed in
Fig. 7, where the aluminum offset effects are shown that
are observed on AIPOs-berlinite with standard CW-
CPMAS (Fig. 7a), or with MP-CPMAS using either
180g,, (Fig. 7b) or 1207, (Fig. 7c) pulses. CW-CPMAS

sel

has a quite narrow response to offset irradiation while

MP-CPMAS exhibits an unusual behavior with strong
inverted off-resonance signals. Thus we can imagine 2D
HETCOR experiments on samples with very large chemi-
cal shift offsets in a single shot. However, some of the
through-bond cross-peaks may then appear with a nega-
tive sign.

The offset sensitivity on the side of the spin-1/2 nucleus
is similar to that observed in standard CW-CPMAS exper-
iments. However, the RF-amplitude on spin-1/2 nucleus is
proportional to the spinning speed (e.g. vis=2vg/3 if
k = 2/3), and thus the offset sensitivity would be small with
very fast MAS.

4.7. Very fast spinning

An important issue with modern solid-state NMR meth-
ods is how easily they can be adapted to the very fast spin-
ning speeds (of up to 80 kHz) that have recently become
available. Indeed, for reasons of resolution and sensitivity,
experiments are performed at increasingly high magnetic
fields, which often requires very fast MAS rates to mini-
mize the appearance of spinning sidebands due to chemi-
cal-shift anisotropy. At these very fast speeds, the main
problem encountered when manipulating quadrupolar
nuclei is related to the length of the CT-selective pulses
with respect to the rotor period. As an example, for a
spin-3/2 nucleus with an RF-field of 10 kHz (classical value
for a CT-selective irradiation: Fig. 4) the CT-selective 7
pulses can last up to two rotor periods for very fast spin-
ning speeds such as vg = 80 kHz, and thus the selective
pulses must then be separated by several (N) rotor periods.
We have analyzed with SIMPSON the optimum value of
rotor periods (Nop) versus the spinning speed, for two dif-
ferent RF-fields (vi1) (Table 1). For spinning speeds faster
than 40 kHz, the signal is negligible for N = 1, it becomes
maximum for a few rotor periods (Nop), and then
decreases to zero for very long delays. For a fixed RF-field
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Fig. 7. 27TAl offset sensitivity observed on the Al - 31p spectrum of AIPOg-berlinite. vg = 10 kHz, vi5; = 7.5 kHz, By =9.4 T, (a) CW-CPMAS, (b) MP-
CPMAS with k=1, (c) MP-CPMAS with k = 0.67. The duty-cycle parameter is equal to p =1 (a), 0.222 (b), 0.148 (c), respectively.
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Table 1

Optimum number of rotor periods (Np) between two consecutive pulses,
and related signal, that can be observed for different spinning speeds and
two vy values

Vit 5kHz 8 kHz

vr (kHz) Nopt Signal (a.u) Nopt Signal (a.u)
10 1 1.02 1 1.15

30 3 0.98 3 0.90

50 5 0.90 5 0.88

70 7 0.64 7 0.76

By=9.4T, S=""P, 1=?Al, pulse-length: 1202, (k = 2/3), Co = 3 MHz,

sel
Dis = 400 Hz aligned with the quadrupolar tensor (17q = 0), on-resonance
irradiations.
For v = 5 kHz and vg = 70 kHz, the pulse lasts 1.6 rotor periods, and
hence the signal decreases considerably. This effect is less important for
vi1 = 8 kHz, where the pulse lasts only 1 rotor period.

(v11), the optimum signal slowly decreases with increasing
spinning speed except for very small vy; values.

It can be observed in Table 1 that for a given RF-field,
the optimum number of rotor periods is approximately
proportional to the spinning speed, thus corresponding
to a constant averaged RF-field v,;. This is exactly what
has been observed for 'H — '*C MP-CPMAS transfers:
the optimum transfer was observed with approximately
the same 'H averaged RF-field: 4 kHz with CW-CPMAS
and 5.9 kHz (280 kHz*0.35/16.667) with MP-CPMAS
[18]. This constant vy; value can be obtained in two ways:
one soft pulse every N, rotor periods, or one soft pulse
Nope times shorter every rotor period. However, simula-
tions and experiments have shown that the first case is
slightly better because fewer pulses are used. Another
explanation may be that shorter pulses do not rotate
properly all crystallite magnetizations within the quadru-
polar line-width, while longer pulses benefit from
crystallite sweep due to the rotation. As an example, on
AIPOy-berlinite with vg = 20 kHz, the experimental signal
was 13% larger with one pulse of 15.4 ps (=~ 120g,) every
two rotor periods than with one pulse of 7.7 us (= 60g,)
every rotor period (viaj=7.5kHz, By=94T, vip=
13.3kHz, gNopTr = 5 ms).

4.8. HETCOR spectra

The *’Al - *'P MP-CPMAS HETCOR spectrum of
AIPOy4-VPI5, recorded at 9.4 T, is displayed in Fig. 8.
Due to much more favorable relaxation times, we started
the experiments from the aluminum nuclei. The resolution
along the phosphorus axis has been enhanced by introduc-
ing an aluminum decoupling pulse sequence optimized for
quadrupolar nuclei [31]. It can be observed that, in agree-
ment with the structure, all aluminum atoms are spatially
close to all phosphorus atoms.

The '"H — ?? Al HETCOR spectrum of AIPO4-14 shown
in Fig. 9 has been recorded also at 9.4 T. Due to its larger
Cq value, and the moderate field, cross-peaks with Al; spe-

10} :

27A|

20} :

30 1

22 24 26 28 30 32 34
31P

40}

Fig. 8. AIPO, VPI5 ?’Al » 3P MP-CPMAS HETCOR spectrum.
vg = 10 kHz, By=9.4T. 320 scans per row and recycling delay of 2s.
Total experimental time = 18 h. vio; = 7 kHz, vip = 14.3 kHz, k = 0.9 and
N=1.

cies are hardly visible. The correlations observed are equiv-
alent to those described in Fig. 3 of reference [32].

Finally, MP-CPMAS has been tested on a spin 3/2 sys-
tem and on a larger magnetic field. The **Na — *'P MP-
CPMAS HETCOR experiment was performed at 18.8 T
on Na,(AIP,0,)4PO,4. We can observe in Fig. 10 that the
P, (Qo) site is only correlating with Na; and Na, sites,
which is in agreement with the structure.

Al,
Al, Al

50 40 30 20 10 0 -10
27A|

Fig. 9. AIPO,14 'H > ?’Al MP-CPMAS HETCOR spectrum.
vg = 10 kHz, By=9.4T. 200 scans per row and recycling delay of 1s.
Total experimental time =4.5h. vio; = 6.4 kHz, vip =14.6 kHz, k=0.9
and N=1.
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Fig. 10. Nay(AIP,07)4PO,. 2’Na — 3'P MP-CPMAS HETCOR spectrum. vg = 20 kHz, By = 18.8 T. 32 scans per row and recycling delay of 3 s. Total
experimental time: 128 min. vi4; = 7.8 kHz, vip = 16.6 kHz, k = 0.7 and N =2.

5. Conclusion

We have shown that the continuous-wave spin-locking of
quadrupolar nuclei can be replaced by rotor-synchronized
multiple-pulse spin-locking. In this case, one must consider
the average RF-field produced by the pulses in order to fulfill
the Hartmann—Hahn matching equation. MP-CPMAS is
more efficient, more robust and less sensitive to offsets on
the side of the quadrupolar nucleus than standard CW-
CPMAS. It is thus particularly useful for 2D HETCOR
experiments. The experiment is quite broad-banded with
respect to the pulse-length which must be between 0.5 and
0.9 times that of a CT selective © pulse. We find that using
rotor-synchronized selective 2n/3 pulses seems to be the
most efficient way to perform MP-CPMAS experiments.
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