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Abstract

The question of the homogeneous broadening that occurs in 2D solid-state NMR experiments is examined. This homogeneous broad-
ening is mathematically introduced in a simple way, versus the irreversible decay rates related to the coherences that are involved during
t, and t,. We give the pulse sequences and coherence transfer pathways that are used to measure these decay rates. On AIPOy berlinite, we
have measured the >’Al echo-type relaxation times of the central and satellite transitions on 1Q levels, so that of coherences that are
situated on 2Q, 3Q, and 5Q levels. We compare the broadenings that can be deduced from these relaxation times to those directly
observed on the isotropic projection of berlinite with multiple-quantum magic-angle spinning (MAS), or satellite-transition MAS. We
show that the choice of the high-resolution method, should be done according to the spin value and the corresponding homogeneous

broadening.
© 2006 Elsevier Inc. All rights reserved.
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High resolution solid-state NMR of polycrystalline pow-
ders faces various anisotropic interactions [1] that have to
be removed for high-resolution purposes. Until late 1980s,
for nuclei with spin value S > 1/2, submitted to large electric
quadrupole interactions, the second-order quadrupolar line
broadening was the ultimate broadening not reduced by
magic-angle spinning (MAS). MAS averages all first-order
broadenings, but scales the central transition (CT: 1/
2 <> —1/2) linewidth of half-integer quadrupolar nuclei by
a factor of only roughly three. A better resolution for such
cases is obtained by more complex motions of the sample.
Complete spatial averaging requires either mechanical rota-
tion around two axes, as in double rotation (DOR) [2], or
correlation of signals acquired at two different angles in a
two-dimensional (2D) experiment as in dynamic angle spin-
ning (DAS) [3]. However, both methods present many tech-
nical shortcomings. Frydman and Harwood [4] have
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demonstrated that line narrowing of the CT can be obtained
without changing the orientation of the spinning axis. The
2D method thus derived, called multiple quantum MAS
(MQMADS), correlates both second-order patterns of multi-
ple quantum (MQ) and CT coherences and allows of extrac-
tion of isotropic information. More recently, a new class of
2D experiments, called Satellite Transition MAS (STMAS),
has been introduced [5], which correlates second-order pat-
terns of STs during #, with those of CT during #,. The most
recently proposed STMAS methods remove all unwanted
signals by using a double-quantum filter (DQF), which is
a CT-selective © pulse [6]. This pulse has been used in three
different versions of STMAS: the DQF-STMAS and the
double-quantum (DQ) STMAS experiments, which only
differ by the fact the selective n pulse is at the end (DQF-
STMAS) or at the beginning (DQ-STMAS) of the ¢, period
(6], and the #,-split STMAS for spin 3/2 nuclei [7]. In 1D
experiments, the same filtration principle can also be used,
simultaneously with a rotor-synchronized acquisition, to
enhance by a factor 24/7 the resolution that can be observed
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for spin S=5/2 nuclei, leading to the DQF-SATRAS
experiment [8]. The comparison of all MQMAS (3QMAS,
SQMAS [9], etc.) and STMAS (DQF, DQ, #;-split, etc.) re-
sults has been facilitated recently by the introduction of a
unified representation for all 2D methods [10]. In this repre-
sentation, that we will use in the following, resonances are
always located at the same places in the 2D spectra, which
means that they always have the same isotropic (J;s,) and
anisotropic (d,) projections. However, differences in resolu-
tions between the various techniques have been observed,
but these differences remained poorly understood for sever-
al years. Recently, this issue has been addressed for the first
time for MQMAS methods [11], and it has been shown that
these differences of resolutions are mainly related to homo-
geneous irreversible decays that occur on the coherences
that are involved from the excitation pulse until the refocus-
ing of the second-order quadrupole interaction occurring at
tz[) - Rll.

In this communication, we extend the theory to all MQ/
ST-MAS 2D experiments in the frame of unified representa-
tion. Moreover, we propose sequences that allow quantify-
ing these extra-broadenings. On a test sample, AIPOy4
berlinite, we have measured the ’Al transverse spin—echo
decay time constants of the CT and ST, (&3/2 <> £1/2) on
1Q levels, and of coherences that are situated on 2Q
(£3/2 > F1/2), 3Q (£3/2 < F3/2), and 5Q (£5/2 < F5/
2) levels. We compare the broadenings that can be deduced
from these relaxation times to those that are directly ob-
served on the isotropic projection of berlinite with 3QMAS
and SQMAS, or with DQF-STMAS and DQ-STMAS.

In the following, we will only consider the echo pathway
of 2D experiments, as the anti-echo signal is either not
recorded, or only used to cancel the dispersive parts in
amplitude-modulated experiments [12]. The coherence
transfer pathway of the echo-signal of all MQ/ST-MAS
amplitude-modulated experiments can always be described
in the same way: 0Q — pQ (#;) - —1Q (CT, ¢,). Let us call
Ter and T, = aTcr the transverse homogeneous relaxation
times of the CT (—1Q, ;) and pQ (#;) coherences, respec-
tively. The 2D signal can be written:

h ’—2> (1)

alcr  Ter

s(t1, 1) = exp (i(wpﬁ + wcrty) —

The isotropic signal corresponds to the top of the echo
(2 = Rty, with R>0), which means that all anisotropic
terms disappear:

S(Z‘l,Rll) =CXp ({l(p— R) Vo 5CS +

O!T( TC ! ’

where v, is the Larmor frequency, and dcs and ds are the
actual-chemical and quadrupolar-induced shifts, respec-
tively. It has been shown that this equation can be simpli-
fied [10,13]:

(5615 + R581Ts)
p—R

S(ll,Rll) = exXp ({ivgppéiso

with

o

VP = (R = p)vi o = dcs — 100G15/17 + 10°m, /vy
Ttot = O(TCT/(I + OCR) (4)

The unified ppm scaling consists in using vy™" instead
of vg [10,13]. J is the scalar coupling constant between
spin S and another spin / with magnetic number m,.
After Fourier and shearing transforms, isotropic projec-
tions are thus independent on the 2D high-resolution
method, when unified ppm scaling is used, and when
only inhomogeneous interactions are taken into account
(Eq. (3), without the relaxation term) [10,13]. These
interactions may be of different types, such as chemical
and quadrupolar-induced shifts, scalar couplings, het-
ero-nuclear dipolar interactions, and quadrupolar-dipolar
cross-terms [14]. In the case of distributed surroundings,
such as amorphous samples, these interactions lead to
broad resonances. This may be also the case of inhomo-
geneous static magnetic fields. One possible explanation
for the variation of isotropic resolution in 3QMAS and
S5QMAS experiments has been proposed, based on the
difference of excitation versus the quadrupolar tensor ori-
entation with respect to the RF-field [13]. However, this
explanation does not apply when using strong RF-field
amplitudes. Therefore, the only remaining explanation
for the changes of isotropic resolutions, may thus arise
from the homogeneous relaxation term [11]. This term
leads, in unified ppm scaling, to a broadening (full-width
at half-maximum: FWHM) equal to

10°- (1 4 aR)
B = .
(ppm) o R—pl Ter (5)

Most of the time, 7}, and Tt relaxation time values are
close, and hence o ~ 1. The broadenings described in Table
1 correspond to 3QMAS, SQMAS, DQF-STMAS, and
DQ-STMAS experiments, in the case of o = 1.

It is important to note that homogeneous broadenings
largely increase with the spin value. Indeed, they are multi-
plied by a factor of ca. 16, 7.5, and 20, in 3QMAS, DQF-
STMAS, and DQ-STMAS, respectively, when increasing
the spin value from 3/2 to 9/2 (Table 1).

In the case of all STMAS-based experiments, ST coher-
ences are submitted to first-order quadrupole interactions
during #;. When the nuclei undergo molecular motions with
a frequency approximately equal to the quadrupole inter-
action, the homogeneous transverse relaxation times of
the ST coherences decrease largely [15]. This is not the case
for the CT and MQ coherences involved in MQMAS,
which are only submitted to second-order quadrupole
interactions. In STMAS-based experiments, these motions
result in a large decrease of the « ratio, and hence to a large
increase of the broadening, especially for high-spin value,
leading to the disappearing of the signal:
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Table 1

Broadening (B) in unified ppm scaling, given in 10%/mvo Tt unit, calculated with o = 1 in Eq. (3)

S 3QB 3Q /IR - p| 5Q B 5Q 1/|R — p| DQF-ST B DQ-ST B DQF/DQ 1/|R — p|
3/2 8/17 9/34 17/17 10/17 9/17

5/2 31/17 24/34 37/85 12/85 31/17 55/17 24/17

7/2 73/17 45/34 50/85 22.5/85 73/17 118/17 45/17

9/2 127/17 72/34 131/85 36/85 127/17 199/17 72/17

1/|R — p| defines the indirect spectral-width, Adis, = Mkﬁ after shearing of rotor-synchronized experiments.

8 (ppm) v — 1 (6)
PP Nomvo-\R—p|~TCT'

In Fig. 1, we show the sequences and pathways that al-
low measuring the homogeneous relaxation times of all
coherences involved in MQMAS (a), and STMAS (b)
methods. These experiments are very easy to setup since
all pulses are the same as for MQMAS or STMAS, except
the extra middle hard-pulse length that must be optimized
to get maximum signal. These sequences are relatively effi-
cient, leading to spectrometer times of only a few hours; ex-
cept for the measurements of Tsq, which requires an
additional jump of 10 quanta levels with respect to the clas-
sical SQMAS experiment which is by itself not a very effi-
cient method.
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Fig. 1. Pulse sequences and coherence transfer pathways to measure. (A)
Ter, Taq, Tsq (p=1, 3, and 5, respectively), and (B) (Tst, 1q) or (Tst,2q)-
In (A) the three pulses are either CT selective (1/2, &, and 1t/2) pulses for
Tcr, or strong hard-pulses for T3q and Tsq. In (B) the two selective
pulse are close either to the central hard-pulse (1. = 0, Tst,10) or to the
two external hard-pulses (1;q =0, Tst2q)-

As a test sample, we have chosen 27Al NMR of
AIPO, berlinite, which contains a single aluminum spe-
cies with quadrupolar parameters: Cqo=4.07 MHz and
o =0.34. It must be reminded that the rotation axis
must be perfectly adjusted at the magic-angle in
STMAS-based experiments, but that this is not manda-
tory for MQMAS experiments, and it has even been
shown that 7, can be increased by spinning slightly
off-magic angle [16]. We have observed such a behavior
for Tcr, Taq, and Tsq of berlinite, and this allowed to
increase these values by a factor of 1.3-1.8 with respect
to their values at the magic angle. All spectra were
recorded at 94T, with a 3.2-mm rotor using
vg =20 kHz and RF-fields of 160 and 5kHz for the
hard and soft pulses, respectively. Two homogeneous
attenuation curves are displayed, versus the delay 7, in
Fig. 2. The accuracy of the measurements was good, ex-
cept for 5SQMAS were the S/N ratio was poor in spite
of a 4 day accumulation (Fig. 2). The experimental re-
sults are given in Table 2.

The experimental off magic-angle ratio Tsq/T5q = 1.2 is
slightly smaller than the factor 1.4, as calculated with the
Redfield relaxation theory in the slow motional limit [11].
The isotropic homogeneous broadenings calculated using
Eq. (5), are not very different in MQMAS from those ob-
tained (Table 1) by assuming all relaxation times equal to
Ter (Table 3). In STMAS, this approximation is not as

. . h < \‘Q/\‘ldl . )
0 10 20 30 40 50

T (ms)

Fig. 2. Homogeneous attenuation curves versus 7 (equal to 7;q + 12 for
ST,) to measure either on magic-angle Tst,1q = 6.5 ms (<]), or slightly off
magic-angle Tsq = 15 ms ([J) values. Continuous curves represent the fit
of the experimental data. Those corresponding to Tsq show the relative
inaccuracy of the results. For all other measurements, the accuracy was as
good as for Tsr,1q-
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Table 2

Irreversible decay rates (ms) corresponding to the various coherences
Tcr T3o Tsoq Tst,10 Tst,20

On magic-angle 10+0.5 7+£0.5 6.5+£05 6+£05

Off magic-angle 13+0.5 12.5+0.5 15+1.5

These decay rates allow us to calculate the o values, which are involved in
Table 3.

good as for MQMAS, because the difference between Tt
and Tcr values is amplified by the R and p parameters in
Eq. (5). In Fig. 3A, we show the isotropic sheared projec-
tions of berlinite, and in Table 3 we give their experimental
linewidths (B.p). As previously said, there are two experi-
mental parameters that may change the isotropic projec-
tions: the position of the rotation axis, which changes the
T5q and T'sq values in MQMAS [16] and introduces a small
first-order quadrupolar contribution in STMAS [5], so as
the spinning speed fluctuations in STMAS [17]. For this
reason, the direct comparison of homogeneous broaden-
ings can only be made in between 3QMAS and 5SQMAS
or DQF-STMAS and DQ-STMAS. As expected, the on
magic-angle 3QMAS experimental resolution is broader
(by 0.28 ppm) than that observed off magic-angle (Table
3). One can observe a difference of AB.,, = 0.32 ppm be-
tween the 3Q- and SQMAS experimental off magic-angle
isotropic linewidths, which is in agreement with the previ-
ous values deduced from the measured 77 values:
AB™™ = 0.34 ppm. By using Eq. (5), it is possible to de-
duce from the SQMAS isotropic spectrum (better resolu-
tion than 3QMAS), the true inhomogeneous MQMAS
linewidth of berlinite, which is thus equal to ca.
B}\% = 0.60 ppm (0.70-0.10). The difference between DQ-
and DQF-STMAS experimental linewidths
(AB.x, = 0.45 ppm), is also in agreement with values de-
duced from Eq. (5) (ABXN™ =0.49 ppm). However, the
inhomogeneous STMAS linewidths
(BEF = Bep — B = 0.91 ppm (DQF) or 0.87 ppm (DQ))
are broader than the inhomogeneous MQMAS linewidth
(Byio = 0.60 ppm). The extra inhomogeneous broadening,
which is identical for both STMAS experiments, is related
to experimental imperfections (magic angle mis-setting and
spinning speed fluctuations). Its value, can be evaluated
with Eq. (5), from the experimental DQF-STMAS isotro-
pic projection (better resolution than DQ-STMAS), to
0.31 ppm (FWHM) (1.70-0.60-0.79), which means a total
(FW at 0%) extra-broadening of ca. 0.8 ppm. It has been

A

t, (ms)

Fig. 3. (A) Isotropic sheared projections in unified ppm scaling of either
DQ-STMAS and DQF-STMAS on top, or on magic-angle 3QMAS and
off magic-angle 3QMAS and 5QMAS on bottom. (B) Fids versus 7,
corresponding to [ s(t;,v2) - dv,, for STMAS (DQ or DQF) (A) and off
magic-angle 3QMAS (O), and SQMAS (O).

shown that the total isotropic linewidth in STMAS-based
experiments related to ill-setting of the magic-angle is equal
to Adiso (ppm) &~ 10453CoA0/ vy, for spin 5/2 nuclei [18]. By
neglecting the spinning speed fluctuations, we can thus cal-
culate the off magic-angle setting to be Af < 0.002°.

Table 3

Broadenings (FWHM) expressed in unified ppm scaling; off or on magic-angle
3QMAS 3QMAS 5QMAS DQF-STMAS DQ-STMAS
on off off on on

Bexp 1.30 1.02 0.70 1.70 2.15

Bhom 0.65 0.44 0.10 0.79 1.28

Bhom(g = 1) 0.55 0.43 0.09 0.56 1.00

B = B, — Bhom 0.65 0.58 0.60 0.91 0.87

calc




Communication | Journal of Magnetic Resonance 179 (2006) 311-316 315

Let us analyze first the results we have obtained for 2D
experiments. By looking to Eq. (3), it can be shown that if
inhomogeneous broadening dominates the linewidth, the
evolution time required to not truncate the signal in the
indirect dimension is inverse proportional to v;" and hence
to |[R — p|. On the contrary, if homogeneous broadening
contributes most, evolution time is proportional to Ti.
Fig. 3B shows the time evolution, versus ¢, of the signal
integrated over v : [s(¢;,v2) - dvo. The 3QMAS decay time
is ca. five times larger than that of SQMAS. This factor
corresponds to the |R — plsq/|R — plsq ratio, and is much
larger than the ratio Tyo( 30/ Ttot, 50 = 1.1 due to homoge-
neous contributions. It is important to remark, that the
contribution of the homogeneous interactions is often
small onto the evolution of the signal in the indirect dimen-
sion, but can be larger than that due to inhomogeneous
interactions on the isotropic linewidth in case of well-crys-
tallized compounds: B};g'?ON = 0.65 ppm and
B™ = 0.60 ppm in berlinite. From the |R — p| factors (Ta-
ble 1), the signal decay of DQ- and DQF-STMAS signals
should be twice slower than that of 3QMAS. The decay
times of these two experiments are indeed identical, but
are only ca. 25% larger than that of 3QMAS. This too fast
decay, with respect to the inhomogeneous contributions,
observed in the indirect dimension of STMAS, is related
to the same experimental imperfections which introduced
an extra isotropic broadening in Fig. 3A: ill magic-angle
setting and spinning speed fluctuations.

Because only second-order dephasings are refocused by
STMAS sequences, it is mandatory to then always rotor-
synchronize the evolution time #;. In MQMAS it is highly
recommended to do the same for three reasons: (i) a small
number of #; steps are then used, thereby minimizing the
acquisition time, (ii) all sidebands are aliased onto the cen-
ter band, thus maximizing the S/N ratio and simplifying
the interpretation of the spectra, and (iii) distortions with
respect to MAS spectra are minimized [19]. It can be
shown, and verified in case of berlinite (spectra not shown),
that in case of rotor-synchronized 2D experiments, the
indirect sheared spectral width is equal to Ad;, = ‘,0_|‘}§7p‘.
In rotor-synchronized conditions, the indirect decay rate
(Fig. 3B) gives the number of ¢, steps required to not trun-
cate the signal.

It must be noted that results previously described for
MQ/ST-MAS amplitude-modulated sequences, also apply
to full-echo MQMAS [20], full-echo STMAS [21] or MQ/
ST-DOR experiments [22].

The two STMAS-based experiments (DQF, DQ) have
the same efficiency concerning their coherence transfer
pathways, the same indirect spectral width and the same
minimum number of rotor-synchronized #; steps (same
|R — p| factor). Moreover, they present the same sensitivity
to spinning-speed fluctuations and off magic-angle setting.
The choice of the STMAS method should thus be done
according to the behavior of the sequences to the homoge-
neous broadening, especially for large spin values where it
becomes very important.

5QMAS experiments are much less sensitive to homoge-
neous broadenings than 3QMAS (Table 1), and thus will
display a better resolution, especially with large spin value,
if homogeneous interactions are not weak. However,
5QMAS presents two main limitations: its limited indirect
spectral width and its poor efficiency. Indeed, its rotor-syn-
chronized spectral width is five times smaller than with
3QMAS, and it may be insufficient in case of large chemical
shift spread or Larmor frequency and/or slow spinning
speed. In this case the #; step can be fixed to a sub-multiple
of the rotor period with the drawback of several spinning
sidebands along the indirect dimension. To compare the
experimental times required by rotor-synchronized
3QMAS and 5QMAS experiments, three different types
of parameters must be taken into account: the linewidth
on MQ levels, the number of rotor-synchronized ¢, steps,
and the efficiency of the coherence transfer pathways. As
the two first parameters are inverse proportional of each
other, the S/N ratio per unit time is only related to the third
one: the efficiencies of the transfers. Typically, 5Q transfers
are approximately 5 times less efficient than 3Q transfers
[23]. Therefore, an experiment lasting ca. 25 times longer
in SQMAS than in 3QMAS is expected to obtain the same
S/N ratio.

Previous calculation can easily be extended to #;-split [7]
and split-t; [24] methods, in which the evolution time ¢ is
split into two periods where the magnetization evolves on
two complementary coherences chosen in such a way that
the refocusing always occurs at 7, = 0.

In all 1D experiments, the homogeneous broadening is
equal to 10%/nTv,, where T is the homogeneous relaxa-
tion decay of the observed coherence: CT in MAS and
DOR [2], or inner-STs in DQF-SATRAS [8]. This means
that for spins 5/2, 7/2, and 9/2, the homogeneous broad-
ening observed in 3QMAS and all STMAS-based 2D
experiments will always be larger than with MAS,
DOR, and DQF-SATRAS (if Tstj~ Tcr) 1D experi-
ments. It must be noted that in DAS, the broadening
is always equal to 10%/mvoTcr.

In conclusion, homogeneous isotropic broadenings ob-
served in quadrupolar high-resolution 2D methods, can
be easily explained and quantified with simple high-resolu-
tion echo-type experiments. This broadening effect increas-
es largely with the spin value. These results permit to
choose the experiment minimizing the effect of homoge-
neous broadening. In the MQMAS case, we have shown
how, at the expense of sensitivity, SQMAS can dramatical-
ly increase the resolution if the linewidth stems from homo-
geneous interactions. In the STMAS case, only
homogeneous broadenings are involved in resolution differ-
ence between DQF-STMAS and DQ-STMAS methods.
Thus, DQ-STMAS should achieve a better resolution than
DQF-STMAS for spins 3/2 and DQF-STMAS should be
used for spins greater or equal to 5/2. We have proposed
pulse sequences to quantify these effects. Phase-cycling cor-
responding to these sequences can be downloaded from:
http://univ-lille1/Icps/pulse_nmr.
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