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Abstract

Hetero-nuclear coherence transfers in HMQC and refocused-INEPT experiments involving half-integer quadrupolar nuclei in solids
are analyzed. 1D and 2D schemes are considered under MAS for the general case of multi-spin systems S7, (n < 4), where S is an
observed nucleus. These results are also discussed in the context of high-resolution schemes featuring MQMAS or STMAS. The theo-
retical predictions are verified experimentally in a series of 1D and 2D experiments performed at 9.4 and 18.8 T.
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1. Introduction

Scalar (J) couplings are due to interactions between
nuclei that are indirectly transmitted through the electrons
of the bonds. These interactions are undisturbed by molec-
ular motions and thus, along with the chemical shifts, are
commonly used in liquid state NMR for spectral assign-
ments and for establishing through bond correlations
between atoms [1]. In the solid state, J couplings are more
difficult to observe directly, as they are obscured by the
much stronger dipolar, chemical shift and quadrupolar
contributions to the line-width. In relatively mobile solids,
such as adamantane, the '*C-'H J multiplets were
observed by combining magic angle spinning (MAS) with
homo-nuclear '"H-'H radio frequency (RF) decoupling
[2,3]. Direct detection of J multiplets was also reported in
rigid systems with relatively large scalar couplings, provid-
ed that the other line broadening interactions could be suf-
ficiently reduced [4-7]. The measurement and utilization of
J couplings are nevertheless possible in cases where the

* Corresponding author. Fax: +1 33 3 20 43 68 14.
E-mail address: jean-paul.amoureux@univ-lillel.fr (J.P. Amoureux).

1090-7807/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.jmr.2006.09.009

splittings cannot be directly resolved in the spectra. For
example, J coupling can be assessed from the time evolu-
tion of polarization build-up during INEPT experiments
[6,8], by using the rotor-synchronized two-dimensional
(2D) spin-echo method [9] and via REDOR-like approach-
es [10,11]. Other studies demonstrated the utility of hetero-
nuclear J couplings for spectral editing in ordinary organic
solids [12-15].

Further exploitation of scalar couplings in solids result-
ed in the development of 2D homo- and hetero-nuclear
correlation J spectroscopy, which was for the most part
inspired by the high-performance techniques known for
solutions. The examples of homo-nuclear correlation
included INADEQUATE [16-21], COSY [17,18,22] and
TOBSY [23] experiments with '*C, '>N and ?°Si nuclei in
a number of organic and inorganic materials. In hetero-nu-
clear correlation (HETCOR) NMR of solids, the coherence
transfer is usually achieved through space via dipolar cross
polarization (CP) [24-26] or TEDOR [27,28]. By using
MAS in concert with various homo- and hetero-nuclear
RF decoupling schemes, highly resolved through space cor-
relation spectra can now be routinely obtained in chemical
and bio-chemical compounds [26,29-31]. The first 2D J-re-
solved hetero-nuclear NMR experiments also used "H-'*C
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CP coherence transfer [32] (or direct '*C excitation [33])
and a combination of 'H decoupling with rotor-synchro-
nized refocusing at the '*C frequency, to yield the '*C mul-
tiplet structures. However, J couplings can be also used for
hetero-nuclear mixing to generate 1D spectra or 2D maps
of through-bond chemical shift correlations between spins,
through various schemes that use direct (INEPT [12,13,34])
or indirect (HMQC [35]) detection.

Some of the most notable accomplishments of J spec-
troscopy in solids involve half-integer quadrupolar nuclei,
in spite of the additional challenges posed by second-order
quadrupolar broadening. J couplings were observed or
measured in several molecular systems containing *’Na,
27Al, *'P and #Si nuclei [6,7,36,37], and the MAS-based
HETCOR spectra between >’Al and *'P in aluminophos-
phate AlPO4-14 have been reported [34]. The HMQC
HETCOR spectra were obtained between >'P and ’Al in
aluminophosphates [36] and between 'O and *’Al in a
glass [38]. More recently, a 2’Al->’Al homo-nuclear corre-
lation spectrum has been shown, obtained via J-mediated
Al-O-P-O-Al transfer in AIPO4-14 [39]. Finally, a 2D
method referred to as MQ-J-HETCOR was reported [40],
which correlated >’Al and *'P nuclei under the isotropic
resolution offered by multiple quantum magic angle spin-
ning (MQMAS) NMR [41]. Again, these 2D experiments
did not require that the spectrally resolved J multiplets
be directly observable.

In addition to the obvious benefit of providing a chemi-
cal-bond map between the spins, a potential advantage of
using the INEPT and HMQC schemes in HETCOR spec-
troscopy is that they do not require spin locking. In the case
of half-integer quadrupolar nuclei, the spin dynamics
involved in both the spin locking and the CP processes are
indeed very complicated under MAS, which may lead to lack
of quantitative accuracy and low sensitivity [42—44]. Special
care must be taken to find the best Hartmann—-Hahn match-
ing condition, which depends on several experimental
parameters and can vary from site to site.

The J-HETCOR schemes, however, have a major draw-
back of their own in that the delays involved in the
sequences are inversely proportional to the strength of
the Jg; coupling constant between spins I and S [45]. Unless
the homogeneous interactions can be sufficiently sup-
pressed to facilitate the desired transfer of coherences, the
non-refocusable transverse relaxation may force a substan-
tial shortening of these delays and loss of efficiency. Addi-
tional difficulties may arise due to the complex nutation
behavior of the quadrupolar spins in response to multi-
pulse sequences. This behavior was analyzed in detail by
Kao and Grey [7] for the case of an INEPT experiment
on isolated spin pairs consisting of spin-1/2 (S) and half-in-
teger quadrupolar (I = 3/2 or 5/2) nuclei.

Herein, we use a similar formalism to describe the per-
formance of refocused INEPT (R-INEPT) and HMQC
experiments in the case of multi-spin systems S7, (n < 4),
where both S and I spins can be spin-1/2 or half-integer
quadrupolar nuclei. The sensitivity and resolution offered

by R-INEPT and HMQC are discussed in the context of
high resolution experiments involving MQMAS and
STMAS [46]. Finally, the theoretical analyses are verified
by measuring the build-up of *'P{*’Al} and ?’Al{*'P} mag-
netizations in R-INEPT and HMQC experiments under
MAS in berlinite and the 2D HETCOR spectra of
AIPO4-14 aluminophosphate.

We chose to focus specifically on R-INEPT and HMQC
for several reasons. The INEPT method, which was
designed to improve the sensitivity of proton-attached car-
bon spectra in liquids [45], yields multiplets of vanishing
integrated intensity due to their antiphase disposition. In
order to obtain pure absorption spectra and enable using
I-spin decoupling during observation, the alignment of
multiplets can be achieved with R-INEPT by using an
additional refocusing period [47-49]. The INEPT+ method
has been proposed to reduce the phase and multiplet anom-
alies [50], whereas the DEPT sequence uses hetero-nuclear
multiple quantum coherences during the polarization
transfer [51]. This transfer is similar in all these methods,
and works with comparable efficiency in liquid state
NMR [50]. In solids, the aforementioned relaxation pro-
cesses interfere with the polarization transfer. Overall, we
found the R-INEPT alternative to be most sensitive and
robust, at least in the applications involving *’Al and *'P,
where it also compared favorably with cross polarization
via dipolar interactions [40]. The HSQC [52] and HMQC
[53] experiments are extensively used in liquids for studying
single-bond hetero-nuclear shift correlations with indirect
detection [52]. Although the correlation data provided by
these two methods are essentially equivalent, HMQC uses
considerably less pulses than HSQC, which benefits the
applications involving quadrupolar nuclei.

2. Theory

We begin by considering the standard R-INEPT exper-
iment, shown in Fig. 1a, involving an isolated pair of chem-
ically bonded 7 and S nuclei. The signal intensity (build-up
curve) observed in the S channel can be written as

s(t1, ) pngpr = 0 SIN(1J 5 7) sin(n/gt') cos(2my;ty ), (1)

where o = 7,72 exp(i2nvsts), Js;is the scalar coupling, y; and
ys are the nuclear magnetogyric ratios, while T and 7’ denote
the delays used in the pulse sequence. In the HMQC
experiment (Fig. 1c), the signal is observed with an intensity
given by

s(t1, 82) voe = B sinz(nJS,r) cos(2mv 1), (2)

where 8 = 73 exp(i2nvst,). When the experiments are opti-
mized, 1.€., Top = Ty = 1 /2J s, the relative sensitivity of
these two experiments is in the order of (y;/y 5)3/ 2. For
example, in the case of 'H and '°N, HMQC leads to a gain
in S/N ratio of around 30 over R-INEPT.

In the following, these well-known results will be extend-
ed to include quadrupolar nuclei in isolated pairs (Sections
2.1.1,2.1.2,2.1.3 and 2.2.1, 2.2.2, and 2.2.3) and multi-spin
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Fig. 1. (a), (c) R-INEPT and HMQC pulse sequences under MAS and the
corresponding reduced static schemes used in the calculations (b and d).

systems (Sections 2.1.4 and 2.2.4). The analytical calcula-
tions were carried out using the spin operators that were
first introduced by Vega to investigate the MAS spin-lock-
ing of quadrupolar nuclei [42,43]. The observed nucleus
will be denoted S and the non-observed I. We will assume
that the experiments are performed under MAS with rotor
synchronization, i.e., #1/2, /2, and 1'/2 in Fig. la, or 1,/2,
and t in Fig. 1c, are multiples of the rotor period 1/vg. This
will allow us to treat the experiments theoretically as if they
were performed in the static case while taking into account
only the isotropic contributions from scalar (J;;, Jss,Js7),
chemical shift (vcs), and quadrupole (vqis) interactions.
Rotor synchronization also eliminates the spinning side-
bands from the spectrum along the F; dimension, while
reducing its spectral-width to vg/2. It may also facilitate
the magnetization transfer from the outer levels of strongly
quadrupolar nuclei [7]. We further assume that (i) the
homo-nuclear dipolar interactions are eliminated either
by MAS alone or with an additional adequate decoupling
pulse sequence, i.e., the spin systems S/, are always consid-
ered to be isolated, and (ii) the hetero-nuclear dipolar and
Jsr dephasings are removed during acquisition of the FIDs.

The pulse lengths are considered to be negligibly short
for spin-1/2 nuclei. For quadrupolar spins, the calculations
will be performed separately for strong and weak quadru-
pole interactions. In the first case, the RF magnetic field
vrE 1s always assumed to be smaller than the quadrupole
coupling constant Cq (vrr < Cg), such that only the cen-
tral transition can be efficiently excited as a result of on-res-
onance excitation. The quadrupole coupling constant Cq is
defined as Cq = ¢*qQ/h, where eq is the largest principal
axis value of the electric field gradient (EFG) tensor, eQ
is the nuclear quadrupole moment, and / is the Planck con-
stant. When C, is sufficiently small (vgp > Cq), the RF

pulses excite the central transition (CT) and the satellite
transitions (STs).

Only first-order quadrupole interactions (Hqg;) will be
considered explicitly in the calculations, and irreversible
transverse relaxation processes will be neglected in the time
scale of our interest (Jg;'). For the observed S spins, we will
assume the chemical shift anisotropy (CSA) is smaller than
VR, 1.€., only the first order quadrupole interactions can be
responsible for the spinning sidebands in the F, dimension.
Finally, it is assumed that the RF irradiation vg is applied
on resonance in all experiments. To simplify the equations,
we introduce the following notation:

Sy = sin(npJ 1), ¢,y = cos(npJ 1),
sy, = sin(npJyv), ¢, = cos(np/g1') (3)

2.1. R-INEPT MAS experiment

We refer again to the R-INEPT pulse sequence shown in
Fig. 1a. An additional nr/2 pulse, shifted by 90° with respect
to the phase of the first pulse, can be added in the 7 channel
at the end of evolution period to select a pure cosine or sine
signal for the hyper-complex data treatment. The first &
pulse at the S spin frequency refocuses the hetero-nuclear
Jsr coupling during ¢,. This pulse can be replaced by CW
decoupling, in order to double the spectral range in the
F; dimension (rotor synchronization can be applied to
instead of #,/2).

Dephasings related to chemical shift (v.g) and quadru-
pole induced shift (V{QIS) during 7 are refocused by the first
7 pulse at the 7 spin frequency, whereas those due to vig
and v} at the end of ¢’ are eliminated by the third © pulse
applied to S spins. In the calculations we will also neglect
dephasings related to homo-nuclear scalar couplings J;;
during t and Jgs during 7’. These scalar couplings may
affect the intensity of the cross-peaks, but not their frequen-
cies. Under these assumptions, the experiment can be
reduced to the scheme shown in Fig. 1b, where the follow-
ing frequencies are operable
Ispins:g<—t1 v e Ty I

2

.oT
S spins T T Jg =ty i vy —,

Wlth Vv = J]] + VICS —+ Vé)IS and Vg = JSS —+ V‘és =+ V%IS' In the
case when acquisition is not made in a rotor synchronized
way, a term pvg with p =0, +1, +2, ..., should be includ-
ed in vg to account for the spinning sidebands. Decoupling
of I spins during the acquisition cancels all anti-phase
terms leading to a pure absorption signal.

211 I=kl2, S=1/2

2.1.1.1 Let us first consider weak quadrupole interactions,
where vy > C’Q. In this case, we can neglect the quadru-
pole induced shift, and in a rotor-synchronized experiment
there is only a single frequency v; = Jy + vy associated
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Table 1
Optimal values r;pp in units of 1/Jg;, and the corresponding maximum
signal for I = k/2 (assuming a weak quadrupole interaction) and S = 1/2

1 1/2 32 52 7/2 9/2
- 0.5 0.176 0.115 0.084 0.067
5(0,0) a0 /7172 1 1.757 2622 3.493 4.365

with all  spin transitions. The observed signal can be writ-
ten as

s(t 1) ~ “[:;1/2 (s) +3sy, + -+ 2Ish;,) cos(2mvity)  (4)
In the 2D spectrum, each correlation peak is represented by
multiplets centered at (vig, vEg) and separated by J;; along
F; and by Jgg along F>. For I =1/2, Eq. (4) is the same as
Eq. (1). It is noted that (i) the maximum efficiency is always
reached at 7., = 0.5/Js; and (ii) the optimal second delay
T,y decreases and the maximum signal increases when the
spin value I of the non-observed, weakly quadrupolar

nucleus increases (see Table 1).

2.1.1.2 In the case of strong quadrupole interaction
(Vhp < C’Q), only the CT is manipulated by RF irradiation
(referred to as ‘soft’ pulse), while the STs are essentially
unaffected and remain embedded in the background noise
along F; dimension. Hence Eq. (4) becomes

;8
I1+1/2

The quadrupole induced shifts involved in v; are those of
the CTs. Along Fi, one observes the CT MAS powder pat-
terns corresponding to different sites, shifted every J;;. The
maximum signal is scaled by I+ 1/2 with respect to that
given by Eq. (1), whereas the optimal delays remain un-
changed, top = 7, =0.5/J5. The resulting R-INEPT
spectra are not quantitative, even when the different spin
pairs have the same Jg; coupling constants. Indeed, lets
suppose that two >'P(~O-)*’Al pairs are observed with
the same scalar couplings but different quadrupole interac-
tions. For 7,5 = 0.5/Jgy, the observed 3p magnetizations
depend on the size of the ?’Al quadrupole interaction:

small Co(vip > Cq) : Ty & 0.115/J,5(0,0)

= 2.622y,y§
large Cq(vip < Cq) : T, = 0.5/J5,5(0,0)

S(ﬁ s tz) ~ o

cos(2mv;1) (5)

opt

2
opt = 0-3337,75
The latter signal becomes further reduced when the second-
order quadrupole interactions (Hq,) are taken into consid-
eration in the calculations.

2.1.2. I1=1/2 and S = hi2
In this case, one may observe separately several transi-
tions, whose behavior must be analyzed individually.

2.1.2.1 Again, we initially consider the case of weak quad-
rupole interactions, when the quadrupole induced shifts are

negligibly small and all transitions yield the same observa-
ble frequencies.

2.1.2.1.1 Since the quadrupolar nuclei are being
observed in the F> dimension, we will include in the discus-
sion the experiments performed without rotor synchro-
nized acquisition. In such case, the observed frequencies
can be written as vs = Jgs + vig + pvr. When the sample
spinning rate is sufficiently slow (vip > Cf) > vr), several
families of spinning sidebands are observable along F,
for every site. Each family is symmetrical with respect to
the center-band (we ignore here the CSA) and is the sum
of overlapping individual patterns corresponding to the
CT and all pairs of symmetric ST, transitions
(g=1,...,8—1/2). These patterns are further affected
by Jgs. During 7, the Zeeman states (m = +1/2,...,£S/
2) which influence the Jg; coupling are associated with
the quadrupolar S spins, which leads to an evolution
described by Aisy+ -+ ArpSoy + -+ ArgSasy. During
v/, only the +1/2 Zeeman states of spin I=1/2 are
involved, which leads to a sole s, term with
Top = 0.5/J5. The intensity of individual sideband patterns
associated with the CT or with pairs of symmetrical ST,’s
can thus be written

3B
%55
25IS(S+ 1)(2S + 1)
+ AszzS])S/J COS(27tV1t1) (6)

S(l],[z)% (A1S_] +A3S3_/+"'

with coefficients B, describing the CT or ST, pattern, and
A>,,, describing the Zeeman states with m =1/2,...,S, as
given in Table 2.

2.1.2.1.2 In the experiments performed with rotor syn-
chronized acquisition (or in the liquid state), resonances
corresponding to CT and ST, pairs appear at the same fre-
quency vs = Jss + vis. The observed signal can be calculat-
ed as a sum of all 4,,, terms in Table 2, weighted by their
corresponding B values

Table 2
Values of parameter B and A4,,, in Eq. (6) as a function of S, for the central
and satellite transitions

S Transition B Ay As As A7 Ay
1/2 CT 1 1/2
3/2 CT 1 1 -3
ST, -3 1 1
5/2 CT 3 -2 1 -5
ST, 4 2 -3 -5
ST, -5 2 3 1
7/2 CT 2 9 -15 5 -35
ST, 15 -3 1 -3 -7
ST, 6 5 -3 -15 -7
ST, -7 5 9 5 1
9/2 CT 5 —18 12 -28 7 —63
ST, 24 6 -8 0 -7 =21
ST, -84 2 0 0 5 3
ST; 8 14 0 —40 -35 -9
ST, -9 14 28 20 7 1
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Table 3

Optimal values, in units of 1/Jg;, and the corresponding maximum
R-INEPT signal for /=1/2 and S = 4/2 in the case of weak quadrupole
interaction

N 1/2 3/2 5/2 712 9/2
topi(1/752) 05 0176 0.115 0.084 0.067
s(0,0), /773 10 03511 02248 01663  0.1323
s(t,h) ~o 3 (574 3537+ +2Ss25))s’
’ 25(5+ )25 + 1) /
x cos(2mvsty). (7)

The maximum signal is always observed at r;pt =0.5/Jg,
but with a shorter first delay 7, as shown in Table 3. It
is also less intense than in the case of I=S=1/2 (see
Eq. (1)), in agreement with the results obtained for the IN-
EPT experiments in solution-state NMR [49,54,55]. This
result is analogous to that obtained for I=k/2, S=1/2
[Eq. (4)], with switched over delays = and 7’

2.1.2.2 In the case of strong quadrupole interactions, we
again bear in mind that only the central transition is
observable under ‘soft’” RF pulses at the frequency of
the S spin. The resulting signal is the same as given by
Eq. (1), assuming that the powder-averaged intensity
observed after a CT-selective 90° pulse is normalized to
unity. Along the F, dimension, an MAS-narrowed CT
powder pattern is observed, whose intensity evolution
as a function of 7 and ¢’ is identical to that observed
for I=S=1/2. This pattern can be further affected by
JSS~

2.1.3. I=kl2 and S = hl2

Once more, we limit our analysis to rotor-synchronized
experiments and two extreme cases of weak or strong quad-
rupole interactions, for which the previous results can be
easily generalized. In the case of liquid-state samples or
weak quadrupole interactions with rotor-synchronized
data acquisition, one obtains v; = Jy; + vk, vs = Jss + Vés
and

3
QI+ 1SS+ 1)(2S+1)
X (S'] + 3S3J —+ -+ ZSSZS])
X (s + 3sy, + -+ 4 2Ish,, ) cos(2mv;t) (8)

S([],fz) o

In the case of strong quadrupole interactions, only the
central transitions in / and S spins are observable, and
one must use the CT-selective pulses in order to correctly
manipulate their density matrices. The resulting CT signal
of S spins is again given by Eq. (5), if we assume that the
powder-averaged intensity observed after a CT-selective
90° pulse at the S spins frequency is normalized to 1.
As expected, the signal evolution is similar to that of a
spin-1/2 pair [Eq. (1)], with an amplitude scaled by
(I+1/2)7".

2.1.4. Multi-spin system: SI,

2.1.4.1 Let us first consider the simplest case of I= S = 1/2.
For identical scalar couplings and n < 3, the formulae are
well known [47] and often used for separating the multi-
plets. However, in three dimensional solid-state networks,
the individual J couplings within the S7,, (n > 3) spin sys-
tems can be considerably different [56]. In such general
case, the in-phase 2D signal can be written

ST : s(t, 1) = as;s’; cos(2mv;t;)
ST, : s(t, t) = s8¢, cos(2mvty)
+ SJzS/JQC/Jl COS(ZTEV[ﬂ] )]
NS s(ty, t2) = afsy18), )¢ cos(2mvpty)
+ 528,15 cos(2mvpaty)
+ SJ3SQSC,JICIJZ COS(2TCV]3I1 )}
Sl s(ty, 1) = s8¢, 50, cos(2mvpty)
+ 572875, 5y cOS(2mvaty)
+ 53835, ¢)n )y cOS(2MV 3ty
+ 5748, €55 cOS(2mvpaty)]
When all J-couplings are equal, the maximum 1D signal

representing an S, spin system is always observed for
Topt = 0.5/Js; with the intensity given by

sty =0,0) ~ :)cnsjs’J(c’J)"_1 (10)

The value of 7, depends on n, and is observed for Jg1,
equal to 0.5 (n=1), 0.25 (n=2), 0.19 (n=3) and 0.167
(n=4) with 5(0,0),. /7,75 = 1,1,1.15 and 1.3, respective-
ly. An average value of ©" = 1/3Jcy is often recommended
in solution NMR studies involving e.g., "H-'>C R-INEPT
experiments. Indeed, for CH, CH, and CHj it yields the
relative intensities s(0,0) . /yy,7y% of 0.87, 0.87 and 0.65,
respectively.

2.1.4.2 The above results can be easily generalized to SI,
systems consisting of half-integer quadrupolar nuclei. For
example, in the case of two such nuclei submitted to strong
quadrupole interactions, one has to apply CT-selective
pulses at both frequencies, which results in the same S spins
evolution as for SI, systems of spin-1/2 nuclei [Eq. (9)]
scaled by 1+ 1/2:

/
ST : s(t, ) ~ u% cos(2mvty)
1 11
ST, : s(ty, ) =~ am[sjlsf,lcf,z cos(2mvyity) (11)

+ 5,08),¢, cos(2mvpaty )]

The CT powder patterns, narrowed by MAS and affected
by J;; and Jgg, are observed in F; and F, dimensions of
the 2D spectra.

2.2. HMQC MAS experiment

The basic HMQC pulse sequence is shown in Fig. Ic.
The dephasing due to Jg; during #; is cancelled by the
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n pulse in the S channel, while that related to
Jss + vig + v at the +10Q level are negated by the subse-
quent evolution at the —1Q level. As in the case of R-IN-
EPT, the experiment can be reduced to the sequence
shown in Fig. 1d, with the following terms governing the
evolution of magnetization:

J . T ; T
Spins . — «— TV — <
pis sy = hsvi =3

SSpiHSZngiJS] —<— —><—’CZJS]—>t21VS,

where v; = Jy 4 vig + Vs and vs = Jss + vig 4 vgs- The
term pvp may be included during 7, if the acquisition is
not synchronized with the rotor. Again, we will consider
the isolated spin pairs (Sections 2.2.1, 2.2.2, and 2.2.3)
and multi-spin systems (Section 2.2.4).

221 1=ki2, S=1/2

When the quadrupole interaction is weak or the sample
is studied in solution, the signal is similar to that observed
for a pair of spin-1/2 nuclei [Eq. (2)]. Since the quadrupole
induced shifts are negligible, the observed cross-peak mul-
tiplets are centered at (vig, vig) and separated by J; in F)
and JSS in Fz.

When the quadrupole interaction is large, only the cen-
tral transition is observable and both m/2 pulses in the /
channel should be CT-selective in order to correctly manip-
ulate the spin density matrix. The observed signal

2

N
S(tlatZ) ~ ﬂ1+‘/1/2

cos(2mvty), (12)

is decreased by a factor I+ 1/2 with respect to spin-1/2 nu-
clei. The quadrupole induced shifts involved in v; are those
of the CTs. Along F;, the CT MAS powder patterns are
observed, shifted by Jy;.

222.1=1/2 and S =hl2

In liquid-state NMR, all transitions have the same reso-
nance frequency vg = Jgs + vés, and the build-up curves
exhibit the same behavior as for a spin-1/2 pairs [Eq. (2)].

In the case of weak quadrupole interactions in solids,
each transition of the S spin behaves as spin-1/2. If the data
acquisition is rotor-synchronized, all sidebands are aliased
onto the center-band, and the spectrum is identical to that
observed in solutions with HMQC. In the case of non-syn-
chronized acquisition, the observed powder spectra are
analogous to the spinning sideband pattern observed after
a hard ©/2 pulse at the S spin frequency, but scaled down in
intensity by a factor of 57 (top = 0.5/Jsy).

In the case of large quadrupole interaction, a CT-selective
excitation must be used, and the signal amplitude is scaled by
s2 with regard to that observed after a selective /2 pulse.

223 1=kl2 and S = hi2
The previous results can be easily generalized to spin
pairs consisting of two half-integer quadrupolar nuclei. If

both quadrupole interactions are weak, the signal intensity
is identical to that given in Eq. (2) for 7= S=1/2. The
resulting cross-peaks appear as multiplets centred at (vL,
ves) and separated by Jy; along Fy and Jss along F>. When
both quadrupole interactions are strong, the CT-selective
pulses should be used in the 7 and S channels. The resulting
evolution of magnetization is similar to that of a spin-1/2
pair, but the observed amplitude is reduced by I + 1/2 with
respect to that observed after a selective 90° pulse in the S
channel.

2.2.4. Multi-spin system: SI,

The standard HMQC experiment utilizes two phases in
the I channel in order to select £1Q coherence levels during
t1. In the case of an SI, spin system, the signal is equal to

s(t1, t2) = —P[s3,¢%, cos(2mvpty) + s3,¢%, cos(2nvpty)]  (13)

When n = 3 or 4, a small contribution due to the +3Q lev-
els is selected during #; at the sum of three / resonance fre-
quencies involved, unless a more restrictive phase cycling is
used. Recently, it has been demonstrated that appropriate
MQ filtering during #; can lead to unambiguous spectral
editing [15]. For example, a clear distinction between
CH, and CHj; groups has been achieved by comparing
2Q- and 3Q-filtered HMQC spectra.

The multiple-quantum intensities observed for an SI,
system of spin-1/2 nuclei submitted to identical J couplings
are as follows (also, see Appendix A):

SI: s(0,6) = Blc;(0Q) — s5(£10)]

NEE 5(0,1) = B[(c} +0.553)(0Q)
— 2573 (£1Q) + 0.55%(£20)]
NEE 5(0,1) = Bl(c§ + 1.557¢3)(00)

— (353¢5 +0.7558)(£10)

+ 1.5s57¢3(£20) — 0.2555(+30)]
Sl : 5(0,1,) = B(cS + 3stc +0.37555)(00)

— (455¢) +35)¢))(+£10)

+ (3s)c} + 0.555)(£20)

— s5¢3(£30) + 0.125s5(£40)],

where in parenthesis we have indicated the level of coher-
ence responsible for a given contribution. The total signal
from all 7 quantum levels in a S7,, multi-spin system is equal
to that observed in the J-RES experiment [11], which does
not use any phase cycling in the 7 channel

5(0,1)) ~ fcos"(2mJg1) (15)

The relative values of total intensity expected in R-INEPT
and HMQC experiments in S/, spin systems with identical
Jsr scalar couplings, are listed in Table 4. Both methods
have approximately the same efficiencies when n =1, 3.
As expected, the +3Q and +4Q filtering reduces the
observed HMQC signal.

In the 2D experiments with a multiple-quantum filter-
ing, cross-peaks observed along F; are combinations of
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Table 4

Total intensity (1,o) observed in SI, spin systems with identical Jg; scalar couplings, calculated using Eq. (9) for R-INEPT (top = 0.5/J5;) and using Eq.

(14) for HMQC

n R-INEPT R-INEPT HMQC +1,4£3Q0 HMQC £1,£3Q0 HMQC £2Q0 HMQC £2Q0 HMQC £3Q HMQC 30 HMQC +4Q HMQC +40

Ti,pt Liot Topt Tiot Topt Liot Topt Tiot Topt Liot
1 0.500 1 0.50 —1
2 0.250 1 0.25 -0.5 0.50 0.5
3 0.200 1.154 0.50 —1 0.31 0.222 0.50 —0.25
4 0.167 1.3 0.25 —0.5 0.50 0.5 0.33 —0.105 0.5 0.125

All magnetogyric ratios are assumed to be equal to 1 and the optimum delays are given in units of 1/Jg;. In a 2D experiment, the intensity corresponding to
each [ resonance should be divided by n if I spins resonate at different frequencies. In the case of HMQC with £1Q selection for [ spins, we took into

account the interference from £3Q levels.

the frequencies of the I species. For example, in the case of
an SI, spin-system with different resonance frequencies
(vn,vp) and scalar couplings (J;,J5), the signal is a sum
of contributions from 0Q, +1Q and +2Q coherences
s(tr,12) = B{cjyc5, +0.557,57, cos2m(vyy — vi2)11]}(0Q)

— Bls3,¢5,c08(2mvy1 1) + 53,07, cos(2mvpty )] (£10)

+ B{0.5s3, 53, cos[2n(vy + i)t ] }(£20) (16)

Formulae for other spin systems are given in Appendix A

A o | MasTMAS |

t

Y
X
N

[ |
X
N
O [ .
Y
N

72 Decoupling
T

1

/O .

S= 1/2I Decoupling ,

b I1=1/2 I 2 tl2 @2 w . Decoupling
T T T T
t2
S=n/2 MQ/ST-MAS | t
c
I=n/2. T MQ/ST'MAS T Decoupling
' Tl ot '
S=1/2 t
D } H H }v{v
d =172 T I t/2 I t/2 I T Decoupling

t

O [wes

MQ/ST-MAS t,
T U T Ad

Fig. 2. (a), (b) High-resolution J~-HETCOR sequences based on polari-
zation transfer via R-INEPT, which use the quadrupolar (a) or spin-1/2
(b) nuclei as the initial source of polarization. Sequence (a) leads to a 2D
spectrum featuring the isotropic shift d;;, in the F| dimension and the
chemical shift dcg in the F> dimension. F; and F, dimensions are reversed
in 3D experiment (b), and F; corresponds to the quadrupolar MAS
spectrum. The equivalent HMQC sequences are shown in figures (c) and
(d). Sequence (c) leads to a 2D spectrum featuring the isotropic shift d;, in
the F; dimension and the chemical shift dcg in the F> dimension. F; and F,
dimensions are reversed in 3D experiment (d), and F3 corresponds to the
quadrupolar MAS spectrum.

S=n/2 D

2.2.5. High-resolution J-HETCOR experiments involving
quadrupolar nuclei

We have previously described the R-INEPT and HMQC
sequences performed under MAS. The J-HETCOR exper-
iments can be also performed using MQMAS- or STMAS-
based schemes in order to improve the resolution. Several
experimental schemes involving direct observation of
spin-1/2 or quadrupolar nuclei are depicted in Fig. 2. In
the case of R-INEPT experiments, the preferred method,
shown in Fig. 2a, uses the isotropic echo formed in the
MQMAS (or STMAS) experiment at time #; as a source
of polarization for spin-1/2 nuclei, as previously reported
[40]. The MQMAS/STMAS period can be also introduced
at the end of the sequence, as shown in Fig. 2b. The advan-
tage of the first approach is that the measurement remains
two-dimensional and can be repeated with the recycle delay
controlled by the quadrupolar spins that usually relax fast-
er. In both sequences, an additional n/2 pulse can be added
in the 7 channel to “purge” the signal for hyper-complex
treatment (as in Fig. la), either at the top of the isotropic
echo (Fig. 2a), or at the end of the ¢, period (Fig. 2b). Het-
ero-nuclear decoupling can be used during #; and/or f,, if
needed [40].

Similar choices exist for the strategies involving the
HMQC method (see Figs. 2c and d). Again, when
the MQMAS or STMAS period constitutes #; (Fig. 2c),
the experiment remains two-dimensional. The & pulse that
is applied to the .S spins in the middle of #, cancels depha-
sings due to Jgs + vis 4 vos- Note, however, that this pulse
does not fully refocus the dephasing due to Jg;.

3. Experimental

The experiments were performed on two aluminophos-
phates, berlinite and AIPO4-14. The magnetization build-
up curves characteristic of R-INEPT and HMQC meth-
ods (Section 3.1) were measured for berlinite on a Bruker
Avance DSX-400 spectrometer using a 4 mm triple-reso-
nance MAS probe. The same spectrometer and a Bruker
Avance DSX-800 system, equipped with a 3.2 mm triple-
resonance MAS probe, were used to obtain 2D *’Al->'P

HETCOR spectra of AlIPO4-14 (Section 3.2). The
experimental parameters are detailed in the figure
captions.
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In addition to the theoretical considerations described in
Section 2, several practical concerns should be acknowl-
edged. The correct manipulation of the density matrix of
quadrupolar nuclei requires using weak CT selective pulses,
whose lengths must be taken into account in rotor-synchro-
nized pulse sequences. In the presence of resonance offsets,
these pulses will not produce exact r or /2 nutation for all
spins, which may cause an additional loss of signal. In
MAS-based experiments which use quadrupolar nuclei as
the initial source of polarization (/ spins in Fig. la or S
spins in Fig. 1c), the S/N ratio can be enhanced by rotor
assisted population transfer [57,58], fast amplitude modu-
lation [59], double frequency sweeps [60] or hyperbolic
secant pulses [61]. When S spins are quadrupolar, the
spin-temperature inversion method should be used in order
to eliminate unwanted signals. Finally, the acquisition of
multiple echoes can be considered in samples with suffi-
ciently long transverse relaxation [62,63].

3.1. Magnetization build-up curves for HMQC and
R-INEPT

The crystallographic structure of berlinite (space group
P3,21) involves one aluminum, one phosphorus, and two
inequivalent oxygen sites [64]. Aluminum and phosphorus
occupy tetrahedrally coordinated positions, AI-(OP), and
P—(OAl)4, cross-linked by p, bridging oxygens. The 3'P
MAS signal consists of a single Gaussian line
(6cs = —24.6 ppm), and the >’ Al MAS signal shows a typ-
ical second order quadrupolar line shape (dcs = 42.9 ppm,
Cqo =4.07 MHz, and nq = 0.34) [65]. Ja10-p scalar cou-
plings are too weak (15-30 Hz) to be directly detected in
the >’Al or *'P spectra.

Given the presence of two different oxygen sites, the
2TA1->'P spin system of the berlinite 3D network can be
approximated as SI; with two different scalar couplings
and a single resonance frequency for 2’Al and *'P. In such
case, the HMQC signal amplitude, with +1Q and +30Q fil-
tering, follows from Eq. (A4)

5(0,0) ~ _2V_3v(5§1032 + 532‘731)(5%532 + ‘7?1032)
X exp(~2¢/Ths), (17)

where T’ is the non-refocusable transverse relaxation time
of the observed nuclei, which we neglected in our theoreti-
cal treatment. For a given sample, the transverse relaxation
may depend on the coherences used, the spinning rate, and
the decoupling schemes. When J; = J,, Eq. (17) yields

5(0,0) = —y3s3,(s) + ¢}) exp(—21/Th) (18)

i.e., the signal approaches zero at t = 1/2J, and increases
again without changing sign. Two experimental build-up
curves, representing the initial intensities $(0,0) in
ZTA1{'P} and *'P{*’Al} HMQC experiments are shown
in Figs. 3a and b. We have used two-phase cycling for 7
spins, which selected simultaneously their +1Q and +3Q
levels [see Eqgs. (14) and (A4)]. Under the conditions used

10 Al - P — Al

) 5 10 15 20 25 30
7 (ms)
b
10T P —> Al —> P
087
06T
04T J=16 Hz
021
0.0 | | | |
0 5 10 15 20 25
7 (ms)

Fig. 3. HMQC build-up curves versus delay t in berlinite with 2’Al (a) or
3P (b) detection. The measurements (+) were performed at 9.4 T under
the following conditions: vg = 13.5 kHz, vk = 60 kHz and v4k. = 5 kHz.
The dotted curve in figure (a) shows the best fit obtained using Eq. (18) for
J=23+1Hz and Ty, =15ms. Eq. (17) yielded J; =26=+1Hz,
J>=20.5+ 1 Hz and T,, = 15 ms (continuous curve). The data in figure
(b) were fitted using Eq. (18) with J=16 £ 2 Hz and 75, = 12+ 3 ms.

in our experiments (see caption to Fig. 3), we have obtained
the non-refocusable transverse relaxation times of
T, =15+ 1 ms and T, = 14 £ 2 ms. With the trans-
verse relaxation times being similar for *’Al and *'P, the
corresponding build-up curves reached their first maxima
and minima at the same delay times 7,.,,~6 and
Tmin = 22-24 ms, respectively (see Fig. 3).

The best fit of experimental 2’ Al{*'P} data which could
be obtained using Eq. (18) gave J=23 4+ 1 Hz (dotted
curve in Fig. 3a). A better fit was obtained using Eq.
(17), which yielded J; =26+ 1Hz and J,=20.5+1Hz
(see Fig. 3a, continuous curve). The same two values were
earlier inferred based on line-shape simulations of the
AP} J-HMQC spectrum [36]. For the 'P{*’Al}
build-up curve, slow longitudinal relaxation of *'P nuclei
(T1 =~ 1000 s) resulted in poor S/N ratio and degraded the
accuracy of the fits. Therefore, the distinction between J;
and J, could not be made in this case. The fit based on
Eq. (18) yielded /=16 £2Hz and 7%, = 12 + 3 ms (see
Fig. 3b). These two fitted values are not accurate, due to
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Fig. 4. R-INEPT build-up curve in berlinite with 2’Al observation versus delays 7 (a) and ¢’ (b), and the corresponding results obtained with 3!P
observation (c and d). The fixed delays were always adjusted to 8 ms. Other experimental conditions were the same as in Fig. 3. The data were fitted using
Eq. (20), which yielded J=37+5Hz and T5, =8 + 4ms; J=24+2Hzand Ty, =19 £ 2ms; J=53+6Hzand 75, =7 + 4ms; J=16+3Hz

and T, = 13 + 3 ms, for figures (a), (b), (c) and (d), respectively.

the limited accessible t range (22 ms) and the low signal
intensity.

The build-up curves for >’Al{*'P} and *'P{*’Al} R-IN-
EPT experiments on berlinite are plotted as a function of
time delays 7 and 1’ in Fig. 4. For an SI, spin system with
two different scalar couplings, Eq. (9) leads to

~ 2.0 ! A
5(0,0) ~ 2y,y5¢), ¢y (5187, + 87285,¢))

Y (19)

x exp( : ‘
T, T
which for J; = J, = J becomes

T 7

5(0,0) & 2y,755,55, (CQ)Z eXp(— = 7). (20)
Ty Ty

Again, the transverse relaxation terms were now reinstated
in the equations, because they play a significant role in
these measurements. According to Eq. (20), the signal
should change sign at t = 1/J ~ 44 ms in Figs. 4a and c,
or at ' =1/2J~22ms in Figs. 4b and d. However, the
build-up curves recorded as a function of T and ' are quite
similar. Indeed, when fitted using Eq. (20), the build-up
curves of Figs. 4b and d yield J and 77, values which are
consistent with the previous estimates, as indicated in the
figure caption. On the contrary, the evolution versus z
(Figs. 4a and c) generated inaccurate J and 7% values.

Clearly, the attenuation of build-up curves due to trans-

verse relaxation considerably reduces the quality of the fits.
The second-order quadrupole interaction, which was not
taken into account in our analytical calculations, is another
source of this discrepancy. Indeed, numerical simulations
performed with PULSAR [62] for an isolated spin-pair
showed that second-order quadrupole interaction may
decrease the signal and attenuate the built-up curves, espe-
cially when vgg < Cq. This effect is more significant in
R-INEPT than in HMQC. Unfortunately, due to the very
large size of the density matrix (2592 x 2592), these second-
order effects can not be simulated under MAS for the SI,
spin system. Another possible, albeit untested, scenario
involves dephasing due to residual homo-nuclear dipolar
or scalar interactions, which were unaccounted for in our
simulations. It should be noted, however, that the simula-
tions by PULSAR excluded the possibility of any contribu-
tions from through space (dipolar) polarization transfer
between different nuclei in the studied sequences under
rotor synchronized conditions.

3.2. 2D ?’A1*'P HETCOR spectra of AIPO 14

AIPO4-14 is a well-studied aluminophosphate [34,67—
69], whose structure consists of a three-dimensional
channel system formed by 8-ring pores with four different
aluminum sites and four different phosphorus sites.
Aluminum sites resonating at higher frequency (Al, and
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Fig. 5. 2D HETCOR spectra of AIPO,-14: (a) *'P{*’Al} R-INEPT at 9.4 T, (b) 2’Al{*'P} HMQC at 9.4 T, (c) *'P{*’Al} R-INEPT at 18.8 T, (d)
YAI{3'P} HMQC at 18.8 T, (e) *'P{*’Al} SPAM-MQ-J-HETCOR with R-INEPT at 18.8 T, and (f) *'P{*’Al} SPAM-MQ-D-HETCOR obtained using
cross-polarization at 18.8 T. The total experimental times were 5 (a), 5 (b), 2 (c), 2 (d), 10 (e) and 7 (f) hours.

Al; with Cq values of 4.1 and 1.8 MHz) have a tetrahedral
structure, whereas Al; (Co=56MHz) and Al
(Cq = 2.6 MHz) are five- and six-coordinated, respectively
[34,68,69]. Similarly, four different phosphorus sites were
observed under double-resonance decoupling at the 'H
and *’Al spin frequencies [69], labeled as P; (at
—20.6 ppm), P, (—5.8ppm), P; (—24.3 ppm) and P,
(—20.1 ppm).

In Fig. 5, we show a series of 2D spectra of AIPOy4-14
acquired using the general schemes shown in Figs. 1 and

2. Owing to the long T relaxation of *'P nuclei, only the
experiments starting from 2’Al, i.., corresponding to
I=?"Al and S=7'P in R-INEPT, and to /=3P and
S =7?"Al in HMQC, could be carried out in a reasonable
amount of time. The R-INEPT (Fig. 5a) and HMQC
(Fig. 5b) experiments were performed at 9.4 T under iden-
tical experimental conditions. Site Al is very broad under
MAS, and thus hardly observable at 9.4 T (Figs. 5a and b).
The resolution in >’Al dimension was enhanced by a factor
of about four by recording the same spectra at 18.8 T
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shown in Figs. 5c and d. The MQ-J-HETCOR spectrum of
the same sample obtained at 18.8 T is shown in Fig. Se.
Finally, the MQ-D-HETCOR experiment, based on dipo-
lar cross polarization, is shown in Fig. 5f for comparison.
The sensitivity of MQMAS-based spectra was enhanced
by using soft-pulse added mixing (SPAM) [70], which can
be implemented in the MQ-HETCOR methods in a
straightforward manner [71]. Also, simultaneous >’Al and
"H CW decoupling was used in these experiments [69] to
maximize the resolution in *'P dimension.

The experimental procedures and interpretation of these
spectra were detailed in our earlier reports [40,71]. Herein,
we call attention to some of the features associated with the
presented theory. We first note that *'P resolution observed
in the spectra involving R-INEPT (Figs. 5a, c, and e) and
CP (Fig. 5f) is much better than for HMQC (Figs. 5b
and d). This is because in the latter case only the CT tran-
sitions are manipulated by the selective © pulse, whereas
the dephasing due to J,.p scalar interactions associated
with ST’s affects the resolution along the F; (*'P) dimen-
sion. This broadening may further increase for nuclei with
a higher spin value, such as *>Nb [72]. It can be avoided by
starting the HMQC scheme with spin-1/2 nuclei, if their T
relaxation permits.

The through bond Al-P connectivities established previ-
ously for AIPO4-14 [34,40,67-69] (Al; {1Py, 1P,, 1P3, 1P},
Alz {2P|, 1P2, 1P4}, A13 {1P1, 2P3, 1P4} and A14 {2P2, 1P3,
1P4}) are evident in the MQ-J-HETCOR spectrum
(Fig. 5e). Only one expected resonance (Al;—P;) is not vis-
ible due to low intensity, however we have detected it ear-
lier using the same method at 14.1 T [40,71]. More
generally, the cross-peaks associated with five- (Al;) and
six- (Aly) coordinated aluminum sites are notably less
intense than those associated with four-coordinated sites
Al, and Als. Several possible factors may have contributed
to this result. First, the MQMAS method in itself is not
quantitative. However, this is not the dominant cause here,
because all expected intensities are well represented in the
MQ-D-HETCOR spectrum of Fig. 5f. Since the spectral
distortions are also severe in Figs. 5a—d, their origin must
be attributed to the polarization transfer. Indeed, the
results shown in Section 2.1.1.2 show that the efficiency
and optimum delays of R-INEPT transfer depend very
strongly on Cq. Al site is submitted to the strongest quad-
rupole interaction (Cq = 5.6 MHz) and numerical simula-
tions performed with PULSAR [66] showed that the
related second-order interaction (not taken into account
in our analytical calculations) is certainly the origin of
the very weak Al;—P, cross-peak. Additional intensity drop
to Al; and Aly cross-peaks is caused by transverse relaxa-
tion, which is enhanced by the water molecules that are
attached to these atoms.

4. Conclusion

We have analyzed and compared the HMQC and R-IN-
EPT hetero-nuclear through bond transfers in multi-spin

systems involving quadrupolar nuclei in liquid and solid
samples. This analysis has lead to generalization of previ-
ous formalisms to multi-spin systems S, (n < 4) consisting
of spin-1/2 or half-integer quadrupolar nuclei. The theoret-
ical predictions of signal intensities and optimization con-
ditions are given for strong and weak quadrupolar
interactions.

Some of the theoretical results were verified experi-
mentally using *’Al-°'P spin pairs under MAS and
MQMAS. A number of factors determine the overall
sensitivity of these techniques. In general, the experi-
ments should be arranged such that the fast relaxing
nuclei (in our samples 2’Al) control the recycle delay.
In such case, the HMQC method has the advantage over
R-INEPT in that it uses a smaller number of pulses at
the 2’Al resonance frequency. On the other hand, the
observed resolution was lower in the *'P dimension of
HMQC. In the absence of transverse relaxation, the
delays involved in magnetization transfer are similar in
both methods, although only the S spin coherences
(again, in this case *’Al) are affected during HMQC
transfers. In the end, *’Al-*'P HETCOR spectra of
AIPO4-14 recorded using these two methods exhibited
comparable intensities. However, the outcome may be
very different for spin pairs with different magnetogyric
ratios, quadrupolar interactions and relaxation proper-
ties. A major advantage of R-INEPT is that it can be
combined with MQMAS or STMAS into a simple 2D
experiment, MQ/ST-J-HETCOR. This experiment has a
similar intrinsic efficiency than the method based on
CP dipolar transfer (MQ/ST-D-HETCOR), which in
AlPO4-14 appeared to be more quantitative. In general,
however, the CP-based experiments with quadrupolar
nuclei are prone to their own quantitative inaccuracies
associated with spin-locking and polarization transfer
[42-44]. Whenever possible, both methods should be used
to obtain both through-space and through-bond
connectivities.

We expect that the double resonance experiments
involving J coupling will continue to gain popularity
as an interesting alternative to CP-based techniques,
especially with the increasing availability of higher
magnetic fields. The 2D HETCOR spectra shown in
Figs. 5a-d exemplify the improvement in sensitivity
and resolution observed in the spectra taken at 18.8 T
versus those acquired at 9.4 T. We have observed similar
results for several other samples studied in our laborato-
ries at 9.4, 14.1 and 18.8 T. Our experience also shows
that the MAS spectra of quadrupolar nuclei acquired
at 14.1 or 18.8 T can become as simple as those mea-
sured at 94T under MQMAS. In such cases, the
high-field HETCOR measurements may eliminate the
need for MQMAS and STMAS, which further increases
the time-saving factor. For example, typical *’Al->'P
R-INEPT-based HETCOR spectra obtained in our labo-
ratories under MAS at 14.1 T in 30 min have better S/N
and comparable resolution in both dimensions to the
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MQMAS-based spectra obtained at 94T in 48h.
Taking into account a 20% efficiency of MQMAS, which
is typical for ?’Al nuclei, the Zeeman factor and the
narrowing of the central transition, an incredible time-
saving factor of more than two orders of magnitude is
expected. Indeed, we have recently concluded a J-based
HETCOR study of P-ZSM-5 industrial catalysts with
Si/Al ratio of 50 and widely distributed resonances in
3P and ?’Al dimensions [73].
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Appendix A

The 2D HMQC signals observed for SI, spin system,
where I = S = 1/2, are as follows:

SI:s(t,:)p " ~ 2,(00) — 53, cos(2mvty)(£10) (A1)
ST, . s(ty, )"
~ {c5,¢5, + 0.55%,57, cos[2n(viy — via)t1]}(0Q)
— {s3,¢3, cos(2mvity)
+ 57,¢5, cos(2mvpty) H(£1Q)
+ 0.55%,57, cos[2n(vi; + v )t1](£20)

SI3 = s(ty, )"
~ {c3,c3,ch, + 0.5 55,¢2, cos[2n (v — vi)t]
+0.55%5%,¢2, cos[2m(vyy — viz)t]
+ 0.553,555¢7, cos[2m(vi — vi3)t1]}(0Q)
— {7,553, cos(2mvp ;)
+ 555€3,C53 CO8(2mvpaty)
+ 5753,C5, COS(2mvp3ty)
+0.2553,53,55; [cos(2m(vi1 + via — vi3)t1)
+cos(2n(vii + vi3 — Vo)1)
+ cos(2n(via + vi3 — v )th)] HELQ)
+{0.557,5%,¢%4 cos[2m(vi; + v )ti]
+ O.SSJISJ3CJ2 cos2n(vy + vi3)ti]
+ 0.557,573¢5, cos[2n(vy + vi3) 1] }H(£20)
— 0.2557,57,55; cos[2m(vy1 + o + vi3)11](£30)
(A3)

s st 0)p!

~{€1€52¢53¢74 +0.553,575¢55¢540082m(vin — v )11]
+0.55%,574C52C54 €OS[ 2 (v — vi3)t]
+0.55%,5%,C35C2, COS[2M (v — Vi )ti]
+0.55%,5%,¢3 ¢34 cOS[2m(viy — Vi3 )ty]
+0.55%,5%,¢2, €3, cOS[2M(viy — via )ti]
+0.55%45%,¢2, €2, cOS[2m (V3 — via )ty
+0.12557,5755%357,[c08(2m(vy1 -+ Vi — Vi3 — via)t1)
+cos(2rn(vii+vi3 —vin—vi)t)
+cos(2n(vi +via— v —vi3)t1)] H(00Q)

—{s3,c3,c3c3, c08(2my st )

+52,¢% c2ch,cos(2mvpty)

)

)

+0.2557,575873¢74 [0S (21 (v1 +vi2 —vi3)t1)

+cos(2n(vii+vis —vp)h

+cos(2n(viy+viz —vn)t)]

2 2
+52,¢,c2, e, c08(2my st

+52,6 ¢33, co8(2my gt

(

)

)

+0.2552 55,572,024 [c0S (21 (V1 + vy —via)t1)
+cos(2n(vi +via—vp)t)
+cos(2n(viy+via— v )]
+0.25s§1353s34032 [cos(2m(vii + Vi3 —vi)t)
+cos(2m (v 4 via —Vvi3)t)
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+ 53,573,021, €OS(21(vyy + 13 )t1)
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