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Abstract

We show that triple-quantum-single-quantum (TQ-SQ) correlation spectra of crystalline and disordered solids can be obtained under
MAS using pulse sequences based on through-bond J-couplings. The feasibility of the experiments in coupled spin-1/2 systems is dem-
onstrated for fully '*C-labelled L-alanine and PbsP4O,5 crystalline compounds, considered as model three-spin and four-spin systems,
respectively. In the case of phosphate glasses, we show that the obtained TQ-SQ correlation spectra provide an improved description
of the glass forming network connectivities and of the chain length distribution in the disordered network.
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1. Introduction

Homonuclear double-quantum correlation spectroscopy
has been shown to be a valuable tool in solid-state NMR
for determining atomic connectivities and studying the
structure and dynamic of ordered or disordered materials
[1,2]. In this context, various experiments have been devel-
oped to obtain two-dimensional (2D) double-quantum-
single-quantum (DQ-SQ) correlation spectra of coupled
spin-1/2 systems under magic angle spinning (MAS) which
is required for enhanced spectral resolution and sensitivity.
Many of these methods employ pulse sequences which rein-
troduce the MAS-averaged through-space homonuclear
dipolar interaction, to obtain DQ-SQ correlation spectra
which reflect the through-space atomic proximities [3—-10].
Alternatively, pulse sequences based on through-bond iso-
tropic J-couplings, like the INADEQUATE [11] and refo-
cused INADEQUATE [12] experiments, have also been
applied efficiently to obtain through-bond DQ-SQ correla-
tion spectra for large range of materials [12-23].
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In the case of inorganic glasses, for which the character-
ization of medium range order remains challenging, the
DQ-SQ correlation experiment allows to improve the
structural description obtained from NMR spectroscopy
by determining the pairwise connectivities between the
basic building units of the disordered network. In phos-
phate glasses, homonuclear through-bond [22,23] and
through-space [24,25] DQ-SQ correlation methods have
been applied successfully to probe P-O-P connectivities
between the various network former PO, tetrahedral units
(Q" with n bridging oxygen atoms). These experiments pro-
vide enhanced spectral resolution relative to the conven-
tional MAS spectra allowing the distinction between Q"
units bonded to different types of PO, to be made and giv-
ing evidence of a chain length distribution in the disordered
network [22-25].

Nevertheless, information about longer range order,
which could be obtained from a three-spin correlation
experiment, remains desirable for a better description of
the disordered glassy network. Recently, various dipolar
recoupling pulse sequences have been proposed to obtain
'H and *C homonuclear through-space triple-quantum-—
single-quantum (TQ-SQ) correlation spectra in solids
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[26-30]. A modified INADEQUATE experiment was also
proposed to record '*C through-bond TQ-SQ correlation
spectra of disordered materials [31].

In this work, we show that simple pulse sequences, using
homonuclear J-couplings and based on previously pro-
posed liquid-state NMR sequences [32-34], can be used
under MAS conditions to obtain triple-quantum-single-
quantum correlation spectra in crystalline and disordered
solids. The experiments are demonstrated for '*C and *'P
in fully 'C-labelled L-alanine and PbsP,O;5 crystalline
compounds, considered as model three-spin and four-spin
systems with linear topology, respectively. In the case of
inorganic phosphate glasses, we show that these methods
give rise to enhanced spectral resolution relative to DQ-
SQ correlation spectra. This provides additional structural
information which allows a better description of the P-O-P
connectivities and of the chain length distribution in phos-
phate glasses.

2. Experimental

All experiments were performed on a Bruker Advance
300 spectrometer using a 4-mm CP-MAS probehead oper-
ating at Larmor frequencies of 75.5, 121.5, and 300.1 MHz
for 1*C, *P, and "H, respectively. The spinning frequency
was 14 kHz for all experiments. For the '*C experiments,
a ramped cross-polarization [35] with a contact time of
1 ms was used and 'H decoupling was achieved using the
SPINALG64 sequence [36] with a "H nutation frequency of
70 kHz. The "*C pulses used for the excitation and recon-
version of triple-quantum (TQ) coherences employed a
nutation frequency 57 kHz. For the 'P experiments, the
3P nutation frequency was 96 kHz. Two dimensional pure
absorption phase spectra were obtained using the States
method [37]. The phases of the pulses used for TQ excita-
tion were cycled in steps of 60°. For the experiments using
a z-filter, the phase of the final 90° pulse was cycled in steps

F. Fayon et al. | Journal of Magnetic Resonance 179 (2006) 49-57

of 90°. The ¢, time increment and the 7/2 delays in the TQ
excitation and reconversion periods were synchronized
with the rotor period. '*C and *'P chemical shifts were ref-
erenced relative to Si(CH3)4 and a 85% H3PO, solution,
respectively. The pulse programs and phase cycles used to
record the spectra are available upon request from the
authors.

3. Results and discussion
3.1. Pulse sequences

The different pulse sequences used to record triple-quan-
tum-single-quantum correlation MAS spectra of spin 1/2
nuclei using J-couplings are shown in Fig. 1. They are anal-
ogous to those previously used in liquid-state NMR [32-
34], except for the sample spinning, the 'H decoupling
and cross-polarization periods. The first pulse sequence,
shown in Fig. 1A, has been proposed for the excitation
of odd coherence orders in homonuclear AX,, spin systems
with n even and has been shown to yield an efficient triple-
quantum excitation in a three-spin system with the AX,
topology [32]. It uses two rotor-synchronized spin—echo
periods for the excitation of triple-quantum coherences.
In this context, fast magic angle spinning is used to average
the homonuclear dipolar couplings and chemical shift ani-
sotropies (CSA). The evolution during the two spin echoes,
which refocus the isotropic chemical shifts, is thus only due
to the homonuclear J-coupling interactions. The '*C trans-
verse magnetization along the y-axis is generated by cross-
polarization from 'H or by a 90° pulse. After a first evolu-
tion period under homonuclear isotropic J-couplings dur-
ing a delay 7;, a 90° pulse along the x-axis generates a
mixture of zero-quantum and double-quantum coherences.
The zero-quantum and double-quantum coherences evolve
under homonuclear J-couplings during a second evolution
period of duration 7,. After this second 7, delay, a 90° pulse
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Fig. 1. Pulse sequences used to record the TQ-SQ correlation spectra. The coherence transfer pathways assuming perfect pulses are indicated below each

sequence.
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along the x-axis creates the '*C triple-quantum (TQ) coher-
ences which evolve at the sum of the isotropic shifts of the
three coupled spins during the incremented time #;. The TQ
coherences are converted back into longitudinal magnetiza-
tion by a reconversion sequence similar to the excitation
sequence with pulses and delays applied in reversed order.
An additional z-filter delay is applied before the final 90°
read pulse to purge anti-phase transverse coherences and
to observe in-phase line shapes. The second pulse sequence,
shown in Fig. 1B, uses a single rotor-synchronized evolu-
tion period under homonuclear J-coupling interactions
for the excitation of triple-quantum coherences [33,34].
As previously, the '*C transverse magnetization along the
y-axis, generated by cross-polarization from 'H, evolves
under homonuclear isotropic J-couplings during a delay 7.
After the delay 7, the '*C TQ coherences are directly created
by a 90° pulse along the y-axis. The reconversion of TQ
coherences into longitudinal magnetization is achieved by
a reconversion sequence which acts in a similar manner to
the excitation sequence and a z-filter delay is introduced
before the final 90° read pulse to detect in-phase signals. In
this experiment, the excitation and reconversion of TQ
coherences require an evolution under two J-couplings
simultaneously during the delay 7. For a linear AMX
three-spin systems (with Jox = 0), the efficiency of the exper-
iment is therefore restricted to the central nucleus [33].

For the two pulse sequences, the triple-quantum filtering
(TQF) efficiencies expected from standard product opera-
tor algebra [38] for a AMX three-spin system with a
liquid-like J-coupling Hamiltonian (in the weak coupling
approximation and neglecting relaxation effects) are pre-
sented in the appendix. In the case of a linear AMX
three-spin system (Jax = 0), that will be considered in the
following, similar calculations lead to the expressions.

For the experiment in Fig. 1A

L (11, 12) = 1/4sin(m amt)) sin(n/ux 7))

X sin(mJ am72) sin(n/ mx1s)

X [sin(mJ am11) Sin(n/ pmx12)

+ sin(m/px 1) Sin(mJ Aam12)

X (1 + sin(mJ am71) Sin(n/mx12))], (la)
IXQF(II, 1) = 1/4sin(nJ am7) ) sin(m/yx12)

X [sin(mJam11) sin(n/vx12)

+ sin(nJvx 7)) sin(nJ amta)

X (1 4 sin(mJ amt1) sin(n/mx72))], (1b)
L2 (11, 15) = 1/4sin(m/yxt) ) sin(m/ apt2)

X [sin(nJ am71) sin(m/ pmx12)

+ sin(mJvxT1) sin(nJ amts)

X (1 + sin(mJ am71) sin(n/ mx12))]- (Ic)

For 17, = 1, = 1, this gives:

L (1) = 1/4 sin® () oy 7) sin’ () yx7)
X [2 4+ sin(mJamt) sin(m/yx1)], (2a)

L () =1 (v)

= 1/4 Sil’lz(TCJAMT) Sinz(TCJMx‘E)

X [2 + sin(mJamt) sin(nJyx7)]- (2b)
For the experiment in Fig. 1B,
I (1) = 1/4 sin®(mJ amt) sin®(t/yx1), (3a)
LY (1) =L (1) = 0. (3b)

According to these equations, the maximum TQF efficien-
cies of the two experiments strongly depend on the two J-
coupling values of the AMX spin system. In the general
case (Jam # JMmx), there is no trivial solution for the maxi-
mum TQF efficiencies and the corresponding values of de-
lay in the rotor-synchronized spin—echo period(s). In the
simple case where the two coupling are equal
(Jam = Jux =J), the maximum TQF efficiency of the
experiment in Fig. 1A reaches 75% for the three nuclei at
7, = 17, = 1/(2J). For the same case, a maximum TQF effi-
ciency of 25% for the central nucleus is achieved at t = 1/
(2J) using the pulse sequence in Fig. 1B.

3.2. Application to a linear three-spin system

3.2.1. Two-dimensional correlation spectra

The triple-quantum-single-quantum correlation spectra
of a sample of fully '*C-labelled L-alanine, obtained using
the pulse sequences of Figs. 1A and B for a spinning fre-
quency of 14 kHz and a magnetic field of 7.0 T, are shown
in Figs. 2A and B, respectively. Considering only the
homonuclear J-coupling interactions, this sample repre-
sents a linear AMX three-spin system for which a single
TQ coherence is expected. The 2D TQ-SQ correlation
spectrum obtained with the sequence of Fig. 1A shows a
single TQ resonance in the w; dimension correlated to
the three individual resonances of the spin system in the
single-quantum dimension. In contrast, the 2D TQ-SQ
correlation spectrum obtained with the sequence of
Fig. 1B shows a single correlation peak between the TQ
resonance and the C* resonance. This experiment allows
the spectral edition of the central nucleus of the linear
AMX spin triplet and the CO and CP resonances are miss-
ing from the spectrum, as expected for a linear three-spin
topology. The information about the coupling partners is
directly obtained from the TQ frequency which corre-
sponds to the sum of the isotropic shifts of the three cou-
pled spins. It should be noted that, for a three-spin
system, the triple-quantum coherence is not affected by
the J-couplings between the three nuclei. Consequently,
the J-multiplets, which are clearly resolved for the CO
and the CP resonances in the single quantum-dimension,
are not observed in the triple-quantum dimension of the
2D correlation spectra of Figs. 2A and B.

3.2.2. Triple-quantum filtering efficiency
Fig. 3 shows numerical simulations of the triple-quan-
tum filtering efficiency as a function of the delay 7 (with
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Fig. 2. (A) Two dimensional TQ-SQ '*C correlation spectrum of [U-'3C]
L-alanine obtained using the pulse sequence in Fig. 1A with delays
T =1, =9 ms. 220 ¢, increments with 48 transients each were collected
using a recycle delay of 2 s. The total experimental time was 7 h 15 min.
(B) 2D TQ-SQ correlation spectrum recorded using the pulse scheme in
Fig. 1B with a delay t of 10 ms. 180 #; increments with 48 transients each
were collected using a recycle delay of 2 s. The total experimental time was
about 6 h. In (A) and (B), seven contour levels are plotted with a bottom
contour at 6% and a multiplicative factor of 1.55. The sum projections
along the two dimensions are shown at the top and the left side of the 2D
spectra.

T=1,=1,) for fully '*C-labelled L-alanine, at different
spinning frequencies in a magnetic field of 7.0 T. The sim-
ulations, which take in account the effect of the CSA and
homonuclear dipolar interactions in addition to the J-cou-
plings, were performed using the SIMPSON software [39]
with the parameters given in [40,41] and neglecting both
'"H-3C dipolar couplings and relaxation effects. The
TQF efficiency expected from standard product operator
algebra [38] for a liquid-like J-coupling Hamiltonian
(Egs. (2a) and (2b) and Egs. (3a) and (3b)) is also depicted
in Fig. 3. For a moderate spinning frequency of 7 kHz, the
numerical simulations show that the TQF efficiency of the
experiments is slightly affected by the homonuclear dipolar
and CSA interactions. We see that the main behavior (for
times up to 10 ms) is largely as expected for a J-coupling,
but that at longer times dipolar induced behavior is
observed. This is reminiscent of the observations in [42]
and this could lead to artefacts in the spectrum with the
sequence of Fig. 1B, where a reconversion of the TQ coher-
ence into the CO and CP SQ resonances is observed (see
Fig. 3D). Nevertheless, for a spinning frequency of
14 kHz, the oscillating behaviour is dominated by the J-
couplings for the range of delay 7 investigated and experi-
mentally accessible, the anisotropic interactions resulting in

a weak decrease of the TQF efficiency. At very fast spin-
ning frequencies (34 kHz), the simulations mimic almost
perfectly the expected behaviour for liquid-like J-cou-
plings. This suggests that these experiments can be used
to probe through-bond connectivities under fast and very
fast MAS conditions. However, the effect of CSA and dipo-
lar interactions may be more important in other specific sit-
uations, which were not considered here. In particular, it
was recently shown for spin 1/2 pairs satisfying a rotational
resonance condition that the rotor-synchronised spin—echo
modulation is strongly influenced by the dipolar interaction
(n# 0 rotational resonance) or by a dipolar-CSA cross-
term (n =0 rotational resonance between two coupled
nuclei with identical isotropic shift and different CSA prin-
cipal values or orientations) which depends on the spinning
frequency [42]. For these specific cases, it was also shown
that correlation peaks can be observed in double-quan-
tum-single-quantum correlation spectra obtained with the
refocused INADEQUATE sequence even in the absence
of J-coupling [43].

The experimental '*C TQF efficiencies for fully '*C-la-
belled rL-alanine obtained at a spinning rate of 14 kHz in
a magnetic field of 7.0 T are shown in Figs. 4A and B.
For the experiment of Fig. 1A, maximum TQF efficien-
cies of about 6.5, 3.0, and 1.8% were obtained for the
CO, C* and CP resonances, respectively, corresponding
to an efficiency of 3.4% for the total '>*C magnetization.
For the sequence of Fig. 1B, the maximum TQF efficien-
cy reaches about 4% for the C* resonance. These exper-
imental efficiencies are significantly weaker than those
expected from the simulations due to the dephasing pro-
cesses occurring during the rotor-synchronized spin echo
period(s) used for the excitation and reconversion of TQ
coherences. To illustrate this effect, the theoretical curves
(Egs. (2a), (2b) and (3a)) including damping with a phe-
nomenological time constant 7" of 20 ms are also shown
in Fig. 4. Moreover, other experimental factors like RF-
field inhomogeneities and imperfect 'H decoupling also
lead to a decrease of the TQF efficiency. It should be
mentioned that these TQF efficiencies are weaker than
those obtained using various homonuclear dipolar recou-
pling methods [27-30] which are of about 4 [27], 9 [28],
and 11% [29,30] for the total '*C magnetization on a full
rotor of r-alanine. However, since the sensitivity of
experiments of Figs. 1A and B is mostly affected by
dephasing effects, it will directly benefit of the increased
efficiency of heteronuclear decoupling sequences which
enhance the transverse coherence lifetimes [16,44]. For
example, the optimised CM decoupling sequence [45]
has been shown to provide coherence lifetimes about a
factor 2 longer than unoptimised TPPM [46] or
SPINAL-64 [36] sequences, leading to significant increase
of the sensitivity of DQ-SQ correlation spectra recorded
with the refocused INADEQUATE sequence [16]. As
mentioned previously [32], the TQF efficiency could also
be improved using composite pulses to compensate the
effect of RF field inhomogeneities.
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Fig. 3. (A-F) Numerical simulations of the TQF efficiency for fully *C-labelled L-alanine in a magnetic field of 7.0 T using the pulse sequences in Fig. 1A
(A—C) and Fig. 1B (D-F). Circle, triangle and square symbols correspond to the C* CP, and CO resonances, respectively. The spinning frequencies are (A,
D) 7, (B-E) 14, and (C-F) 34 kHz. The simulations were performed with SIMPSON [39] using the parameters given in [40,41] and neglecting relaxation
effects. Powder averaging was performed using 615 {0y, By} molecular orientational angles, chosen according to the ZCW scheme [50], and 10 values for
the vy angle. The curves indicate the efficiencies expected from standard product operator algebra [38] for a liquid-like J-coupling Hamiltonian in the
weak coupling approximation. In (A-C), the curves correspond to the Eq. (2a) (solid line) and to the Eq. (2b) (dashed line) and in (D-F), the curve

correspond to the Eq. (3a) using Jco-co = 55 Hz and Je,_cp = 35 Hz [40,41].
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Fig. 4. (A and B) Experimental TQF efficiencies obtained for fully *C-
labelled L-alanine, for a spinning frequency of 14 kHz in a magnetic field
of 7.0 T, using the sequences in Figs. 1A and B, respectively. Circle,
triangle and square symbols correspond to the C* CP, and CO resonances,
respectively. The curves correspond to the Egs. (2a) and (3a) including
damping by single exponential decay function with a phenomenological
time constant 7" of 20 ms.

3.3. Application to a linear four-spin system

Fig. 5 shows the experimental *'P TQ-SQ correlation
spectra of a PbsP4O;3 crystalline sample obtained at a

magnetic field of 7.0 T and a spinning frequency of
14 kHz using the sequences of Figs. 1A and B (replacing
the cross-polarization step by a strong 90° pulse and
omitting 'H decoupling). The structure of crystalline
PbsP4O;3 contains four crystallographic non-equivalent
phosphorous sites forming a linear tetrameric [P4O3]®~
anion with two Q' end-chain units and two Q° middle-
chain groups [47]. Considering only 2J(*'P-O-*'P)
couplings, this sample represents a linear four-spin sys-
tem. As expected, the 2D spectrum recorded with the
sequence of Fig. 1A exhibits two triple-quantum reso-
nances correlated with the three individual resonances
of the two Q'-Q*-Q? spin-triplets and reflects the P-—
O-P connectivities of the linear tetrameric anion. For
the experiment of Fig. 1B, the two TQ resonances show
strong correlation peaks with the resonances of the two
0* middle-chain groups. In this case, the Q; resonances
also show a correlation peak of very weak intensity,
which is not expected assuming a coherence transfer only
mediated by liquid-like J-couplings. SIMPSON numerical
simulations (not shown) performed for different MAS
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Fig. 5. Two dimensional TQ-SQ *'P correlation spectra of crystalline
Pb;P,4O,; obtained at a spinning frequency of 14 kHz, (A) using the
sequence in Figs. 1A and (B) the sequence of Fig. 1B. Seven contour levels
are plotted with a bottom contour at 8% and a multiplicative factor of 1.5.
The sum projections along the two dimensions are shown at the top and
the left side of the 2D spectra. The spectrum in (A) was recorded with
delays 7; =16 and 7, = 10 ms in the two consecutive spin—echo periods
used both for the TQ excitation and reconversion. The spectrum in (B) was
acquired with a delay t of 16 ms. For both spectra, 128 ¢, increments with
48 transients each were collected. The recycle delay was set to 18 s with a
presaturation sequence to ensure equivalent condition for each transient.
The total experimental time was 32 h.

spinning frequencies suggest that these weak-intensity
cross-peaks are due to the presence of homonuclear
dipolar and CSA interactions (this peak should disappear
at higher spinning frequencies). It should be noted that
the 2J(P-OP) couplings are significantly smaller than
the *'P line widths (~80 Hz) and are not resolved in
the 2D correlation and 1D MAS spectra. However, this
does not affect the sensitivity of these experiments since
in-phase signals are detected. For this sample, the exper-
imental TQF efficiencies are relatively weak due to the
dephasing processes during the TQ excitation and recon-
version periods. Experimentally, maximum TQF efficien-
cies of about 3.0 and 1.0% for the two Q' and the two
Q’ resonances were achieved using the experiment in
Fig. 1A with the delays 7, =16 and 7, =10ms in the
two consecutive spin-echo periods used both for the
TQ excitation and reconversion. These delays were
adjusted empirically to provide the best efficiency. For
the experiment in Fig. 1B, a maximum TQF efficiency
of about 3.8% for the two Q® resonances was obtained
using a delay 7 of 18 ms.

3.4. Application to phosphate glass

The application of these experiments in the case of dis-
ordered solids is demonstrated in Fig. 6, which shows the
TQ-SQ correlation spectra of a lead phosphate glass with
composition (PbO)g ¢1(P20s)g.30. In this case, two variants
of the pulse sequences, depicted in Figs. 1C and D, were
employed. For disordered solids showing a large distribu-
tion of isotropic chemical shifts relative to the J-coupling
values, antiphase line shapes are not detected due to cancel-
lation effects [34]. In this case, the TQ coherences are
directly converted into transverse magnetization by omit-
ting the last 90° pulse of the reconversion sequence (Figs.
1C and D). This enables the acquisition of a full echo sig-
nal, as used in DAS [48] and MQMAS [49] experiments,
which results in unambiguous phasing of the pure absorp-
tion mode 2D spectrum and improving the signal to noise
ratio by up to a factor of 2"/2. The *'P MAS spectrum of
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Fig. 6. (A) Two dimensional TQ-SQ >'P correlation spectra of the
(PbO)g.61(P205)0.30 glass obtained at a spinning frequency of 14 kHz using
the sequence in Fig. 1C. The spectrum was recorded with delays 7, = 14
and 1, = 12 ms in the two consecutive spin—echo periods used for both the
TQ excitation and reconversion. 32 ¢, increments with 264 transients each
were collected using a recycle delay of 15s, corresponding to a total
experimental time of about 38 h. (B) 2D TQ-SQ correlation spectra
obtained at a spinning frequency of 14 kHz using the sequence in Fig. 1D.
The delay t was set to 19 ms. 32 ¢ increments with 168 transients each
were collected using a recycle delay of 15s, corresponding to a total
experimental time of about 24 h. Seven contour levels are plotted in (A)
and (B) with a bottom contour at 10% and a multiplicative factor of 1.4.
The sum projections along the two dimensions are shown at the top and
the left side of the 2D spectra.
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the (PbO)g1(P>05)p 30 glass (shown in Fig. 7A) exhibits
two broad isotropic resonances assigned to Q' end-chain
sites and Q* middle-chain groups, according to the *'P iso-
tropic chemical shift ranges and the J-multiplet structures
evidenced from a spin echo MAS experiment [23]. For each
Q" unit, the broadening of the resonance comes from a
large distribution of *'P chemical shifts reflecting the struc-
tural disorder in the glass. As shown in Fig. 6A, the TQ-
SQ correlation spectra of the glass obtained using the
sequence in Fig. 1C allows to resolve three broad TQ reso-
nances. One of the three TQ resonances shows a single cor-
relation peak with the SQ Q” resonance (along the TQ-SQ
diagonal of the spectrum) and is characteristic of a spin-
triplet involving three coupled Q? units (Q*~Q°—Q?). The
remaining TQ resonances, centered at about —57 and
—42 ppm, exhibits two cross-correlation peaks with both
the Q' and Q” resonances in the SQ dimension and can
be attributed to 0°>~0*~Q" and Q'-Q*-Q' triplets accord-
ing to their TQ frequencies. In the spectrum recorded with
the sequence of Fig. 1D, the three TQ resonances associat-
ed to the three types of spin-triplets exhibit intense correla-
tion peaks with the Q° SQ resonance. Additional
correlation peaks of very weak intensity are also observed
for the Q' resonances, as in the case of the crystalline
Pb;P40O,3 sample. These TQ-SQ correlation spectra there-
fore reveal the P-O-P connectivities involved in trimers
0'-0’-0" and in longer phosphate chains containing at
least 4 (0*~0*-Q") or 5 (0*~0*~Q?) PO, tetrahedra, clear-
ly indicating the presence of a chain length distribution in
the glass network. It should be noted that the resonances
of P,O; dimers are filtered out of these through-bond
TQ-SQ correlation spectra. Therefore, complementary

Q1
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01 _02_02
Q1_02_Q1l QZ_QZ_QZ
NY Y/

/2N

Q1_Q2_Q1
Ql-Q! 1.02-0)2
; ho Q%-Q
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Fig. 7. (A) Isotropic region of the *'P 1D MAS spectra of the
(PbO)0.61(P205)0.39 glass. (B) Projections (scaled with an arbitrary factor)
of the different spin-triplet correlation peaks along the SQ dimension of
the TQ-SQ spectra shown in Figs. 6A and B. The projection of the Q'-Q!
correlation peak along the SQ dimension of a DQ-SQ spectrum obtained
with the refocused INADEQUATE sequence is also shown as a dashed
line [23].

information about the chain length statistic can be
obtained form through-bond DQ-SQ correlation experi-
ments which have been previously used to evidence unam-
biguously the Q,—Q; connectivities characteristic of P,O5
groups in a glass of similar composition [22]. A quantita-
tive interpretation of the different TQ resonances of the
glass would be very difficult due to a complex interplay
amongst distributions of J-couplings, relaxation times
and isotropic chemical shifts that will affect the efficiency
of the experiments. However, a notable feature in the
TQ-SQ spectra is that the three correlation peaks of the
0 resonance appear at significantly different frequencies
in the SQ dimension and show Gaussian line shapes. This
shows that the *'P isotropic chemical shift is sensitive to
the Q" type of the bonded adjacent tetrahedra, correspond-
ing to structural changes in the fourth coordination sphere
of phosphorus. In contrast, the two correlation peaks of
the Q' resonance (associated to the Q'-0°-Q' and Q'-
0*-Q? triplets) occur at a similar SQ frequency, indicating
that longer range structural modifications do not signifi-
cantly affect the *'P chemical shift. The small *'P chemical
shift variations (of about 1.5 ppm) as a function of the nat-
ure the linked tetrahedra were first observed in DQ-SQ
correlation spectra [24,25] and allow an improved descrip-
tion of the Q" network forming units. This is illustrated in
Fig. 7B, which shows the projection of the spin-triplet cor-
relation peaks along the SQ dimension of the TQ-SQ spec-
tra and the projection of the Q'-Q' correlation peak along
the SQ dimension of a DQ-SQ spectrum obtained with the
refocused INADEQUATE sequence. TQ-SQ trough-bond
correlation spectroscopy appears therefore a complementa-
ry tool to conventional DQ-SQ correlation methods,
allowing a detailed characterization of the different Q" tet-
rahedra forming the disordered network and of the chain
length statistic in phosphate glasses with high modifier con-
tent, i.e., containing short chains.

4. Conclusion

In this work, we have shown that simple pulse sequenc-
es, based on scalar J-couplings and previously developed
for liquid-state NMR, can be applied under MAS condi-
tion to obtain homonuclear triple-quantum-single-quan-
tum correlation spectra of crystalline and disordered
solids. As demonstrated for model three-spin and four-spin
systems with a linear topology, the obtained TQ-SQ corre-
lation spectra reflect the expected through-bond connectiv-
ities. In the case of phosphate glasses, we show that these
methods can be efficiently applied to obtain TQ-SQ corre-
lation spectra which provide an improved description of
the P-O-P connectivities and of the chain length distribu-
tion in the disordered phosphate network.

Appendix A

Here, we give the triple-quantum filtering efficiencies of
the two pulse sequences expected from standard product
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operator algebra for a AMX three-spin system with a
liquid-like J-coupling Hamiltonian (in the weak coupling
approximation and neglecting relaxation effects). For the
experiment in Fig. 1A:

IR (11, 15) = 1/4[cos(n) amt1) cOS(T A T2 ) Sin (T mx 7))
X Sin(mJ ax7s) + sin(nJ am 7y ) [sin () px 1)
X sin(mJ amT2) sin(n/mx12) + cos(nSvxTi)
X cos(m/mx12) sin(m ax12)]]G(1, 72)

[ (11, 15) = 1/4[cos(nJ axT1) cOS(TJ AxT), SiN (T AT} )
X sin(m/pxT2) + sin(m ax 11 ) [sin(m/ am71)
X SIn(mJ amT2) Sin(mJ ax12) + cos(nJamti)
x cos(mJ amT2) sin(n/yx12)]]G(t1, T2)

L2 (11, 12) = 1/4[cos(n ax11) cos(/ axT2) sin(/vx 71 )
X sin(mJ amTz) + sin(m/ ax 11 ) [sin(m/mx 1)
X sin(m/vx2) sin(n/ ax12) + cos(n/mx71)
X cos(mSmx12) sin(mJ am2)]|G(11, 12),

with G(’C],’Cz) = [COS(TCJAM'L'l) COS(TCJAM’Cz) sin(nJAth)
sin(mJyxT2) + sin(mtJamT) sin(mJvxT1) sin(mJAmT2)
sin(mJyxTz) + cos(mJaxty)  cos(mSaxTs) [sin(m/pxT1)

sin(mJamTs) + sin(mJamT) sin(nJyxt2)] + cos(mSamT1)
COS(TCJAM'L'z) SiH(TEJMx‘El) Sin(TCJAx'L'z) + SiH(TCJAM‘E]) sin
(TEJAx'L'l) Sin(TCJAM'L'z) Sin(TCJAx'L'z) + Sin(TCJMx'L'l) sin
(S axT1) SIN(TSVxT2) SIN(TTSAxTo) + cOs(TIpvxT1) COS(TvxT2)
[Sin(TEJAx‘El) Sil’l(TEJAM‘L'z) + SiIl(ﬂ',JAM‘L'l) SiH(TEJAx’Ez)]].

For the experiment in Fig. 1B:

Iy (1) = sin(nJ am) sin(n/ yx7) [sin (1 yx ©) sin(mJ ax 1)
+ sin(mJ am ) [Sin(m/ mx T) + sin(m/ax7)]]

1 (1) = sin(nJ am7) sin(mJ ax ) [sin(n/yx7) sin(m/ ax )
+ sin(mJ amT)[sin(/mx T) + sin(m ax7)]]

L (1) = sin(nJyx) sin(m) ax ) [sin(n/yixt) sin(m/ ax ©)
+ sin(nJ am ) [sin(n/ pxT) + sin(m/ ax7)]].
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