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Abstract: Two-dimensional (2D) variations in 2Jp, p,, 2Jp,p,, and 2Jp,p, are obtained—using the REINE
(REfocused INADEQUATE spin—Echo) pulse sequence presented by Cadars et al. (Phys. Chem. Chem.
Phys. 2007, 9, 92—103)—from pixel-by-pixel fittings of the spin—echo modulation for the 2D correlation
peaks due to linked phosphate tetrahedra (P;—P;, Pi—P,, P,—P;, and P,—P,) in a 3'P refocused
INADEQUATE solid-state MAS NMR spectrum of a cadmium phosphate glass, 0.575CdO—0.425P,0s. In
particular, separate variations for each 2D 3'P REINE peak are obtained which reveal correlations between
the J couplings and the 3'P chemical shifts of the coupled nuclei that are much clearer than those evident
in previously presented 2D z-filtered 3'P spin—echo spectra. Notably, such correlations between the J
couplings and the 3'P chemical shifts are observed even though the conditional probability distributions
extracted using the protocol of Cadars et al. (J. Am. Chem. Soc. 2005, 127, 4466—4476) indicate that
there is no marked correlation between the 3'P chemical shifts of neighboring phosphate tetrahedra. For
2D peaks at the P, 3'P chemical shift in the direct dimension, there can be contributions from chains of
three units (P1—P,—P4), chains of four units (P1—P,—P,—P4), or longer chains or rings (—P>,—P,—P,—): for
the representative glass considered here, best fits are obtained assuming a glass comprised predominantly
of chains of four units. The following variations are found: ZJF:M.:»1 =13.4 £ 0.3t0 14.8 & 0.5 Hz, 2Jphp2 =
15.0 £ 0.3to0 18.2 + 0.3 Hz, and 2JPZYP2 =5.9 4+ 0.6 to 9.1 £+ 0.9 Hz from the fits to the Py—P4, P1—P», and
P,—P, peaks, respectively. The correlation of a particular J coupling with the 3'P chemical shifts of the
considered nucleus and the coupled nucleus is quantified by the coefficients Cg, and Cg, that correspond
to the average pixel-by-pixel change in the J coupling with respect to the chemical shift of the observed

(F2) and neighboring (F3) 3'P nuclei, respectively.

1. Introduction

Glasses continue to find new technological applications; for
example, multicomponent phosphate glasses are being developed
for use in solid-state lasers,' as hosts for nuclear waste,” and in
biomedical applications.* '? Various modern experimental
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techniques (e.g., X-ray and neutron diffraction, nuclear magnetic
resonance (NMR), and vibrational spectroscopy) exist to
characterize the microscopic- and atomic-scale structures that
determine the bulk properties of a glass.'* However, the insight
provided is not sufficiently complete to provide an unrefutable
description of glass structure, and there is considerable current
and ongoing debate about even the simplest binary glass
formers.'*~'® This debate is particularly centered on the presence
or absence of so-called intermediate-range structure of glasses
associated with the interconnection of adjacent structural units:
is a disordered glass structure adequately described by Zachari-
asen’s “random network” model,'®'? or is there any ordering
that reflects (if only partially) the regular structure of analogous
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Figure 1. Extraction of structural information from *'P (121.5 MHz) solid-state MAS NMR spectra of a cadmium phosphate glass. (a) A one-pulse spectrum
allows the quantitative determination of the proportion of (b) P, groups, whose relative proportions depend on the glass composition. (¢) A 2D refocused
INADEQUATE spectrum (in pseudo-COSY SQ—SQ representation) reveals the connectivity of P, groups and (d) a 2D z-filtered spectrum partially resolves
the 2Jpp coupling constants. (¢) & (f) As described in this paper, the REINE experiment reveals 2D correlations of the J coupling strengths with the 3'P

chemical shifts of the coupled nuclei.

crystalline phases? Such open questions motivate the develop-
ment of novel analytical methodologies, with new experimental
data being required to test and refine our understanding of glass
structure; indeed, this is a prerequisite for identifying structure—
function relationships that characterize the technologically
important compositions.

NMR is sensitive to the local environment of the individual
nuclear spins and is, thus, readily applicable to disordered solids
that lack long-range periodic order.?®?' For phosphate glasses,
it is well established that the sensitivity of the NMR chemical
shift to the local electronic environment enables, from a fitting
of one-dimensional (1D) *!'P solid-state NMR spectra, the
quantitative determination of the proportion of P, groups, where
n indicates the number of bridging oxygens.’>* This is
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illustrated in Figure 1a, which presents a >'P MAS 1D spectrum
of a representative phosphate glass. Moreover, the connectivity
of P, groups is revealed by 2D *'P solid-state NMR spectra,
which probe the through-space dipolar or through-bond J
coupling between P, groups: SQ (single-quantum)—SQ NOESY-
like exchange SpCCtl‘a,24_26 DQ (double-quantum)—SQ correla-
tion spectra using dipolar recoupling,>>*’ % and DQ—SQ**-**
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or TQ (triple-quantum)—SQ* J correlation spectra have been
presented for various phosphate glasses. In the *'P (DQ—SQ J)
refocused INADEQUATE‘”"%’37 spectrum in Figure 1c, P,—Py,
P,—P,, P,—Py, and P,—P, 2D peaks are observed due to P,—Py,
P,—P,, and P,—P, connectivities of phosphate tetrahedra. The
purpose of this paper is to demonstrate the wealth of structural
information that can be extracted from the apparently featureless
lineshapes in the refocused INADEQUATE spectrum of the
representative amorphous phosphate glass (Figure 1c). The
considered pulse sequence involves the appending of a spin—
echo to the refocused INADEQUATE pulse sequence’®—we
refer to this as the REfocused INADEQUATE spin—Echo
(REINE) experiment.

In solid-state NMR spectra, even under MAS, the observed
line broadenings usually mask any underlying J splittings. This
is particularly the case for disordered samples, where distribu-
tions of isotropic chemical shifts cause the free-induction-
decay—the NMR signal arising from the direct detection of
transverse magnetization—to be characterized by dephasing
times, 7%, that are much shorter than the inverse of typically
encountered J couplings. J couplings can, however, be quan-
titatively determined in solid-state MAS NMR spin—echo
experiments.>**%7% This is because a spin—echo refocuses
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evolution under chemical shift offsets, such that for disordered
samples the spin—echo dephasing time (7%) is much longer than
the decay time of the FID.****%® Importantly, Duma et al.*’
have demonstrated the robustness and accuracy of the simple
spin—echo pulse sequence for measuring J coupling constants;
indeed, it is found that the significantly larger chemical shift
anisotropy (CSA) and dipolar interactions stabilize rather than
perturb the measurement.

Two-dimensional z-filtered spin—echo 3'P MAS spectra have
been presented for phosphate glasses.**>>>° ¢! As an example,
such a 2D 3'P spin—echo spectrum of a lead phosphate glass,
0.66PbO—0.34P,0s, shows a splitting due to a 2Jpp coupling
for the broad P; resonance that increases from 17 to 20.5 Hz
with decreasing *'P chemical shift (increasing negative value).**
A 2D 3'P MAS z-filtered spin—echo spectrum of the cadmium
phosphate glass studied here is shown in Figure 1d. In this case,
no chemical-shift-dependent change in the observed J splitting
is evident. In contrast, this paper shows that the appending of
a spin—echo to the refocused INADEQUATE pulse sequence
in the REINE experiment reveals (respectively, shown in Figures
le and 1f for the P,—P; and P,—P, 2D peaks) the individual
variations for the corresponding 2/pp couplings. In this way,
the REINE experiment unambiguously identifies differences in
the J couplings between a P; and a P, unit (2Jpl,pz) and those
between two P units (*Jp,p,) or two P, units (*/p, p,). Importantly,
the 2/pp couplings are observed to be correlated with changes
in the 3'P chemical shifts of the coupled nuclei. Specifically,
considering any column in Figures le and 1f, the J couplings
increase as the 3'P chemical shift of the coupled next-neighbor
P, (see Figure le) or P, (see Figure 1f) nucleus becomes
increasingly negative. Interestingly, there is a less evident change
when considering rows in Figures le and 1f. This explains why
no change is evident in the 2D 3'P MAS z-filtered spin—echo
spectrum in Figure 1d. The observed variations in 2/pp constitute
a potentially rich new source of information for the character-
ization of so-called topological short-range order, namely,
variations in bond angle and bond length.®” Moreover, the fitting
of the J modulation in the REINE spectra is shown (vide infra)
to be sensitive to the chain lengths (in terms of connected
polyhedra) in the glass.

2. Experimental Details

A phosphate glass of starting composition 0.575CdO—0.425P,05
was prepared as has been described by Hussin et al.°® As noted in
ref 68, the preparation in an alumina crucible leads to the
incorporation of a small (<5%) proportion of Al,O3 into the glass.
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Figure 2. Pulse sequence and corresponding coherence transfer pathway
diagram for (a) the z-filtered spin—echo, (b) the refocused INADEQUATE,*3¢-37
and (c) the refocused INADEQUATE spin—echo®® (REINE) experiments.
Thin and thick rectangles, respectively, represent 77/2 and s pulses. The
additional spin—echo period, 7;, in the (c) REINE experiment, which allows
the detection of the J modulation for each 2D peak, is highlighted in red.

Experiments were performed on a Varian 7.05 T magnetic field
Infinity™ spectrometer, corresponding to a 3'P Larmor frequency
of 121.5 MHz, using a Bruker 4 mm MAS probe. The spectral
widths in the F (except for the z-filtered spin—echo experiment)
and F, dimensions were set equal to the MAS frequency of 12.5
kHz. The 3'P 71/2 pulse duration was 3 us. A recycle delay of 24 s
(14 s for the z-filtered spin—echo experiment) was inserted between
a comb of saturation pulses and the first 77/2 pulse. Spectra were
referenced to the resonance of ammonium dihydrogen phosphate
(NH,H,PO,) at 0.9 ppm.®°

The pulse sequences and coherence transfer pathway diagrams
for the z-filtered spin—echo, refocused INADEQUATE,**3%*7 and
REfocused INadequate spin—Echo (REINE)*® experiments are
shown in Figure 2. For the z-filtered spin—echo experiment, 32
transients were coadded for each of the 20 #; increments of 2.4 ms.
Otherwise, 64 (refocused INADEQUATE) and 320 (REINE)
transients were coadded for each of the 18 # slices. Quadrature
detection in #; was achieved by using the States—Haberkorn—Ruben
method.”® REINE spectra were recorded for 11 increasing spin—echo
delays. The z-filter delays were of 4 ms duration, and no difference
in signal intensity was noticed on increasing these to 50 ms. Phase-
cycling schemes of 16, 16, and 32 steps were employed for the
z-filtered spin—echo, refocused INADEQUATE, and REINE se-
quences, respectively. For the z-filtered spin—echo experiments, a
four-step cycle of the 7 pulse (to select Ap = —2, where p is the
coherence order) was nested with a four-step cycle of the z-filter;
for the refocused INADEQUATE experiment, nested four-step
phase cycles were used to select Ap = + 2 for the first three
pulses—as a block—and the first s pulse; for the REINE experiment,
a four-step phase cycle of the first three pulses—as a block—(to
select Ap = & 2) was nested with a two-step phase cycle of the
second 7 pulse (pulse phase 0, 7; receiver phase 0, ;) and a four-
step phase cycle of the final z-filter. J couplings and spin—echo

(67) Lee, S. K.; Musgrave, C. B.; Zhao, P. D.; Stebbins, J. F. J. Phys.
Chem. B 2001, 105, 12583-12595.
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32-42.

(69) MacKenzie, K. J. D.; Smith, M. E. Multinuclear Solid State NMR of
Inorganic Materials; Pergamon, 2002.
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dephasing times were obtained by fitting the time-domain spin—echo
evolution curves of each pixel in the REINE spectra for which the
signal at 7; = 0 exceeded 66% of the individual maximum peak
intensity for the P;—P; and P,—P, peaks and exceeded 75% for
the P,—P; and P,—P, peaks. This corresponded to 15 565, 18 808,
15 430, and 20 977 individual fittings for the P,—P,, P,—P,, P,—P,,
and P,—P, REINE peaks, respectively, where there were 10 pixels
per parts per million in both dimensions. Errors and correlation
coefficients were calculated from the covariance matrix as described
by Pham et al.”’

3. One-Dimensional and Two-Dimensional Refocused
INADEQUATE 3'P NMR: Identification of the Number of
Bridging Oxygens and Next-Nearest-Neighbor
Connectivity of Phosphate Units

Phosphate glasses are structured around PO, units, linked by
bridging oxygens to form various phosphate anions (see Figure
1b).27" The P, terminology is traditionally used,”* with n
indicating the number of bridging oxygens per tetrahedron, to
distinguish groups with different degrees of connectivity to other
phosphate units. Vitreous P,Os is composed exclusively of cross-
linking P; tetrahedra. However, depolymerization of the glass
network and the formation of P, P, and P, units is achieved
through the inclusion of network-modifying cations (Na*t, Ca?*,
Cd?*, etc.) in varying concentrations, the lesser connected
phosphate anions requiring a greater number of cations to
maintain charge balance.

One-dimensional *'P MAS NMR spectra identify the P,
groups on the basis of their respective chemical shifts,® as
shown in Figure la for the cadmium phosphate glass. Specit-
ically, the broad high- and low-frequency resonances are
assigned to P; and P, groups, respectively. For the cadmium
phosphate glass of nominal composition 0.575CdO—0.425P,0s
studied here, the fitting of the 1D MAS NMR spectrum in Figure
la yields a proportion of 58 & 5% of the phosphate tetrahedra
having two bridging oxygens, whereas the remaining 43 + 5%
have only one. These results can be compared with, on the one
hand, the well-established chemical-ordering (binary) model**"!
for the structure of phosphate glasses—which for a polyphos-
phate glass, xRO(1 — x)P,0Os, where 0.50 < x < 0.67, predicts
2x — /(1 — x) =35.3% and (2 — 3x)/(1 — x) = 64.7% of P,
and P, units, respectively—and, on the other hand, those from
a previous study on a range of cadmium phosphate glasses.®®

A 3'P refocused INADEQUATE 2D spectrum of the cadmium
phosphate glass is shown in Figure 1c. The spectrum is shown
in a pseudo-COSY SQ—SQ representation.*> Linkages between
like units are therefore evidenced by peaks on the diagonal,
whereas correlations between units with different isotropic
chemical shifts appear on either side of the diagonal. In Figure
lc, P,—Py, P,—P,, P,—P}, and P,—P, 2D DQ peaks are observed
due to P;—P;, P;—P,, and P,—P, connectivities of phosphate
tetrahedra. To discuss the interconnectivity of the phosphate
tetrahedra, the notation P;* is introduced where n = 0,1,2,3
indicates the number of bridging oxygens for a particular unit,
and the connectivity of each neighboring phosphate is indicated
by n separate indices j,k,l.28 It is evident that the P,—P; and
P,—P, 2D DQ peaks as well as the P,—P; and P,—P, 2D DQ
peaks in Figure 1c are centered at different 3'P SQ frequencies—
this has been noted previously for 2D 3'P DQ MAS spectra of

(71) van Wazer, J. R. Phosphorus and Its Compounds; Interscience, 1958;
Vol. 1.

(72) Liebau, F. Structure and Bonding in Crystals; Academic Press, New-
York, 1981; Vol. 2, p 197.
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Figure 3. Chemical-shift correlations as determined from a 'P (121.5 MHz) MAS NMR refocused INADEQUATE spectrum (in pseudo-COSY representation,
see Figure 1c) of a cadmium phosphate glass using the procedure described by Cadars et al.”* (a) M, and (b) M, conditional probability matrices for P, units
bonded to P, tetrahedra; a point in (a), Ml(a)ﬁz,w‘ﬁl), corresponds to the probability, for the P;—P, dimers, that the P, unit has a chemical shift wi given that
the P, tetrahedron it is coupled to resonates at w{%,. Similarly, a point in (b), Mz(w{:z,wlkal), corresponds to the probability that the P, tetrahedron has a chemical
shift wf, given that the P, unit it is coupled to resonates at w,. The probability contours indicate that there is no propensity for P; tetrahedra to be linked
to P, units of a particular chemical shift. The black lines correspond to the slopes c}; and c7;, obtained by fitting the position of maximum intensity of each
row or column to straight lines. (Note that a normalization procedure is first applied whereby the sum of intensities in either each column or row in the
considered region of the pseudo-COSY spectrum is set equal to unity.) The contour levels are given by ([minimum,maximum] x 1073) (a) [20, 55] and (b)

[20, 50].

other phosphate glasses.”’ >%#>3* Indeed, it has been shown
that the chemical shifts for distinct Pj*/ phosphate units, as
determined from the position of 2D peaks, can be used as fixed
parameters in multipeak fits of one-dimensional 3'P spectra, to
quantify the proportion of the different phosphate units.>* %3

In principle, the information content of refocused INAD-
EQUATE spectra is not limited to the mere observation of 2D
correlation peaks that identify specific next-nearest neighbors.
Importantly, for sequences built around spin—echo blocks, the
spectral resolution is governed by the spin—echo dephasing time,
T53%7 As noted above, for disordered samples such as
amorphous glasses, 7% can be orders of magnitude longer than
the FID decay constant, T4: for the cadmium phosphate glass
investigated here, 75 (=35 ms) is approximately 175 times
longer than T% (=0.2 ms). Recently, Cadars et al.”® have
presented a procedure by which chemical-shift correlations can
be extracted from 2D refocused INADEQUATE spectra. Such
chemical-shift correlations reflect the near intermediate-range
order (neighboring phosphate unit, i.e., 3—4 A for phosphate
glasses)’® in the sample (or lack thereof), by indicating the
probability that there is a through-bond J coupling between two
structural units with specific chemical shifts.

The conditional probability matrices extracted from the P,—P,
peak of the pseudo-COSY spectrum for the cadmium phosphate
glass are presented in Figure 3 (similar profiles are obtained
for the three other correlation peaks, see Supporting Informa-
tion). Two maps are obtained for the (single) P;—P, peak that
correspond to (Figure 3a) the conditional probability that the
P, unit has a chemical shift a)i;z given that the P, tetrahedron it
is coupled to resonates at wf, and (Figure 3b) the conditional
probability that the Py tetrahedron has a chemical shift w§, given
that the P, unit it is coupled to resonates at wéz. (Note that a
normalization procedure is first applied whereby the sum of

(73) Cadars, S.; Lesage, A.; Emsley, L. J. Am. Chem. Soc. 2005, 127,
4466-4476.

(74) Hoppe, U.; Walter, G.; Kranold, R.; Stachel, D. J. Non-Cryst. Solids
2000, 263 & 264, 29-47.

intensities in either each column or row in the considered region
of the pseudo-COSY spectrum is set equal to unity.) The two
different conditional probability matrices differ only in the
information that is considered known. In Figure 3a, the contours
are approximately horizontal: this means that the conditional
probability of the *'P chemical shift of a P, unit being, say,
—22 ppm is approximately the same regardless of the 3'P
chemical shift of the coupled P, unit. In Figure 3b, the contours
are approximately vertical: this means that the conditional
probability of the *'P chemical shift of a P, unit being, say, —7
ppm is approximately the same regardless of the 3'P chemical
shift of the coupled P, unit. Such approximately horizontal and
vertical contours thus indicate the absence of any marked
correlation. This is different from conditional probability
matrices that exhibit evident slopes—indicative of a correlation
between the chemical shifts of the coupled nuclei—that have
been presented previously for *C, ?°Si, and 3'P refocused
INADEQUATE spectra of a cellulose sample extracted from
wood,”® surfactant-templated silicate layers,”> and a diphe-
nylphosphino amine,”*’® respectively.

Recently, Cadars et al.”>’® have shown that the degree of
correlation can be quantified by either the degree of chemical
shift correlation, ry;,”> or a Pearson product-moment coefficient,
oi.” Table 1 lists the correlation coefficients as extracted for
the P,—Py, P,—P,, P,—P;, and P,—P, 2D peaks. Both correlation
coefficients can vary between O and 1, and the low values are
again indicative of the absence of any clear correlation between
the chemical shifts of the coupled nuclei. (For all four peaks,
the Pearson coefficient is the smaller of the two, as has been
previously noted in ref 76.)

(75) Cadars, S.; Mifsud, N.; Lesage, A.; Epping, J. D.; Hedin, N.;
Chmelka, B. F.; Emsley, L. J. Phys. Chem. C 2008, 112, 9145—
9154.

(76) Cadars, S.; Lesage, A.; Pickard, C. J.; Sautet, P.; Emsley, L. J. Phys.
Chem. A 2009, 113, 902-911.

(77) Cohen, J.; West, S. G.; Cohen, P.; Aiken, L. S. Applied multiple
regression/correlation analysis for the behavioral sciences; Lawrence
Erlbaum Assoc. Inc.: Hillsdale, NJ, 2003.
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Table 1. Chemical-Shift Correlation Coefficients for the 2D
Refocused INADEQUATE Peaks

Table 3. J Modulations of the 2D Peaks in REINE Spectra for the
Possible Lengths of Phosphate Chains

peak? ri ok REINE peak J modulation®®?

P,—P; 0.21 0.18 P,—P, cos(11)

P,—P, 0.11 0.07 P,—P, cos(12)

P,—P, 0.16 0.09 P,—P, n3 x cos?(12) + 2 x (ny + nsy) x cos(12) x cos(22)
P,—P, 0.23 0.12 P,—P, 2 x (ng + nsy) x cos(12) x cos(22) + Xis(l — 4) x n; +

“ Regions ([max,min] in ppm) over which the analysis was performed
for the refocused INADEQUATE spectrum (in a pseudo-COSY SQ—SQ
representation) as shown in Figure lc. P,—P,, F| and F»: [3, —12];
Pl_Pz, FII [_14, _35], Fz: [0, _13], PZ_Pla F]Z [O, _12], Fz: [_14,
—29]; P,—P,, F; and F,: [—16, —32].

Table 2. Spin—Echo Modulations Arising for Different Phosphate
Chain Lengths

chain length units? J modulation®
P,—P, 2 2 x ny x P} cos(11)
P,—P,—P, 3 2 x n3 x P} cos(12)
nz x Pyl cos*(12)
P,—P,—P,—P, 4 2 x ny x P} cos(12)
2 X ng x P}? cos(12) x cos(22)
P,—P,(—P,),—P,—P, [>=5 2xmnxP} cos(12)

2 x n; x Pi? cos(12) x cos(22)
(I—4) x n; x P3?  cos*(22)

(—P,—), r ng. X rx P3? cos?(22)

“The proportion of phosphate chains of length / is denoted n;, while
ng, denotes the proportion of phosphate rings made up of r units.
¥ cos(if) = cos([Jp,p|7).

In conclusion, the conditional probability matrix analysis
indicates that a P, unit resonating at a particular chemical shift
has an equal probability of being linked to any of the P,
tetrahedra and vice versa and similarly for the P;,—P; and P,—P,
connectivities. Specifically, the number of P,—O—P, bonds with
a particular conformation is entirely governed by the Gaussian
distributions of P, and P, local environments as evidenced in
the 1D MAS spectrum (Figure la). Thus, the analysis here
suggests that the linear chains in this sample are assembled
randomly and that there is no marked preferential order in these
structures beyond the first oxygen bond.

4. Two-Dimensional *'P NMR REINE Experiments:
Phosphate Chain Lengths

The assignment of the 2D correlation peaks at the P; SQ
frequency in Figure 1c to either P} or P} units is simple and
unambiguous. By contrast, in a glass, chains of different length
can contribute to the 2D correlation peaks at the P, SQ
frequency.?® In this section, it is shown that valuable information
about the chain-length distribution is encoded into the J coupling
evolution that occurs during the final spin—echo of the REINE*®
experiment (see Figure 2c).

Table 2 shows the distinct spin—echo modulations associated
with different chain lengths of linked phosphate tetrahedra in a
glass. In principle, it is possible therefore to identify the presence
of different chain lengths from 3'P spin—echo experiments.
However, in a spin—echo experiment, a superposition of
different modulations will usually preclude a reliable fitting;
e.g., for a P; resonance, there can be contributions from P, —P;,
and P;—P, connectivities, with the 2Jp, p, and 2Jp, p, couplings
likely to be of different magnitude.

In the refocused INADEQUATE experiment*®*’ (see Figure
2b), J couplings are used to create double-quantum coherences,
but the intensity of the 2D correlation peaks has a complicated
dependence on the spin—echo duration, 7, for the case of three

11866 J. AM. CHEM. SOC. = VOL. 131, NO. 33, 2009

Yozar X ng) X c0s*(22)

“The proportion of phosphate chains of length / is denoted n;, while
ng, denotes the proportion of phosphate rings made up of r units (see
Table 2). ” cos(ij) = cos([Jp,p]7)).

or more coupled nuclei.”® In the REINE experiment,*® a third
spin—echo is appended to the refocused INADEQUATE pulse
sequence, allowing the recording of the distinct spin—echo
modulation under the J coupling(s) for the separate 2D cor-
relation peaks.

Table 3 lists the J modulations associated with the different
phosphate chain lengths that can contribute to the four distinct
REINE peaks observed for the cadmium phosphate glass (see
Figure 1c). For the REINE peaks at the P, frequency in F,
(P,—P, and P,—P,), a single cosine modulation due to their
evolution under a single J coupling is qualitatively—but not
quantitatively (since %Jp, p, and 2Jp p, are likely to have different
magnitudes)—the same for all chain lengths. The situation is
more complicated for the REINE peaks at the P, frequency in
F, (P,—P, and P,—P,), since Table 3 reveals that the observed
modulation depends on the chain-length distribution if 2Jp, p, is
not equal to %Jp,p,. For example, if the glass structure is
composed mainly of long chains or P, rings, the cos*(7t[*/p,p,17})
modulation of P3? units dominates for the P,—P, correlation
peak, whereas if there are predominately chains of four units
present, the P,—P, peak will exhibit the cos(n[szz,pz]rj) X
cos(7t[*Jp, p,]7;) modulation from the P} tetrahedra. Note that
for this case of chains of four units, P;—P,—P,—P;, both REINE
peaks at the P, SQ frequency (P,—P; and P,—P,) exhibit
identical J modulations, since both P}? tetrahedra in the chains
are linked to one P; and one P, group.

When fitting the spin—echo curves for the four REINE peaks,
it follows from Table 3 that different fitting equations are
appropriate for the spin—echo curves both for the case of the
distinct REINE peaks and also for different chain-length
distributions. For the P,—P; and P,—P, REINE peaks, the fitting
function is a damped single-cosine modulation

I(t) = I, X cos(7tJT)) x R4 0

since by definition P, units are only J-coupled to one other
phosphate group. (The spin—echo fitting function in eq 78 of
Duma et al.* includes an additional term that considers a
proportion with only a e%"? modulation. As described in the
Supporting Information, fittings of REINE data to such a
function returned negligible proportions for this additional zero-
frequency term, and hence the simplified expression in eq 1
was used.) For the REINE peaks at the P, SQ frequency,
evolution can occur under the 2Jp,p, and/or 2Jp, p, couplings, with
three fitting functions being applicable depending on the chain-
length distribution

I(t)) = I X cos(7tJ,T;)cos(7J/,T)) X T )

(78) Cadars, S.; Sein, J.; Duma, L.; Lesage, A.; Pham, T. N.; Baltisberger,
J. H.; Brown, S. P.; Emsley, L. J. Magn. Reson. 2007, 188, 24-34.
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I(r) = I, X cos’(mJt) x e 7™ 3)

I(r)) = Iy(p cos’(w,T)) + (1 — p)eos(J,t)cos(l,r))e """
“4)

Equation 2 is applicable for the P,—P; peak if there is a
negligible proportion of triphosphate chains (i.e., n; = 0) and
for the P,—P, peak for the case of tetraphosphate chains.
Equation 3 characterizes the modulation for the P,—P; peak if
there are only triphosphate chains present—in which case J =
2Jp, p,—and that for the P,—P, peak if long phosphate chains or
rings are predominant—in which case J = 2Jp, p,. Equation 4 is
a combination of the two preceding functions where 0 < p <
1 is the proportion of units with a cos? modulation; for the P,—P;
peak, where J; = 2Jp,p, and J, = 2Jp, p,, it is applicable where
short (three units), medium (four or five units), and long (six
or more units) linear chains and/or phosphate rings coexist; for
the P,—P, peak, where J; = 2Jp,p, and J, = %Jp,p,, €q 4 is
applicable where medium (four or five units) and long (six or
more units) linear chains and/or phosphate rings coexist.

In this section, single time-domain spin—echo curves are fitted
for each of the four 2D REINE peaks; i.e., each curve
corresponds to the modulation of the total intensity summed
across each REINE peak. The four summed spin—echo curves
for the cadmium phosphate glass are presented in Figure 4, along
with (as insets) the Fourier transforms of the best-fit functions.
The fit parameters and correlation coefficients are given in Table
4. Note that this technique allows the separate measurement of
the 2Jp,p, (14.0 & 0.4 Hz, Figure 4a) and 2Jp p, (16.3 & 0.4 Hz,
Figure 4c) average couplings, from the best fits for the P,—P,

Table 4. Fitting Results for the Time-Domain REINE Curves

peak  equation & e J]:t:elg Eir;a?gﬁr;s) correlation coefficient(s)
P,—P, 1 4.1 x 107 2Jpp,=140+04 2p p—T5 0.01
T;=387+16 B
P,—P, 1 63 x 107 %Jpp,=163+04 2pp,~T5 0.15
T5=365+17 B
PZ_PI 2 4.7 x 10—% 2‘_]P1vPZ =135+0.8 2‘_]P17Pz_7:£: 0.62
szzypz =77+£0.6 2._]p2,pz_2.]p]_p22 0.00
T5;=33.0+3.6 2Jp,p,—T5: 0.18
PZ_PZ 2 1.5 x 1073 Z\ZP,.PZ =1434+04 z‘lp]»pz_TéI 0.57

Z‘IPz-Pz =74+03
T5=319+20

Z‘ZPz-Pz_Z‘?PLPz: 0.15
szzvpl_Téi 0.35

a 82 — En(lﬁn[ _ ngperimem)lelz(lﬁxperimem)Z.

and P,—P, REINE peaks to eq 1. The determination of a
significant difference between 2Jp p, and 2Jp, p, highlights the
advantage of the REINE sequence over the spin—echo sequence
on its own; in the latter, the observed modulation would be a
superposition of that due to P} and P groups.

The spin—echo modulations for the two REINE peaks at the
P, frequency in F, (P,—P; and P,—P,) are shown in Figures 4b
and 4d. For both cases, an accurate fit with physically reasonable
values and acceptable correlation coefficients was only achieved
for eq 2 (see Supporting Information for fits to the other
equations). The fitted average J couplings are: 2jpl,p2 =135+
0.8 Hz, 2Jp,p, = 7.7 & 0.6 Hz and %Jp p, = 14.3 £ 0.4 Hz,
2Jp,p, = 7.4 £ 0.3 Hz, respectively, for the P,—P, and P,—P,
peaks. The fact that the average spin—echo modulations for the
two REINE peaks are the same, qualitatively and quantitatively,
is consistent with the P, units in this sample being predominantly

a b
1= 1
0.8 Equation 1 08 Equation 2
05 0.6
04
0.4
0.2
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0 ﬁﬁﬁﬁﬁﬁﬁﬁ 30 - <1 !HDn L] n ]
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Figure 4. Time-domain spin—echo curves as obtained from *'P (121.5 MHz) MAS NMR REINE spectra (in pseudo-COSY representation) of the cadmium
phosphate glass. Modulation of the summed intensity, respectively, across the (a) P;—Py, (b) P,—P,, (¢) P,—P,, and (d) P,—P; refocused INADEQUATE
peaks as a function of the 7; echo delay. Best fits to eq 1 ((a) and (c)) and eq 2 ((b) and (d)) are shown as solid red lines—the fit parameters and correlation
coefficients are given in Table 4. The Fourier transforms of the best-fit functions are shown as insets.
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in chains of four tetrahedra. Together with the intense P;—P,
peak in the refocused INADEQUATE spectrum, this analysis
of the average coupling constants suggests a glass composed
mainly of phosphate dimers and short tetraphosphate chains.

Specific aspects of the fits presented above need careful
explanation. First, the P;—P; and P,—P, 2D peaks correspond
to cases where the 3P isotropic chemical shifts of the coupled
nuclei are the same or very similar. In solution-state NMR, no
J modulation is seen for such cases where the isotropic chemical
shifts of the coupled nuclei are identical. However, the situation
in solid-state NMR is different because of the CSA: as described
in ref 49, a J modulation is observed for the case of two coupled
nuclei with identical isotropic chemical shifts (this is referred
to as n = 0 rotational resonance) and identical chemical shift
anisotropy and asymmetry parameters provided that the orienta-
tions of the two CSA tensors are different. (This is demonstrated,
in the Supporting Information, by the fitting of REINE
spin—echo data, simulated for *'P nuclei and the experimental
parameters.)

It is to be further noted that Fayon et al. have presented a
combined analytical, numerical simulation, and experimental
analysis of the excitation and reconversion of DQ coherence in
the refocused INADEQUATE experiment for two coupled spin-
1/2 nuclei.*” Specifically, for the case of n = 0 rotational
resonance where there is both a J and a dipolar coupling, the
intensity build-up (as a function of the refocused INAD-
EQUATE spin—echo durations) exhibits a complex behavior,
from which neither the J nor the dipolar coupling can be
extracted without a detailed prior knowledge of the spin system.
In this work, it is to be emphasized that in the REINE
experiment it is the simpler J modulation in the additional
appended spin—echo (highlighted in red in Figure 2c) that is
monitored.

For the fits in this section of the spin—echo modulation for
the summed intensity across each of the REINE 2D peaks, it is
additionally necessary to consider the damping effect of a J
distribution on the observed spin—echo J modulation. This effect
is illustrated in Figure 1 of ref 38, which presents spin—echo
modulation curves simulated for an ensemble of isolated pairs
of J-coupled nuclei with a Gaussian distribution of J couplings;
for a mean J coupling of 50 Hz and a T% decay time of 100 ms,
the effect of increasing the standard deviation of the Gaussian
distribution from 0 to 20 Hz led to a marked damping of the
total summed spin—echo modulation. This causes a small
deviation in the fitted J coupling away from the mean value
together with a marked drop in the fitted dephasing time as
compared to the actual value for each individual spin—echo
curve. In the Supporting Information of this paper, analogous
simulations are presented for a mean J coupling of 16 Hz and
a T5 decay time of 35 ms, corresponding to the fitted values in
Table 4 for the P;—P, REINE peak. It is seen that an evident
damping that causes a significant change in the fitted dephasing
time is only evident for a standard deviation of the Gaussian
distribution of 4 Hz or more. In this context, the pixel-by-pixel
fits presented in the next section show no more than a + 2 Hz
variation in J coupling, indicating that the extracted dephasing
times presented in Table 4 are reliable measures of the true
individual 7% times.

5. Two-Dimensional *'P NMR REINE Experiments:
Correlations of 2Jpp Couplings with 3'P Chemical Shifts

The above section presented fits of the spin—echo modulation
for the summed intensity across each of the REINE 2D peaks.
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In this section, it is shown that a pixel-by-pixel fitting of the
spin—echo modulation for the REINE 2D peaks reveals varia-
tions in the fitted J coupling constants that are correlated with
changes in the 3'P chemical shifts of the coupled nuclei. The
existence of such variations is evident from Figure 5, which
presents REINE peaks obtained for the cadmium phosphate glass
at 7; values corresponding to the zero crossings observed in the
spin—echo modulations for the summed intensities of the four
REINE peaks (see Figure 4). While the summed intensities
across the peaks are close to zero (less than 6.5% of the summed
intensity for the REINE peak for 7; = 0), areas of significant
positive and negative intensity are clearly identifiable. The
interpretation in terms of the magnitude of the J coupling is
straightforward: areas of negative and positive intensity cor-
respond to an enhanced and reduced spin—echo modulation
associated with areas of stronger and weaker J couplings,
respectively. The intensity changes across the peaks indicate
significant and systematic variations of the J couplings. For
example, the intensity—normalized with respect to the 7; = 0
spectra—varies from approximately —6 to +1% and —4 to +9%
over the P;—P; and P,—P, peaks, respectively.

A similar trend in the intensity profile is observed for each
of the 2D REINE peaks shown in Figures 5a—5d; namely, areas
of positive intensity are at the bottom, while areas of negative
intensity are at the top of each peak. This suggests correlations
between the J couplings and the chemical shifts of the bonded
units. In this respect, it is to be noted that chemical-shift
dependent variations in the 2Jpp couplings have been observed
previously in a 2D 3P MAS z-filtered spin—echo spectrum of
a phosphate glass. In ref 34, Fayon et al. presented a 2D 3'P
spin—echo spectrum of a lead phosphate glass, 0.66PbO—
0.34P,0s, where the splitting due to a 2Jpp coupling for the broad
P, resonance is observed to increase from 17 to 20.5 Hz with
decreasing 3'P chemical shift (increasing negative value).

However, it is to be emphasized that a pixel-by-pixel fitting
of the J modulation for the 2D REINE peaks provides much
greater insight: in the simple spin—echo experiment, the
modulation of the signal intensity is only resolved on the basis
of the 3P SQ chemical shift; e.g., for a P, resonance, the
observed time-domain curve is a superposition of contributions
from P,—P; and P,—P, moieties. This is to be compared to the
REINE experiment where the resolution of the 2D refocused
INADEQUATE experiment enables the separate spin—echo
modulation of, e.g., Py—P; and P,—P, moieties to be observed
in a 2D fashion. For the cadmium phosphate glass studied here,
we specifically note that there is no clearly evident chemical-
shift variation in the J multiplet pattern (in particular for the P,
resonance) in a 2D 3P MAS z-filtered spin—echo spectrum
(shown in Figure 1d).

As discussed above (see Figure 4 and Table 4 in section 4),
the summed intensity for each of the four 2D REINE peaks is
well fit to either eq 1 (P,—P; and P,—P,) or eq 2 (P,—P; and
P,—P,), where eq 1 depends on one J coupling (szl,pl for the
P,—P; 2D REINE peak and %/p p, for the P;—P, 2D REINE
peak), while eq 2 depends on two J couplings (*/p, p, and 2Jp, p,
for both the P,—P; and P,—P, 2D REINE peaks). Figure 6,
Figure 7, and Figure 8 show the six separate 2D variations in
the respective J couplings obtained from a pixel-by-pixel fitting
of the 2D REINE peaks to either eq 1 (P,—P, and P,—P,) or eq
2 (P,—P; and P,—P,). Specifically, 2D variations in the J
couplings are shown for: 2Jp, p, in Figure 6 as determined for
the fit of the P;—P; 2D REINE peak; 2Jply2 in Figure 7 as
determined for fits of the P,—P, (7a, top row), P,—P; (7e, middle
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Figure 5. (a)—(d) *'P (121.5 MHz) MAS NMR REINE spectra (in pseudo-COSY representation) of the cadmium phosphate glass for echo durations, 7;,
close to the respective (average) J-modulation zero-crossings: (a) P;—P), 7; = 18.0 ms; (b) P,—P,, 7, = 18.0 ms; (¢) P,—P,, 7, = 14.4 ms; (d) P,—P,, 7; =
18.0 ms. The areas shown correspond to those pixels for which the intensity at 7; = 0 exceeded 66%—for (a) and (c)—and 75%—for (b) and (d)—of the
maximum intensity. Intensities are normalized, for each pixel, with respect to the corresponding intensity at 7; = 0.
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Figure 6. 2D variation of (a) the 2Jp p, coupling and (b) associated fitting errors obtained for the cadmium phosphate glass by a pixel-by-pixel (10 pixels
per ppm in both dimensions) fitting to eq 1 of the spin—echo modulation for the P;—P; *'P (121.5 MHz) MAS NMR REINE peak in pseudo-COSY
representation. The area shown corresponds to those pixels for which the intensity at 7; = 0 exceeded 66% of the maximum intensity. Three selected (c)
columns and (d) rows from the 2D %Jp; pi-coupling variation map in (a)—the dashed lines correspond to the error in the fitted 2Jp p, coupling. The black lines
indicate the gradients (c) Cry = dJ/dOr, and (d) Cry, = dJ/dOr; as described in the text and tabulated in Table 5, these gradients correspond to the average
pixel-by-pixel change in the J coupling with respect to the F; and F, chemical shift.

row), and P,—P, (7i, bottom row) 2D REINE peaks; and 2Jpz,p2
in Figure 8 as determined for fits of the P,—P; (8a, top row)
and P,—P, (8e, bottom row) 2D REINE peaks.

The first and second columns in Figure 6, Figure 7, and Figure
8 show color-coded 2D contour maps of the fitted J coupling
(first column) and the associated fitting error (second column)
for the specified region of the REINE spectrum (in pseudo-
COSY SQ—SQ representation)—see the box in the insets
showing the refocused INADEQUATE spectrum. To highlight
the observed correlations between the fitted J couplings and
the F| and F, 3'P chemical shifts, the two furthest right-hand
columns in Figure 6, Figure 7, and Figure 8 show the variation
of the fitted J couplings (together with the associated error bars
as dashed lines) for three specific columns and rows, as extracted

from the 2D distributions. The *'P chemical shifts for the
extracted columns and rows are indicated by vertical and
horizontal lines in the contour maps in the two furthest left-
hand columns.

For each 2D variation in the J couplings, the correlation with
the F, (vertical) and F, (horizontal) 3'P chemical shifts was
quantified using the following procedure. First, the pixel-by-
pixel variation of the fitted J coupling was obtained by
subtracting the fitted value for each pixel from that for the
immediately adjacent pixel, separately for the F, and F,
dimensions, to generate two arrays. The median (Cr; or Cr)
values along with their standard deviations (0(Cry) or 0(Cr))
are listed, together with the minimum, maximum, and average
fitted J couplings, in Table 5 for each of the six 2D variations
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Figure 7. 2D variations of (a), (e), (i) the “Jp p, coupling and (b), (), (j) associated fitting errors obtained for the cadmium phosphate glass by a pixel-
by-pixel (10 pixels per ppm in both dimensions) fitting of the spin—echo modulation for the (a), (b) P,—P; (fit to eq 1), (e), (f) P,—P; (fit to eq 2), and (i),
(j) P,—P, (fit to eq 2) 3'P (121.5 MHz) MAS NMR REINE peaks in pseudo-COSY representation. The areas shown correspond to those pixels for which
the intensity at 7; = 0 exceeded 66%—for (a)—or 75%—for (e) and (i)—of the maximum intensity. Three selected (c), (g), (k) columns and (d), (h), (1) rows
from the corresponding 2D variation maps—the dashed lines correspond to the error in the fitted %Jp, p, coupling. The black lines indicate the gradients (c),
(g), (k) Cr1 = dJIdSr, and (d), (h), (1) Cr = dJ/ddp; as described in the text and tabulated in Table 5, these gradients correspond to the average pixel-

by-pixel change in the J coupling with respect to the F; and F, chemical shift.

in the J couplings. The standard deviations (0(Cry) or 0(Cr))
are found to correspond to the average error in the fitted 2/pp
coupling. (Histogram plots for each array are shown in the
Supporting Information.) Quantitatively, for a change of +1 ppm
in the direct and indirect dimensions, the J coupling changes—on
average—by Cr, and Cr Hz, respectively.

As stated in Table 5, the fitted 2Jp, p, coupling varies from
13.4 to 14.8 Hz across the P,—P; 2D REINE peak—note that
this change is significant compared to the fitting errors (<0.5
Hz). This can be compared to the %/p p, couplings determined
for P,O7 groups in crystalline compounds: SnP,0; 16—19.5 Hz
(2D z-filtered spin echo);*> Zn,P,0; 21 Hz (observed zero
crossing in build-up of refocused INADEQUATE signal);*
Cd,P,07 23 + 4 Hz,”” SiP,0; 17 + 1 and 23 £ 1 Hz,*
NayP,0;+10H,0 19.5 + 2.5 Hz,®! and TiP,0; 18 & 2, 21 + 2,
and 31 + 2 Hz* (TOBSY?®® build-up curves).

(79) Dusold, S.; Kummerlen, J.; Sebald, A. J. Phys. Chem. A 1997, 101,
5895-5900.

(80) Iuliucci, R. J.; Meier, B. H. J. Am. Chem. Soc. 1998, 120, 9059—
9062.
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Considering the variation in the 2Jp p, coupling (see Figure
6a), the most evident trend is the increase in 2Jphp1 for
increasingly negative 3'P chemical shifts in the F| (vertical)
dimension. By comparison, the trend in the F, (horizontal)
dimension is less marked. This is reflected in a larger correlation
with the F; chemical shift (Cr; = —0.16 Hz/ppm) as compared
to the F, correlation (Csqg = —0.06 Hz/ppm). This shows, for
the cadmium phosphate glass studied here, that the magnitude
of the J coupling in a P;—P; dimer is more sensitive to the
chemical shift of the neighboring *'P nucleus as compared to
the *'P chemical shift of the nucleus directly observed in the
F> dimension.

For the 2/p, p, coupling (see Figure 7), the fitted J couplings
are in the range 15.0 + 0.3 to 18.2 £ 0.3 Hz for the P,—P,
peak (Figure 7a), 12.7 £ 0.5 to 14.7 + 0.5 Hz for the P,—P,
peak (Figure 7e), and 12.6 & 0.9 to 16.1 4+ 0.5 Hz for the
P,—P, peak (Figure 7i). Given these small discrepancies

(81) Dusold, S.; Milius, W.; Sebald, A. J. Magn. Reson. 1998, 135, 500—
513.

(82) Helluy, X.; Marichal, C.; Sebald, A. J. Phys. Chem. B 1998, 104,
2836-2845.

(83) Baldus, M.; Meier, B. H. J. Magn. Reson. A 1996, 121, 65-69.
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Figure 8. 2D variations of (a), (¢) the %/p,p, coupling and (b), (f) associated fitting errors obtained for the cadmium phosphate glass by a pixel-by-pixel (10
pixels per ppm in both dimensions) fitting to eq 2 of the spin—echo modulation for the (a), (b) P,—P; and (e), (f) P,—P, *'P (121.5 MHz) MAS NMR REINE
peaks. The areas shown correspond to those pixels for which the intensity at 7; = 0 exceeded 75% of the maximum intensity. Three selected (c), (g) columns
and (d), (h) rows from the corresponding 2D variation maps—the dashed lines correspond to the error in the fitted “Jp, p, coupling. The black lines indicate
the gradients (c), (g) Cp; = dJ/ddp; and (d), (h) Cry, = dJ/dOr; as described in the text and tabulated in Table 5, these gradients correspond to the average
pixel-by-pixel change in the J coupling with respect to the F, and F, chemical shift.

Table 5. Minimum, Maximum, and Average 2Jpp Couplings, together with Measures of Their Variation with Respect to the F; and F,
Frequencies, as Extracted from Fits of the Spin—Echo Modulation for the 2D REINE Peaks

Hz x 1072 Hz/ppm
J coupling and REINE peak avg. S min. S max. /2 Cr® o(Cr)° Cr° 0(Cr)°
2Jp1_p| (P,—P;, Figure 6) 140+ 04 13.44+0.3 148 £0.5 —1594+03 41.3 —6.1£0.3 39.5
z‘lpl,pZ (P—P,, Figure 7) 163+ 04 15.0+0.3 1824+0.3 —52.74+03 46.8 6.1£03 44.0
szl_p2 (P,—P,, Figure 7) 13.5+0.8 12.74+0.5 1474+0.5 —1234+0.8 99.1 74+£08 94.8
2Jplvp2 (P,—P,, Figure 7) 143+04 12.6 £ 0.9 16.1 £0.5 —46.3 +04 59.7 —12.1+£04 59.1
szz,pz (P,—P, Figure 8) 7.7£0.6 6.4 +£04 99+13 —17.8 +£0.8 92.2 —29.8 +£0.7 91.7
2Jp}p2 (P,—P,, Figure 8) 7.4+£03 59+£0.6 9.1£09 13.5+04 52.8 —24.0+04 50.5

“The average J couplings as determined in section 4 for fits of the spin—echo modulation of the summed intensity for each REINE peak. ” The
minimum and maximum J couplings extracted from a pixel-by-pixel fitting for the peak areas shown in Figure 6, Figure 7, and Figure 8. “ The median
values and standard deviations of arrays (see Supporting Information for histogram plots) produced by subtracting the fitted J coupling for each pixel
from that for the immediately adjacent pixel, along F; and F, i.e., Cr and Cr, correspond to the average pixel-by-pixel change in the J coupling with
respect to the F; (vertical) and F, (horizontal) chemical shifts, respectively.

between the distributions for the three 2D REINE peaks, it
is instructive to compare the average uncertainties associated
with each 2D distribution in Figure 7: ~0.4, 0.7, and 0.9 Hz
for the P,—P,, P,—P,, and P,—P; 2D REINE peaks, respec-
tively. The smaller average error for the P,—P, REINE peak
is a consequence of the simpler fitting function; indeed, eq
1 depends on only one J coupling, whereas eq 2 depends on
two J couplings. Compare also the magnitude of the
correlation coefficients—listed in Table 4—for the fits in
section 4 to the spin—echo modulations for summed intensi-
ties across the corresponding 2D REINE peaks. In conclusion,
by virtue of smaller associated errors and correlation coef-
ficients, Figure 7a provides the most accurate measure of
the variation of the J coupling between P, and P, units in
the glass.

Upon inspection of the fitted 2JphP2 couplings for the P,—P,
2D REINE peak, the most evident trend is the marked increase
in %Jp, p, for increasingly negative *'P chemical shifts in the F;
(vertical) dimension, i.e., corresponding to the chemical shift
of the P, nucleus that is bonded (via a P—O—P linkage) to a P,

nucleus. This is reflected in the large correlation with the F,
chemical shift (Cr; = —0.53 Hz/ppm), with this being over three
times as large as that for the P;—P; 2D REINE peak (Cr; =
—0.16 Hz/ppm). By contrast, there is no clear trend in the F,
(horizontal) dimension (Cr, = +0.06 Hz/ppm); i.e., the 2.]])1,])2
coupling only has a weak dependence on the 3'P chemical shift
of the observe P; nucleus.

With respect to the J coupling (%/p, p, or 2Jp, p,) of a P, unit,
the REINE experiment has revealed a marked dependence with
respect to the *'P chemical shift of the neighboring *'P nucleus,
i.e., as observed in a change in the fitted J coupling in the F
(vertical) dimension. It is to be emphasized that such a change
cannot be observed in a 2D z-filtered spin—echo spectrum.
Indeed, the absence of any evident change in the doublet pattern
observed for the P; resonance in the 2D z-filtered spin—echo
spectrum of the cadmium phosphate glass presented in Figure
1d is consistent with the absence of a marked correlation in the
F> (horizontal) dimension for either the P;—P; or P,—P, 2D
REINE peaks: the Cr, coefficients for the two 2D peaks have
the same small magnitude (0.06 Hz/ppm). Indeed, their opposite
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Figure 9. (a) 2D variations of the errors on the “Jp p, coupling, as determined from the fitting to eq 2 of the P,—P; peak for the 2D 3'P (121.5 MHz) MAS
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at 7; = 0 exceeded 75% of the maximum intensity. The fitting errors increase dramatically in the bottom right-hand corner. (b) Fits using eq 3 of the
spin—echo modulation of the summed signal intensity, for the area—highlighted in (a) within the dashed red line—for which the uncertainties exceeded 0.8

Hz.

signs would lead to a canceling out of any trend for the
individual 2Jp, p, or %Jp, p, coupling since the simple spin—echo
experiment does not distinguish between the modulation due
to the separate J couplings.

Finally, the fitted J couplings for the 2D REINE peaks at the
P, chemical shift are considered. The same trend as discussed
above for the P;—P, 2D REINE peak is evident for the fitted
ZJp,p, couplings for the P,—P, 2D REINE peak: a marked
increase in %Jp p, for increasingly negative *'P chemical shifts
in the F (vertical) dimension, i.e., corresponding to the chemical
shift of the P; nucleus that is bonded to a P, nucleus, while
there is no evident trend in the F, (horizontal) dimension, i.e.,
no clear dependence on the 3'P chemical shift of the observed
P, nucleus. (For the %Jp, p, couplings at the P,—P; 2D REINE
peak, the fitting errors are larger, and there are no clear trends
in the changes with respect to either the F; or F, dimension.)
Considering the %/p, p, coupling variations, for both the P,—P;
and P,—P, 2D REINE peaks, there is a moderate increase with
respect to the F;, (horizontal) dimension: Cr, = —0.30 and —0.24
Hz/ppm.

In summarys, it is to be noted that the ranges of the J-coupling
distributions are approximately 10, 20, and 40% of the median
value for the %Jp p,, 2Jp,p,, and “Jp,p, couplings, respectively.
This highlights the importance of using the REINE approach,
which is sensitive both to the variance and the mean of each
J-coupling constant, to identify these experimental trends.

6. Two-Dimensional 'P NMR REINE Experiments:
Evidence for Longer Chain Lengths

For the P,—P, 2D REINE peak, it was shown in section 4
that the spin—echo modulation for the summed intensity is well
fit to eq 2, i.e., corresponding to the presence of tetraphosphate
chains. Moreover, the J-coupling variations determined for the
P,—P, 2D REINE peak, as presented in the above section, result
from fits of the pixel-by-pixel spin—echo modulation to eq 2.

Complications—which would lead to an increase in fitting
errors—may arise from the presence of longer chains (five or
more tetrahedra) or ring structures. As described above, the
analysis of the summed modulations for each peak gave no
indication for their presence. However, it is feasible that a small
proportion of chains with these different make-ups could exist
but may not be detected due to the predominance of signal from
tetraphosphate chains. Table 2 and Table 3 show that these
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would lead to a cos? modulation of the P,—P, peak. For the
bottom right-hand corner of the P,—P, 2D REINE peak (see
the area highlighted in Figure 9a), the fitted 2Jp,p, coupling
shown in Figure 8e is of similar strength to the fitted %/p p,
coupling (Figure 7i). Moreover, the fitting errors become large,
with this being a consequence of the two J-coupling parameters
being similar and hence interchangeable for this region. Indeed,
Figure 9 shows that fitting the summed intensity for the area
where the fitting error for the %/p, p, coupling is greater than 0.8
Hz to the cos? function of eq 3 gives good fits with an average
J coupling of 10.0 = 0.6 Hz, respectively. This is consistent
with the presence of longer chains (5+) and/or phosphate rings
in the cadmium phosphate glass. For the P,—P, 2D REINE peak,
the identification of longer chains or rings for the bottom right-
hand corner, i.e., for the most negative *'P chemical shifts, is
consistent with the interpretation of 2D DQ—SQ correlation
spectra by Witter et al.>® and Fayon et al.,** where P, resonances
with the most negative chemical shifts are assigned to P,
phosphate units with two P, neighbors. Furthermore, in Figure
7 of ref 35, the TQ coherence due to a P,—P,—P, linkage is
clearly shown to correspond to a more negative >'P chemical
shift than that for a P,—P,—P, or a P,—P,—P, linkage. It is
also to be noted that Alam has shown that ring formation can
also lead to a change to a more negative 3'P chemical shift.®*

7. Summary and Outlook

While solid-state NMR is inherently suited to the structural
characterization of disordered solids, the observation of broad
Gaussian-like lineshapes seemingly indicates a restricted ex-
tractable information content. However, the observation of
correlations in chemical shifts between neighboring spins in two-
dimensional refocused INADEQUATE MAS NMR spectra has
previously been shown to provide high resolution for a
diphenylphosphino-amine and a cellulose sample.®> Moreover,
Cadars et al. have shown how two-dimensional conditional
probability distributions can be extracted from such 2D refo-
cused INADEQUATE MAS NMR spectra of disordered
SOlidS.73'75’76

(84) Alam, T. M. Int. J. Mol. Sci. 2002, 3, 888-906.

(85) Sakellariou, D.; Brown, S. P.; Lesage, A.; Hediger, S.; Bardet, M.;
Meriles, C. A.; Pines, A.; Emsley, L. J. Am. Chem. Soc. 2003, 125,
4376-4380.
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This paper has considered a representative phosphate glass,
where broad featureless 2D peaks are observed in a *'P refocused
INADEQUATE spectrum; indeed, a conditional probability
analysis using the protocol of Cadars et al.” indicates that that
there is no evident correlation between the *'P chemical shifts
of bonded phosphate units; e.g., a P; unit resonating at a
particular chemical shift has an approximately equal probability
of being linked to any of the P, tetrahedra and vice versa. In
spite of this absence of any correlation between the chemical
shifts of 3'P nuclei in bonded phosphate groups, it has been
shown here that the appending of a spin—echo to the refocused
INADEQUATE experiment®®*—we refer to this as the REINE
(Refocused INADEQUATE spin—Echo) experiment—yields
variations of the 2Jpp couplings that exhibit clear correlations
with the 3'P chemical shifts of the coupled nuclei. The
observation of separate variations for each *'P REINE peak and
the 2D nature of the REINE experiment yield new information
that is not observable in previously presented 2D z-filtered *'P
spin—echo spectra.**?

How can the observations for the phosphate glass considered
here be explained, namely, that, on the one hand, there is no
evident correlation between the chemical shifts of *'P nuclei in
bonded phosphate groups but, on the other hand, there are clear
2D correlations between the 2Jpp couplings and the *'P chemical
shifts of the coupled nuclei? Consider the case of the bonded
P, and P, units, each with a distribution of 3'P chemical shifts.
The first observation implies that there is no propensity for a
particular P, unit to be bonded to a specific P, unit, such that
all P; nuclei are bonded to all P, nuclei and vice versa; i.e.,
there is no evident next-nearest-neighbor ordering in the studied
glass. (This is consistent with Monte Carlo simulations of
phosphate glasses that show that phosphate polyhedron con-
nectivity is best described by a random distribution of next-
nearest-neighbor connectivities.sé) However, the second obser-
vation is revealing that there is a variation in the 2Jp; py coupling
with respect to the 2D distribution of 3'P chemical shifts of the
P, and P, units. Specifically, Figure 7 reveals, for the glass
studied here, that the 2Jp],p2 coupling exhibits a marked
dependence on the chemical shift of the *'P nucleus to which a
specific nucleus is coupled.

The interpretation of such changes in measured J couplings
in terms of structural changes (e.g., bond angle variations) is
complicated by there being four distinct contributions to a J
coupling, namely, Fermi-contact, spin-dipole, paramagnetic, and
diamagnetic terms.®”*® As a consequence, first-principles cal-
culations of J couplings are very helpful in aiding structural
interpretation.®® Recently, a first-principles theory for calculating
J couplings in extended systems based on density-functional
theory and formulated within a planewave—pseudopotential
framework®” has been shown to be applicable for the calculation
of J couplings in inorganic®” and organic solids.®*?° (This
computational approach is currently being applied by our
collaborators to the calculation of %/pp couplings in crystalline
phosphates, and results will be presented in due course.) In the

(86) Brow, R. K.; Click, C. A.; Alam, T. M. J. Non-Cryst. Solids 2000,
274, 9-16.

(87) Joyce, S. A.; Yates, J.; Pickard, C. J.; Mauri, F. J. Chem. Phys. 2007,
127, 204107.

(88) Cremer, D.; Grafenstein, J. Phys. Chem. Chem. Phys. 2007, 9, 2791—
2816.

(89) Krivdin, L. B.; Contreras, R. H. Annu. Rep. Nucl. Magn. Reson.
Spectrosc. 2007, 61, 133-245.

(90) Joyce, S. A.; Yates, J. R.; Pickard, C. J.; Brown, S. P. J. Am. Chem.
Soc. 2008, 130, 12663-12670.

context of disordered solids, the combination of experimental
NMR and calculation is already proving very useful: NMR
chemical shifts and quadrupolar parameters have been calcu-
lated, e.g., for sodium silicate®! and calcium aluminosilicate
glasses,”®> while new insight into the still controversial
structure of the prototypical glass former B,O; has been
provided by the comparison with experiment of !'B chemical
shifts as calculated for structures obtained by molecular
dynamics simulation.">"”

The approach presented here has applicability beyond *'P
NMR of phosphate glasses. As well as '3C NMR of natural
and synthetic polymers, e.g., cellulose,*® 2Si two-dimensional
DQ NMR spectra have been presented for zeolites, silicate
glasses, surfactant-templated silicate layers, and Bio-
ceramics.”>**'°! Moreover, Lo and Edén have recently pre-
sented a ’Al (spin = (5/2)) DQ MAS spectrum of a lanthanum
aluminate glass using a symmetry-based homonuclear dipolar
recoupling technique to create DQ coherence between two half-
integer quadrupolar nuclei.'®* In this context, it is to be noted
that a 2Jo o coupling of 7.9 Hz has recently been measured in
a 'O (spin I = 5/2) MAS NMR spin—echo experiment for '’O-
labeled glycine+?HCL.®* Concerning further *'P experiments,
better separation of the J modulation for different connectivities
of phosphate tetrahedra (e.g., P,—P,—P,, P,—P,—P,, and
P,—P,—P,) could be achieved by appending a spin—echo onto
3P TQ experiments.®

The observation of experimental J coupling and chemical-
shift correlations for the apparently featureless peaks in 2D solid-
state NMR spectra of disordered glasses establishes a potentially
rich source of structural information. Specifically, there is much
scope for using first-principles calculations to compare experi-
mental J-coupling and chemical-shift correlations—as revealed
by REINE MAS NMR spectra as well as those provided by,
e.g., 70O NMR'®—with those derived from glass structures
calculated using molecular dynamics simulations. Such a
combined experimental and calculation approach is essential if
characteristic structure—function relationships of advanced
multicomponent glasses are to be identified.
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