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Abstract: High-resolution double-
quantum 3P NMR spectroscopy was
used to provide structural information
about crystalline and glassy thiophos-
phates. Double-quantum coherences are
created under MAS conditions by
phase-modulated continuous-wave irra-
diation such that the nutational frequen-
cy is a multiple of seven rotor periods

Introduction

Binary and ternary sulfides and selenides based on elements
of main group 13-15 are of considerable interest in solid-state
chemistry owing to the richness in structural features in the
crystalline state.'* In addition, many of these are systems for
glasses with extremely high ionic mobilities, giving rise to
interesting applications in the solid electrolyte industry.!
Specifically, the synthetic and structural chemistry of metal
thiophosphate systems has been an area of intense research
activity.> 4 Polychalcogenide flux chemistry has been used in
recent years to prepare new ternary and quaternary thio-
phosphates.!l The complexity of the equilibria present in such
fluxes may also account for the large structural differences
between various crystalline and glassy thiophosphates.[*'!
This rather uncommon feature is of considerable interest for
a fundamental understanding of glass formation in chalcoge-
nide systems.

Because of the absence of long-range periodicity, only very
limited information about the glassy state is available from
diffraction methods. In contrast, solid-state nuclear magnetic
resonance (NMR) spectroscopy has proven to be an element-
selective, inherently quantitative technique uniquely suited
for the structural analysis of glasses.'>'l In particular magic-
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(C7 sequence), and the intensity of the
double-quantum coherence is measured
as a function of the excitation time. As
demonstrated with
pounds, the double-quantum excitation
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dynamics determined in this fashion
differentiate clearly between orthothio-
phosphate (PS3~), pyrothiophosphate
(P,S%) and hexahypothiophosphate
(P,S¢7) units based on differences in
the strength of *'P homonuclear dipole —
dipole couplings. By means of this
method, a structural model is presented
for the crystallization of glassy Li,P,S,.

reference com-

angle spinning (MAS) allows for a facile quantitative
distinction of different local environments based on differ-
ences in the corresponding isotropic chemical shifts. This
concept has been successfully applied to the characterization
of the local order in many glass systems. In particular, the
excellent resolution of 3P MAS-NMR has been used to great
advantage for deriving very detailed structural models in a
variety of phosphate glasses.['>18]

Compared with the situation in oxidic glasses, the chemical
shift distinction of structural fragments in sulfide-based
glasses is much less straightforward. Scheme 1 shows three
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Scheme 1. Structural fragments present in crystalline thiophosphate com-
pounds.

common structural units present in many thiophosphates. The
3P chemical shift ranges of these species show considerable
overlap, as previously demonstrated for the binary systems
Li,S—P,S; and Ag,S —P,S;.I" 81 The structural interpretation of
3P MAS-NMR spectra of glassy thiophosphates therefore
meets with uncertainty, requiring the use of alternative and
complementary NMR strategies. Powerful new techniques
have recently been developed which reintroduce homonu-
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clear dipole —dipole couplings into the high-resolution MAS
experiment, providing site-resolved information on internu-
clear spatial proximity and connectivity in solids.['>-?] Within
the scope of these studies, the published *'P double-quantum
NMR results obtained on various crystalline phosphates
demonstrate considerable potential for applications to glassy
materials.?>% In the present contribution, we report how this
method can be used to differentiate between common
thiophosphate structural units (Scheme 1) and to characterize
structural changes encountered when thiophosphate glasses
are brought to crystallization.

Principles and NMR methodology: Numerous experimental
approaches have been used to reintroduce homonuclear
dipole—dipole couplings into the magic-angle spinning
NMR experiment.['2*l While the relative merits and draw-
backs of these techniques depend greatly on the system
studied, a concern common to all real-world applications is
the sensitivity to resonance offset and molecular orientation
effects. With respect to this issue, a pulse sequence known as
C7 has performed well in systems with moderate chemical
shift dispersion.?!l The pulse sequence is shown in Figure 1.

excitation evolution reconversion detection

«f—te i | ] 7]

0\ II \
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Figure 1. A) Pulse sequence for double-quantum NMR spectroscopy using

C7 for excitation and reconversion; B) coherence transfer diagram
reflecting the pathways selected through phase cycling.

The sandwich of seven pairs of phase-shifted 2m pulses per
rotor period serves to excite double-quantum (DQ) coher-
ence, which is allowed to evolve for an incremented evolution
time ¢;. The second seven-pulse sandwich serves to reconvert
this double-quantum coherence to zero-quantum coherence,
and the final 90° pulse creates observable magnetization
(single-quantum coherence), which is acquired during the
detection period ¢,. Two-dimensional data processing allows
the single-quantum spectrum to be correlated with the
double-quantum spectrum, thereby proving the existence of
dipole —dipole interactions.

In principle, the strength of the dipole —dipole interaction
can be assessed quantitatively by determining the rate at
which double-quantum coherence is excited. In such an
experiment, the DQ signal intensity is measured under
systematic variation of the length of the excitation period.
Detailed simulations of the double-quantum coherence
excitation dynamics have been presented in the literature
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for various cases.?* 231534 For a static two-spin system, the
double-quantum intensity initially increases with increasing
excitation time (with a rate dependent on the strength of the
dipole —dipole coupling) and then oscillates about an asymp-
totic value at longer times. Detailed numerical simulations
have shown that the average Hamiltonian of the C7 sequence
with MAS produces an essentially analogous time-dependent
behavior for a two-spin system.* In a multispin system, the
DQ excitation dynamics are more complicated, and to date
calculations have been presented only for static samples.?*? 3
These calculations show a rapid initial increase of DQ
intensity at short excitation times, although the oscillatory
component never develops. Rather, at longer excitation times
the DQ intensity decreases again in an exponential fashion, as
higher order coherences are produced. Similar results are
expected for the DQ dynamics under the average Hamilto-
nian of the C7 pulse sequence. As previously reported,?! a
crude approximate description of the DQ dynamics is given
by Equation (1). This formula implies that the initial increase

L(t,) = A 2exp{—t/T5) (€]

of the DQ intensity can be approximated by a series
expansion, truncated after the quadratic term. The rate of
this initial increase is described by the parameter A, which is
governed by the second moment describing the strength of the
two-spin interaction responsible for the DQ coherence. The
constant 7, governing the decay of DQ coherence at longer
excitation times reflects the strength of additional spin—spin
interactions, contributing to the buildup of higher order
coherences. In addition, other relaxation processes, including
experimental imperfections,?* 3 may contribute to this decay.
A and T, can potentially serve as parameters differentiating
between the structural fragments shown in Scheme 1. This
question will be explored in the present study.

Experimental Section

Sample preparation and characterization: Table 1 gives an overview of the
samples investigated. Since some of the starting materials and products are
extremely air-sensitive, all preparations and sample manipulations were
conducted in a glove box (Vacuum Atmospheres) under an Ar atmosphere.
The following starting materials were used: Li,S (Aldrich, >98%), HgS
(Fluka, >98%), P (Aldrich, 99.999%), S (Fluka, 99.999 %), SnS (Fluka,
98%), Ag,S (Fluka, >98%), P,Ss (Fluka, 98%). Syntheses were carried
out within sealed evacuated quartz ampules (pressures < 10~* bar), with the
reaction times and temperatures listed in Table 1. Identity and purity of the
crystalline materials were ascertained by X-ray powder diffraction
(Guinier—Huber, Cug,) and by comparing their solid-state 3P MAS-
NMR spectra with literature data where known. Glassy Li,P,S; was
obtained by rapid (ice water) quenching of the melt within a sealed ampule.
The completely glassy state was ascertained by the absence of sharp X-ray
powder diffraction peaks, and by differential scanning calorimetry with a
Netzsch DSC 200 differential scanning calorimeter. At the heating rate of
10°Cmin~!, a value T,=216°C was obtained, in agreement with the
literature value.l”)

Solid-state NMR: All NMR experiments were carried out at 202.3 MHz on
a Bruker DSX 500 NMR spectrometer equipped with a commercial 4 mm
MAS-NMR probe. The quality factor of this probe was lowered to 100 by
adding a 150 k< resistor in parallel to the coil. Samples were rotated within
zirconia spinners. By means of appropriate teflon spacers, the sample was
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Table 1. Synthesis conditions and structural references for the crystalline materials a) SoP p'st
studied. \S e
Starting materials Experimental conditions  Structural J\\
reference
Hg,P,S¢ (crystalline)  HgS, P, S 800°C,1d; —10Kh1,3d [37]
Hg,P,S¢ (crystalline)  HgS, P, S(excess) 240°C, 1d new phase 90
(presumed stoichiome- assignment o ;&ﬁ
try, impurity in Hg,P,S, (see text)
preparation) 95 -
Li,P,S; (crystalline) Li,S, P, S 850°C, 2h;325°C, 6d [10]
Sn, 4sP,Se (crystalline) SnS, P,S; 800°C,1d; —10Kh=',3d [38]
Hg,P,S; (crystalline) ~ HgS, P, S(excess) 240°C, 1d [39] 100 7 ®
Ag;PsS;, (crystalline) AgS, P, S 850°C, 2 h; 500°C,2d [36]
Li,PS; (crystalline) Li,S, P S 600°C, 3d [40] 105 |
Li,P,S; (glassy) Li,S, P S 900°C, 2 h ice-water,
quench
110 T T

confined to the middle 1/3 of the rotor volume. A commercially available
pneumatic control unit was used to confine MAS frequency variations to a
+2 Hz interval for the duration of the experiment. Chemical shifts are
externally referenced to 85 % phosphoric acid. 2-D correlated spectroscopy
(COSY) experiments in the phase-sensitive mode (States-TPPI method)*!
were carried out on Ag;P;S,;, using MAS at a spinning speed of 10 kHz and
rotor-synchronized incrementation in the t; domain (512 experiments). The
90° pulse length was 1.9 ps. 8 scans were added at a recycle delay of 3 s, and
an 8-step phase cycle was used.

The shortest excitation time in the double-quantum experiments consists of
a continuous-wave block of two rotor periods’ length, with 14 different
phase entries as previously detailed.?* In subsequent experiments the
number of rotor cycles is successively increased. Phase cycling used during
the excitation period and during the acquisition were set to select the
coherence pathways shown in Figure 1. All data were acquired with a four-
step phase cycle, using the States method for obtaining pure absorption 2-D
double-quantum spectra. The rf field strength was optimized for each
sample by adjusting the amplifier power on a 2x pulse of fixed length, while
the rf field strength of the final read pulse was determined independently.
A 2 ps phase preset time for the digital phase shifter was chosen. The
evolution time ¢; in these 2-D experiments was rotor-synchronized in all
experiments. Typical experimental conditions were: spinning speed 10 kHz,
recycle delay 1-70s, 128 ¢, increments. The most critical parameter for the
success of the experiment is the length of the spin-lattice relaxation time,
which in most of the samples lies in the vicinity of several minutes.

Results and Discussion

The crystalline materials investigated were chosen as proto-
type compounds representing each of the structural fragments
depicted in Scheme 1. In the case of Ag,P;S;;, the P MAS-
NMR spectrum contains three resonances belonging to the
isolated PS3~ and the two inequivalent atoms of the thiopyr-
ophosphate (P,S47) groups. Figure 2a illustrates the assign-
ment of these resonances based on a COSY experiment. The
intense cross-correlation peaks between the resonances at
101.1 and 91.1 ppm indicates coherence transfer between
these spins due to scalar spin—spin interactions revealing the
P-S-P connectivity. Figure 2b shows the 2-D correlation
spectrum of this compound, obtained by the C7 sequence.
Note the strong double-quantum transition (BC) obtained
between the two phosphorus sites of the P,S4~ group. In
addition, weak double-quantum auto- and cross-correlation
peaks are also observed in this spectrum, because of weaker
long-range dipole —dipole interactions.
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© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

110 105 100 95 90 S

90

CC e o
95

BC -+ &

AC---- @ e ©
1004 BB---......

| Aeoge

105 4 AA-~
110 .

T T T
110 105 100 95 90 s

Figure 2. a) 2-D correlated spectrum (COSY) of Ag,PsS;;, symmetrized
data in magnitude; each contour level reflects a 2.5-fold gain in intensity, S/
N =770, one pulse spectrum acquired with a relaxation delay of 1 s. b) 2-D
double-quantum spectrum of Ag;P;S;;. The P-S—P connectivity is clearly
identified by the intense crosspeak B — C in the double-quantum dimension.

Figure 3 shows the experimental results obtained by
applying the C7 sequence to the crystalline compounds under
investigation where the excitation period is systematically
incremented. In the absence of absolute intensity measure-
ments, the data presented here are internally normalized. As
described in the previous section, the intensity of the double-
quantum coherence at first increases as a function of ¢,, while
at long excitation periods a subsequent decrease is observed.
Most importantly, Figure 3 illustrates that the double-quan-
tum dynamics can clearly differentiate between the three
types of structural fragments present in these model com-
pounds. Figure 4 shows a typical fit to Equation (1), resulting
in the fitting parameters A and T7,. As illustrated in Table 2,
both the parameters A and 7, provide an unambiguous
distinction between the structural fragments represented by
these model compounds. As discussed above, the parameter A
is expected to depend on the dipolar second moment
characterizing the dipolar coupling between the two closest
spins in the sample. While Table 2 reveals a correlation, a
more detailed discussion of this relationship requires absolute
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Figure 3. Double-quantum excitation profiles for compounds bearing
typical structural fragments in crystalline thiophosphates. Top: P,S¢~ units
in Sn, osP,Ss (o) and Hg,P,S, (¥); middle: P,S$~ units in Ag;P;S;; (¥) and
Hg,P,S; (0); bottom: PS3~ units in Ag;P;S;; (¥) and Li,PS; (o). Error bars
are estimated from the signal-to-noise ratio.
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Figure 4. Fit of the double-quantum excitation curve for the compound
Hg,P.S; to Equation (1).

DQ intensity measurements and additional studies on a larger
number of reference compounds. Such studies are currently
being carried out in our laboratory.

In the sample of the Hg,P,S; model compound, a separate
resonance was observed at d =102.6, indicating the presence
of an impurity of unknown structure. The double-quantum
excitation profile of this resonance was determined to be very
much like that measured for the model compounds with the
P,S¢ unit (see Table 2). Based on these results, we assign this
resonance to a second, previously unknown crystalline
modification of Hg,P,Ss.

Figure 5a shows the 3P MAS-NMR spectra of glassy
Li,P,S; before and after crystallization. As previously report-
ed, this transition is accompanied by a large change in
chemical shift.’] X-ray powder diffraction results have shown
that the process can be described by Equation (2). This
(LiAPzS7)g1ass — Li,P,S¢+S (2)
produces elemental sulfur and lithium hexahypothiophos-
phate containing a phosphorus—phosphorus bond.'”) The
large 3P MAS-NMR shift difference encountered in
Figure 5a suggests that glassy Li,P,S; has a fundamentally
different structure. Based on this result, we previously
speculated about the presence of dimeric P,S4~ groups.
However, the chemical shift offers no definite assignment.

Table 2. Fitting parameters A and 7, from Equation (1), shortest internuclear distance and corresponding dipolar second moment (M,(*'P —3'P)) calculated
from this two-spin interaction for the crystalline model compound and glass samples studied.

Model compound  dj, (*'P) A T, [ms] r(shortest P-P) [pm] M, (10° rad®s~2)
PS;- Li, PS4 88.5+0.2 0.83+0.04 1.7+£0.1 structure unknown -

Ag,P,S,, 103.3+£02 0.9+0.1 15402 559 0.20
P,S4 Hg,P.S, 111.8+02 1.9+0.1 0.70 +0.03 343 1.90

Ag;P;S; 101.14+0.2;91.1£0.2 1.714£0.04 0.77 £0.02 356 1.51

Li,P,S; (glassy) 90+1 1.5+0.2 0.87+0.08 structure unknown -
P,Si- Hg,P,S, 109.4+£0.2 3807 0.34+0.05 227 2.6

Hg,P,S 102.6 £0.2 32402 0.4240.02 structure unknown -

Sy 40sP2Ss 91.3+0.2 (shoulder at 90.6 +0.2) 39+03 0.33+£0.02 221 26.4

Li,P,S, 109.1£0.2 (108.5+0.2) 41+£02 0.32+£0.01 - -

[a] Presumed stoichiometry of a new compound, structural assignment from NMR behavior (see text).
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Figure 5. a) 202.3 MHz single pulse 3P MAS-NMR spectra of glassy
Li,P,S, (bottom) and crystalline Li,P,S, (top); b) double-quantum excita-
tion profiles for 3'P atoms in glassy Li,P,S; (o) and crystalline Li,P,S, (V).
Error bars are estimated from the signal-to-noise ratio.

Figure 5b shows the results of the C7 experiments. While
the double-quantum excitation dynamics for the crystallized
sample closely follow those observed in other hexahypothio-
phosphates, in the glassy state the typical excitation pattern
for a P,S4~ group is clearly evident. This result lends strong
credence to our previous structural assignment. Evidently, the
pyrothiophosphate structure corresponds to an energy mini-
mum only at the local level, and therefore it can be stabilized
only in the glassy state. This feature is quite uncommon in the
structural chemistry of glass-forming oxides. In contrast,
covalent, nonoxidic glasses are frequently characterized by a
considerable degree of chemical disorder, including the
competition of homo- and hetero-polar bonding, and the
existence of striking disparities in the local environments of
stoichiometrically analogous crystals and glasses.['>-4]

Conclusion

The results of the present study reveal the excellent potential
of dipolar magic-angle spinning NMR spectroscopy to
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provide important structural information in crystalline and
glassy thiophosphate systems. In particular, the dependence of
3P double-quantum intensities on the length of the excitation
period as measured by the C7 pulse sequence differentiates
excellently between typical structural fragments present in
such materials. The method can be used to propose structures
of previously unknown crystalline compounds and to charac-
terize structural transformations encountered during
crystal < glass transitions. Finally, it is clear that the structural
chemistry of thio- and selenophosphate systems is much more
varied than represented by the fragments shown in Scheme 1.
Applications of double-quantum spectroscopy to other types
of structural units known in such systems and to a wider range
of glassy materials are currently underway.
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