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Abstract.

The crystal structure of LiP, has been refined from single-crystal X-ray data
to a residual of R = 0.020 for 2357 structure factors and 56 variable parameters. The
structure as determined in the acentric space group Pna2, by v. Schnering and
Wichelhaus (1972) is confirmed. However, the lithium position has been
determined with considerably greater accuracy. The polyanionic network of the
phosphorus atoms can also be refined in the corresponding centrosymmetric group
Pnam, where two adjacent lithium positions with partial occupancy are found. The
phosphorus connectivities within this network are studied by means of advanced
solid statt NMR techniques. Crystalline polyphosphides represent a particular
challenge for such experiments owing to the presence of strong homonuclear *'P-"'P
dipole-dipole couplings within the network of phosphorus polyanions. To meet this
challenge a powerful strategy has been designed by combining magic-angle
spinning with *'P-"'P double-quantum-filtered 2-D exchange, rotational resonance,
and heteronuclear crosspolarization spectroscopies. Based on this information, the
NMR results are discussed in connection with the local environments of the

phosphorus sites.



Introduction

The great structural variety of inorganic phosphides has intrigued solid state
chemists and crystallographers for many decades (1-3). In recent years, the optical,
electrical and opto-electronic properties of phosphides have generated considerable
attention, making these compounds potentially interesting materials for applications
in information technologies (4-7). The crystalline solid state is frequently
characterized by various types of stacking defects, order/disorder phenomena, and
deviations from perfect stoichiometries. In addition, some phosphide systems are
known to form extended solid solutions and/or glasses (8). To date, structural issues
in these materials have been studied primarily by diffraction techniques.

During the past two decades magic-angle-spinning (MAS) solid state NMR
has emerged as a powerful spectroscopic technique for structural studies of many
disordered materials (9). Also inorganic crystalline phosphides have been subject of
many investigations (10-21). However, while MAS-NMR is able to discern,
characterize, and quantify distinct local environments present in a wide range of
solids, it cannot provide any information about connectivities or spatial proximity
among distinct sites. Most recently, the development of advanced multi-
dimensional and/or double resonance techniques has allowed such questions to be
addressed. These methods combine the advantages of MAS-NMR with the
measurement of dipole-dipole interactions, which are sensitive to internuclear
distances. However, applications of such techniques to phosphides have to date
been scarce and limited in scope (22-25), which seems surprising in view of the
favorable NMR characteristics of the »P isotope. A serious complication
encountered in phosphides is limited resolution due to strong homonuclear *P-"P

dipole-dipole interactions, which are not averaged out completely by even fast
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MAS. Additional linebroadening effects arise from unresolved hyperfine structure
due to scalar interactions. Part of the objective of the present study is to develop an
experimental NMR strategy suitable for addressing structural issues in solids with
such strong residual broadening effects.

As a representative model compound we have chosen lithium polyphosphide,
LiP,. The published crystal structure consists of a three-dimensional network
constructed by P-P bonds among five crystallographically inequivalent phosphorus
sites (26). Here we present a refinement of this structure resulting in more accurate
data than previously reported. Using this detailed crystallographic information, we
will discuss the NMR results in connection with the local environments of the

phosphorus sites.

Sample Preparation and Characterization

Single-phase LiP, was prepared by reaction of the elemental components in a
closed steel tube (2.4 cm’), which in turn was sealed in an evacuated silica tube to
prevent the reaction with air. A stoichiometric mixture (0.6 g) of lithium pieces
(Merck, > 99%) and small pieces of red phosphorus (Hoechst-Knapsack,
"ultrapure") was annealed at 500°C for one week. The reaction product consisted of
a well crystallized polycrystalline ingot of black LiP; and flakes originating from
the inner wall of the steel tube. The flakes were identified by a Guinier powder
pattern to consist of Fe, Fe,P, and FeP. They could completely be removed from the
crushed LiP; ingot by a magnet, even though Fe,P and FeP are not ferromagnetic at
room temperature (27,28). Energy dispersive X-ray fluorescence analyses in a
scanning electron microscope did not show any impurity elements heavier than
sodium.

The single-crystal of LiP; used for the structure refinement was isolated from

a sample, which was prepared by reaction of the elemental components (1 week at
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550°C) with the atomic ratio Li:P = 1:10 in a sealed silica tube (0.1 g red

phosphorus, tube volume 5 cm’).

Crystal Structure Refinement

The orthorhombic lattice constants of LiP, were determined from the Guinier
powder data, recorded with CuKa, radiation and o-quartz (@ = 491.30 pm, ¢ =
540.46 pm) as an internal standard: a = 1043.7(1) pm, b = 658.92(8), ¢ = 654.90(9)
pm, and V = 0.45038(9) nm’. These values agree very well with those determined
previously (26) : a = 1043.9 pm, b = 658.4 pm, and ¢ = 654.5 pm; and also with
those determined on the four-circle diffractometer: a = 1042.7(1) pm, b = 658.44(5)
pm, and ¢ = 654.86(8) pm.

The intensity data for the structure determination of LiP; were collected on a
four-circle diffractometer with ©/20 scans, graphite-monochromated MoKa
radiation, and a scintillation counter with pulse-height discrimination.

The structure was refined with the program package SHELX-97 (29) using
atomic scattering factors, corrected for anomalous dispersion. The weighting
scheme accounted for the counting statistics and a parameter correcting for
secondary extinction was optimized as a least-squares parameter. The
crystallographic data and some results are summarized in Table 1.

The structure as determined in the acentric space group Pna2,, by v.
Schnering and Wichelhaus turned out to be correct. However, the position of the
lithium atom was obtained with higher accuracy. Its location, as defined by the
phosphorus positions of both refinements (which are very similar) differs from the
previous location by 36 pm.

It is interesting that the positions of the phosphorus atoms can almost equally

well be refined in the corresponding centrosymmetric group Pnam, a non-standard
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setting of the space group Pnma (No. 62). A difference Fourier synthesis calculated
with the positions of the phosphorus atoms resulted in two positions for the lithium
atoms on both sides of the mirror plane. The results of the least-squares refinement
in the centrosymmetric group are listed together with those of the refinement in
Pna2,, in the Tables 1 and 2. The lower symmetry space group Pna2 has to be
preferred not only because of the lower residual, but mainly because in this space
group the lithium positions are ordered. Table 3 summarizes the direct bond lengths

and the bond angles within the polyphosphide network.

Discussion of the Structure

The crystal structure of LiP; consists of six-membered phosphorus rings in
chair conformation. These rings share edges, thus forming infinite strings, which
are bridged via additional phosphorus (P5) atoms to form a three-dimensional
nework (Figs. 1 and 2). The lithium atoms are situated between two strings of
condensed phosphorus rings with two bridging P5 atoms as closest neighbors. In
the refinement of the structure in the centrosymmetric group Pnam the lithium
atoms occupy a split position (Fig. 3). The Li-Li distance between the two half-
occupied positions is 155 pm. It can be expected that at higher temperature the
lithium atoms are disordered, jumping between the two adjacent positions. This
expected order/disorder phase transition is probably above 300 °C, since a
differential scanning calorimetry experiment did not reveal any phase transition up
to this temperature. Considering the symmetry change from the expected high-
temperature modification with the point group mmm to the room-temperature
modification with the pyroelectric group mm2 such a transition may be classified as

a ferroelectric transition.



The lithium atoms can be expected to have transferred their valence electron
to the phosphorus network. According to the Zintl-Klemm concept one may expect
that one phosphorus atom of the formula unit (the P5 atom) obtains six valence
electrons and therefore forms two homopolar bonds (like sulfur in its various
modifications), while the other phosphorus atoms form three P-P bonds as in the
various modifications of elemental phosphorus. This expectation is confirmed by
the experimental structure.

All of the phosphorus atoms have more or less tetrahedral environments
(Table 3). It is interesting that the P-P bonds in LiP; have differing bond lengths.
The two P-P bonds of the P5 atoms are relatively short (217.6 and 217.8 pm)
compared to the P-P bonds within the condensed P, rings (between 222.2 and 223.3
pm). Of the latter phosphorus atoms the P1 and P2 atoms, which occupy the same
phosphorus position in the expected high-temperature modification of LiP,, have
very similar atomic environments. The P3 and P4 atoms have also similar P-P bond

distances but differ from each other in the range of P-P-P bond angles encountered.

NMR Studies

Experimental Details. P and 'Li solid state NMR characterization was
carried out on Bruker DSX-500 and CXP-200 spectrometers equipped with high-
speed spinning probes. Aside from single-pulse spectroscopy, the following dipolar
NMR methods were applied: (i) P 2-D exchange/double quantum filtering
spectroscopy, (i) “P-"P rotational resonmance, and (iii) 'Li-"P heteronuclear
crosspolarization. Here, we summarize the experimental conditions used, while the
fundamentals of these methods are described further below. The 2-D

exchange/double quantum filtering experiments were conducted at 202.43 MHz



using the following parameters: spinning frequency 15 kHz, 90° pulse length 2.4
us, dwell time in the t-dimension: 28.4 ps, length of DQ excitation/reconversion
period 133.3pus (2 rotor periods). The C7 sandwich (see below) used for DQ-
filtering was preceded and followed by a 30ms delay to allow decay of unwanted
coherence before the final 90° detection pulse was applied. The 2-D data were
acquired and processed using the States method (31). For each t, increment, 8 scans
were acquired with a relaxation delay of 169 s. *P'P rotational resonance
experiments were conducted at 81.02 MHz, using 90° pulses of 5.5us length. The
MAS rotation speed was varied systematically within the limits 7.9 kHz < v,< 12.0
kHz, to produce rotational resonance conditions between distinct pairs of
resonances. For each experiment, 4 scans were acquired with a recycle delay of 900

s. A standard Bruker dual-channel 4 mm probe was used in the {’Li}’'P CPMAS

experiments which were carried out using a Bruker CXP-200 NMR spectrometer
with a 4.68 T magnet, using a spinning speed of 10 kHz. The resonance frequencies
for 'Li and *'P were 77.78 and 81.00 MHz, respectively. The close proximity of
these two resonance frequencies poses a special experimental challenge that has
been addressed as previously published (32): The Q-value of the probe was
intentionally lowered by adding a 22 kQ resistor parallel to the sample coil,

increasing the band width of the probe, which was tuned to a center frequency at
79.4 MHz. The X channel of the spectrometer was used for generating the *'P
pulses. The 'Li pulses were generated by mixing the 200 MHz pulsed output of the
'H decoupler with the output of an external synthesizer (PTS 310). The low pass
filtered difference frequency signal was amplified with a second X-channel tube
amplifier (Bruker). The two radio frequency pulses for 'Li and *'P were combined

after the amplification stage and gated into the X-channel of the MAS probe using a
high-frequency switch box. With this setup, 90° pulse lengths of 2.5 pus (100 kHz)

were achieved for both nuclei. The CPMAS experiments were conducted at
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variable contact times. Spin-locking experiments indicate that the "Li spin-lattice

relaxation time in the rotating frame lies in the vicinity of 40 ms.

MAS-NMR Results. Table 4 summarizes the results from the P MAS-
NMR experiments. Fig. 4 shows the single pulse P MAS NMR spectra at two
different spinning speeds. In the *'P NMR spectrum four distinct resonances (peaks
"a“-“d“) are seen in the ratio 1:2:1:1, at 1.8, -11.5, -29.0 and -127.7 ppm,
respectively. The spectra suggest that two of the phosphorus sites have local
environments too similar to be resolvable. Inspection of Table 3 suggests that these
are the sites P1 and P2, which are structurally very similar. Furthermore, the
isolated low-frequency resonance at -127.7 ppm may be assigned to P5, the
phosphorus atom interacting most strongly with lithium, since this chemical shift
occurs within a spectral region typical for negatively polarized phosphorus
species.”™*'*” Finally, an analysis of the spinning sideband pattern intensities
reveals that one of the phosphorus resonances (peak "c" at ppm) is characterized
by a significantly stronger chemical shift anisotropy compared to peaks "a" and "b"
(see Figure 4, top, revealing the widest spinning sideband pattern for this particular
resonance). Inspection of Table 3 reveals that this resonance might be assignable to
P3, which shows a particularly wide range of P-P-P bond angles quite different
from the situation with the other phosphorus sites. We emphasize, however, that
assignments based on MAS alone are tentative and require independent
confirmation. To this end we utilize the *P-*P and *P-'Li dipole-dipole
interactions, which can be reintroduced into MAS-NMR by specifically designed

techniques as outlined below.
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High Resolution Dipolar NMR Methodology. In multispin systems dipole-
dipole couplings are best discussed on the basis of dipolar second moments M,,

which in powdered samples are related to structure via the van Vleck equation (33):

2
M, CPP) = (ke )y 0T e
T

i)

2
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Here, ¥, I, ¥, and S are the gyromagnetic ratios and the spin quantum

numbers of the *'P spins and the 'Li spins, respectively, p /4 and 7 represent the
magnetic permeability constant and Planck’s constant, while r; and r, are the
relevant internuclear distances.

In MAS-NMR, homonuclear dipolar interactions of weak to moderate
strength (M, < 10’ s) can be probed by numerous experimental approaches (34-
44). However, many of these techniques are unsuitable for the detection of the very
strong “P-"'P dipolar couplings in the 3-dimensional P-P bonded networks of
crystalline polyphosphides. For example, saturation transfer experiments following
selective excitation, a highly successful approach in various phosphates and
phosphorus chalcogenides (42,43), are unsuccessful in LiP,, because of the very
rapid spin diffusion among the different P sites on the time scale of the
experiment. Likewise 2-dimensional double quantum spectroscopy (39,40) faces
severe limitations. Very short excitation times are necessary, and the double
quantum coherences once excited decay rapidly into higher coherences due to
multiple spin-spin interactions. In addition, the sampling rate in the indirect
dimension is limited by the requirement to increment the excitation period in rotor

synchrony.
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As shown below, the assignment problem in LiP, is solved by combining
three separate dipolar MAS experiments: (i) 2-D exchange/double quantum filtering
spectroscopy (44), (ii) rotational resonance (34), and (iii) heteronuclear
crosspolarization. The first two experiments are sensitive to homonuclear Ypllp
interactions and thereby carry information on direct phosphorus site connectivities.
The last experiment probes phosphorus-lithium site proximities by measuring the

*p_] i heteronuclear dipolar coupling strengths for each phosphorus site.

Results from 2-D exchange/double quantum filtering spectroscopy.
Figure 5 shows the pulse sequence used for 2-D exchange/double quantum filtering
spectroscopy, along with the coherence pathways selected by suitable phase cycling
(44). The first pulse creates single quantum coherence which is frequency labelled
during the evolution period t,. After the evolution is stopped by the second 90°
pulse, a "C7" sandwich of seven 4 pulses per two rotor periods is used to generate
double quantum coherence. The second seven-pulse sandwich serves to reconvert
this double quantum coherence to zero-quantum coherence, and the final 90° pulse
creates observable magnetization, which is acquired during the detection period t,
(37). Double Fourier-Transformation with respect to t, and t, produces a two-
dimensional spectrum in which the peaks are correlated through homonuclear 'p-
P dipole-dipole coupling. While the intensities of the autocorrelated (diagonal)
peaks are reduced by double quantum filtering, the "cross-peak” intensities in the 2-
D spectrum reflect the strengths of the pairwise dipole-dipole couplings involved.

Figure 6 shows the result. Owing to the large number of P-P connectivities,
the most valuable information is actually the absence or comparatively low
intensity of 2-D crosspeaks observed between the peak pairs "a-c" and "b-d". To
facilitate a comparison with the structural data, Table 4 lists homonuclear dipolar

second moments calculated from eq. (1a) for each individual pair of phosphorus
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sites. In this calculation all of the relevant internuclear distances within a range of
20 A have been included, producing excellent convergence of the lattice sums.
Consistent with the preliminary arguments presented above, Fig. 5 allows the
following peak assignments: peak "a": P4, peak "b": P1 and P2, peak "c": P3, peak
"d": P5.

Further independent confirmation would be highly desirable, however,
because Fig. 6 shows a sizeable crosspeak "b-d" even though the structure shows
no direct P1/P2 - P5 connectivity. Additional experiments (not shown) reveal that
this crosspeak looses in intensity relative to the others if the excitation period is
shortened from 4 to 2 rotor periods, indicating that the "b-d" dipolar coupling is
weaker than for the other cases. Table 4 confirms that the second moments P1-P5
and P2-P5 are indeed rather sizeable due to longer-range dipolar coupling. We can
thus conclude that the buildup of "b-d" double quantum coherence arises under the

influence of more remote *'P spins.

Results from *'P-'P Rotational Resonance. Another technique sensitive to
homonuclear dipolar interactions is rotational resonance spectroscopy. Here the
MAS spinning frequency is adjusted to be equal to an integer multiple of the
chemical shift difference between the two resonances involved (34). Under this
condition, the energy difference between the spins involved is balanced by the
sample rotation, resulting in zero-quantum coherences among the nuclei involved if
they are dipolarly coupled. Stimulation of these coherences results in peak
broadening, the extent of which depends on the magnitude of the dipolar coupling
constant and hence on the internuclear distance.

In the present study, a rotational resonance mapping experiment was carried
out, in order to explore the strength of *P-"'P dipole-dipole coupling between the P5
atoms represented by the low-frequency peak "d" at -127.7 ppm and the other P
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atoms contributing to the high frequency peak cluster. To this end, the MAS
rotation speed was varied systematically to produce rotational resonance between
peak "d" and, successively, the other peaks "a" through "c".

Fig. 7 summarizes the results. The circles are the full widths at half
maximum measured for peak "d" when the MAS rotor speed is adjusted to produce
rotational resonance with P atoms resonating at the frequency indicated. While the
overall width of peak "d" has multiple origins (including chemical shift dispersion,
residual *P-Li dipole-dipole coupling and *P-"P scalar coupling) the
reintroduction of *'P-'P homonuclear dipole-dipole coupling clearly manifests itself
in additional linebroadening effects introduced at rotational resonance. As Fig. 7
illustrates, the effect is significantly stronger with resonances "a" and "c" than with
resonance "b". This result confirms the conclusion from the 2-D DQ experiment
that there is no direct connectivity between the P-atoms represented by peaks

"b"and "d" .

Results from *'P-{’Li} cross-polarization. This experiment is sensitive to
the strength of the *'P-"Li dipole-dipole couplings. 'Li single-quantum coherence is
spin locked, and magnetization is transferred to the *'P-observe nuclei during a
contact time t under Hartmann-Hahn matching conditions. Since the rate of
magnetization transfer is a function of the heteronuclear dipolar second moment
(45), the *'P site differentiation is based on variable contact time CPMAS
experiments. Fig. 8 shows typical results. Each spectrum is internally normalized to
the most intense resonance "b" so the conclusions are based on relative intensity
changes among the peaks within each spectrum. While at long contact times the
spectrum resembles the single pulse-MAS NMR result (as expected), resonance "d"
is clearly emphasized in the spectrum acquired at the shortest contact time. This

result confirms the assignment of resonance "d" to the PS5 site. On the other hand it
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appears that the difference between 'Li-"P3 and 'Li-"P4 heteronuclear dipolar
coupling strengths (Table 4) is too small to be resolvable by this experiment.
Possibly this task might be accomplished by other methods more sensitive to
differences in heteronuclear dipolar couplings than variable contact time CPMAS
experiments are. Unfortunately, “P{’Li} rotational echo double resonance
(REDOR) (46) studies carried out with this objective were thwarted owing to the

short spin-spin lattice relaxation times associated with these *'P resonances.

Conclusions

Using powerful dipolar solid state NMR techniques, connectivities in the
polyphosphide network of LiP, have been discerned and characterized. These
experiments form a basis for site assignments which are discussed in the context of
new, updated crystallographic information. The chemical shift distinctions thus
obtained are in good agreement with trends known in the literature: Bonding to an
electropositive element such as lithium is associated with strongly negative o,
values, as also observed in the present study for the resonance of site P5, which
carries a formal charge of -1. On the other hand, phosphorus sites whose short
range order is dominated by P-P bonding (formal charge of zero) show chemical
shifts in the vicinity of zero ppm. In the present study these are the phosphorus sites
P1, P2, and P4. For the P3 site, the situation is intermediate: while it also carries a
zero formal charge, nevertheless the structure shows that the P3 site is close to the
lithium site. This may explain why the P3 resonance is found at more negative
chemical shift values than those of the other zerovalent P-atoms. The present study
illustrates the power and potential of modern dipolar MAS-NMR experiments for
demonstrating connectivities in strongly dipolarly coupled networks. The strategy

developed here is currently being applied to other compounds, in order to generate



15

reliable correlations of *'P chemical shifts with structure and bonding information in

solid phosphides.
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Figure Captions

Figure 1:

Figure 2:

Figure 3:

Figure 4:

A cut-out of the polyanionic phosphorus network of LiP;. The thermal
ellipsoids are drawn at the 90% probability limit. Single-digit numbers

correspond to the atom designations.

Stereographic drawing of the crystal structure of LiP;. Lithium atoms

are represented by black spheres.

Atomic coordinations in LiP,. The environments of the lithium atoms
(black ellipsoids) as resulting from the structure refinements in the
centrosymmetric group Pnam (the suggested high temperature
modification) and from the refinement in the acentric group Pna2, are
shown in the upper part of the figure. The phosphorus environments
correspond to the refinement in the space group Pna2,. The thermal
ellipsoids are drawn at the 90% probability limit. The lithium atoms of
the refinement in Pnam occupy split positions on both sides of the
mirror plane. Single-digit numbers correspond to the atom designations;

the interatomic distances are indicated in pm units.

202.5 MHz single-pulse P MAS-NMR spectra of LiP; at different
rotation frequencies: top: 8 kHz, bottom: 16 kHz. Peaks "a" through "d"

and their corresponding spinning sidebands (asterisks) are indicated.



Figure 5:

Figure 6:

Figure 7:

Figure 8:

20

Pulse sequence used for 2-D exchange spectroscopy with double
quantum filtering. The bottom part illustrates the coherence pathway
selected by phase cycling.

DQ-filtered *'P- two-dimensional exchange spectrum of crystalline LiP,.

Connectivities are indicated by off-diagonal peaks.

Rotational Resonance spectroscopy of LiP,: The linewidth of the -127.7
ppm peak assigned to the P5 site is plotted as a function of the rotational
frequency difference between this peak and the point in the spectrum
indicated by filled squares.

Variable contact time {'Li}*'P CPMAS spectra of LiP,. The contact

times used are indicated. A single-pulse *’P MAS spectrum is shown for
comparison. Each spectrum has been internally normalized to the most

intense resonance "b"



TABLE 1

Crystal Data for LiPs*
Space group Pnam (No. 62) Pna2, (No. 33)
Formula units/cell Z=4
Formula mass 161.81
a (pm) 1043.7(1)
b (pm) 658.92(8)
¢ (pm) 654.90(9)
V (nm’) 0.45038(9)
Calculated density (g/cm®) 2.386
Crystal size (um®) 25 x 50 x 350
628 up to 26 = 100°
Rangeinh, k | +22,+14,-145152
Highest/lowest transmission 1.10
Total number of reflections 11639
Inner residual (/) R;=0.0307 R;=0.0301
Unique reflections 2469 2965
Reflections with Iy > 20(/p) 1961 2357
Number of variables 38 56
Conventional residual (F) R=0.067 R=0.020
Weighted residual (F%) R, =0.145 R, =0.054

% The correct symmetry for LiPs at room temperature is Pna2, (space group No.33). However, the

structure can also be refined with split lithium positions and half occupancy in the centrosymmetric group

Pnam, a non-standard setting of the space group Pnma.



-

TABLE 2

Atomic Parameters of LiPs’

Atom Pnam X y z B,
Li 8d 0.080(2) 0.045(3) 0.632(3) 3.1(3)
P1 8d 0.08923(7) 0.5929(1) 0.4925(1) 0.809(9)
P3 4c 0.1938(1) 0.4222(2) Va 0.75(1)
P4 4c 0.19099(9) 0.4436(1) % 0.68(1)
P5 4c 0.1287(1) 0.1093(2) 4 1.29(2)

Atom Pna21 X y Zz ’=z+% Beq
Li 4a 0.0780(3) 0.0452(6) 0.3881(7) 0.6381(7) 3.30(7)
P1 4a 0.41428(3) 0.08698(4) 0.25729(4) 0.50729(4) 0.716(4)
P2 4a 0.09233(3) 0.59825(4) 0.24282(4) 0.49282(4) 0.718(4)
P3 4a 0.19363(2) 0.42261(3) (1} 172 0.689(3)
P4 4a 0.19116(2) 0.44326(3) 0.49964(8) 0.74964(8) 0.719(3)
P5 4a 0.12858(2) 0.10915(3)  0.01523(8) 0.26523(8) 1.115(5)

Atom By B Bss B, B3 By
Li 2.01(10) 4.40(15) 3.50(17) 0.06(10) 0.74(11) 1.64(15)
Pl 0.769(7) 0.803(8) 0.57509) -0.017(6) 0.030(8) 0.051(10)
P2 0.808(7) 0.774(9) 0.572(9) 0.004(5) 0.024(9) -0.011(10)
P3 0.701(6) 0.810(6) 0.557(6) 0.042(4) 0.013(10) -0.022(12)
P4 0.754(6) 0.818(6) 0.583(6) —0.090(5) 0.013(10) 0.018(11)
P5 0.644(6) 0.824(6) 1.878(13) 0.034(5) -0.085(10) -0.002(10)

“ The phosphorus positions can be refined in the centrosymmetric space group Pnam, where the

lithium atoms occupy a split position with half occupancy. The parameters of this refinement are

listed in the upper part of the table. The true symmetry of LiPs at room temperature is that of the

polar space group Pna2,. The results of this refinement are listed in the lower parts of the table. The

atom labels of the two refinements correspond to each other. The P1 atoms of the position 84 of

Pnam correspond to the P1 and P2 atoms of the refinement in Pna2,. The positional parameters of

the refinement in Pna2; were standardized with the program STRUCTURE TIDY (30). For better

comparison of the refinements in the two space groups the positional parameter z’ = z + % is listed

in the middle part of the table. The thermal parameters B are expressed in units of nm® x 100.

b These z parameters were not allowed to vary in order to define the origin of this polar space group.



TABLE 3

Interatomic Distances and P-P-P Angles in the

Structure of LiPs*

Li: P5 252.5(3) P2: P4 222.2(1) P4:P5 217.8(1)
P5 253.4(5) P1 222.5(1) P2 222.2(1)
P3 262.1(3) P3 223.3(1) P1 222.6(1)
P4 296.8(4) Li 309.9(4) Li 296.8(4)
P1 308.7(4) P3:P5 217.6(1) P5:P3 217.6(1)
P2 309.9(4) P1 222.9(1) P4 217.8(1)

P1:P2 222.5(1) P2 223.3(1) Li 252.5(3)
P4 222.6(1) Li 262.1(3) Li 253.4(5)
P3 222.9(1)

Li 308.7(4)

P2-P1-P4 98.47(2) P5-P3-P1  109.64(1)

P2-P1-P3  100.71(2) P5-P3-P2  108.16(1)

P4-P1-P3 94.82(2) P1-P3-P2 90.96(1)

P4-P2-P1 95.93(1) P5-P4-P2 101.87(1)

P4-P2-P3 94.65(2) P5-P4-P1  100.26(1)

P1-P2-P3 98.13(1) P2-P4-P1 98.56(3)

P3-P5-P4  101.81(1)

4 All distances shorter than 355 pm (Li-P) and 315 pm (P-P), respectively, are listed.



TABLE 4

3p MAS NMR Peak Assignments and Selective Dipolar 31p . 3'P and *'P - "Li Second

Moments [10° s?] Calculated From the Structure of Crystalline LiPs

P1 P2 P3 P4 PS5
P1(-11.5ppm) 6.3 71.5 67.3 67.2 16.7
P2(-11.5ppm) 71.5 5.8 67.9 66.5 16.5
P3(-29.0ppm) 67.2 66.5 4.4 21.7 72.3
P4(+1.8 ppm) 67.3 67.9 21.7 45 72.7
P5(-128 ppm) 16.8 16.5 72.3 72.7 4.6
Lil 34.8 34.2 58.7 38.7 1183




FIG.1. A cut-out of the polyanionic phosphorus network of LiPs. The thermal ellipsoids are drawn

at the 90% probability limit. Single-digit numbers correspond to the atom designations.

FIG.2. Stereographic drawing of the crystal structure of LiPs. Lithium atoms are represented by

black spheres.
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FIG. 3. Atomic coordinations in LiPs. The environments of the lithium atoms (black ellipsoids) as
resulting from the structure refinement in the centrosymmetric group Pnam (the suggested high
temperature modification) and from the refinement in the acentric group Pna2, are shown in the upper
part of the figure. The phosphorus environments correspond to the refinement in the space group Pna2,.
The thermal ellipsoids are drawn at the 90% probability limit. The lithium atoms of the refinement in

Pnam occupy split positions on both sides of the mirror plane. Single-digit numbers correspond to the

atom designations; the interatomic distances are indicated in pm units.
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