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Abstract

Two new (NaSrP, LisSrP,) and two known (LiSrP, LiBaP) ternary phosphides have been synthesized and characterized using single
crystal X-ray diffraction studies. NaSrP crystallizes in the non-centrosymmetric hexagonal space group P62m (#189, a = 7.6357(3) A,
c= 4.4698(3)1&, V =225.69(2) A3, Z=3, and R/WR = 0.0173/0.0268). NaSrP adopts an ordered Fe,P structure type. PSrg trigonal
prisms share trigonal (pinacoid) faces to form 1D chains. Those chains define large channels along the [001] direction through edge-
sharing. The channels are filled by chains of PNag face-sharing trigonal prisms. Li4SrP, crystallizes in the rhombohedral space group
R3m (#166, a = 4.2813(2) A, c= 23.437(2) A V= 372.04(4) A’ Z=3, and R/wR = 0.0142/0.0222). In contrast to previous reports,
LiSrP and LiBaP crystallize in the centrosymmetric hexagonal space group P6;/mmc (#194, a = 4.3674(3) A, c= 7.9802(1 I)A,
V= 131.822)A%, Z=2, and R/WR = 0.0099/0.0217 for LiSrP; a = 4.5003(2) A, ¢ = 8.6049(7) A, V = 150.92(2) A%, Z=2, and R/
wR = 0.0098/0.0210 for LiBaP). Li,SrP,, LiSrP, and LiBaP can be described as Li;P derivatives. Li atoms and P atoms make a graphite-
like hexagonal layer, io[LiP]z_. In LiSrP and LiBaP, Sr or Ba atoms reside between gO[LiP]z‘ layers to substitute for two Li atoms of

LisP, while in LisSrP», Sr substitutes only between every other gO[LiP]z’ layer.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Mixed anion compounds such as oxynitrides [1-9],
halide nitrides [5,10-15], and chalcogenide nitrides
[16-20] have attracted recent attention. Although I//-N-V
(Il = Ga, In; V=P, As) compound semiconductors are
very important for light-emitting diode (LED) or laser
diode applications, there is only one structurally character-
ized phosphide nitride, Ca;PN [21]. This compound shows
a phase transition at high temperature (1070K) from
the distorted phase (orthorhombic) to the cubic anti-
perovskite structure. The substitution of phosphorus for
nitrogen within a nitride network may enable band gap
tuning, similar to the insertion of nitrogen within an oxide
network [22].
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Many phosphide materials with various compositions
and crystal structures are known [23,24]. Moreover,
ternary compounds with simple 1:1:1 composition crystal-
lize in more than 30 different structure types some of which
are common to intermetallic phases [25]. NaSrP and Li4eP
(Ae = Sr, Ba) reported here belong to the ZrNiAl [26] and
ZrBeSi [27] structure types, respectively. LiSrP and LiBaP
were previously reported to crystallize in a noncentrosym-
metric hexagonal P62m space group, based on powder
diffraction data [28]. However, in this work, single crystal
studies show that these two compounds adopt a centro-
symmetric hexagonal P6s/mmc structure that can be
described as a derivative of LisP [29].

The title compounds were initially discovered in synth-
eses designed to explore the existence of compounds
containing both nitrogen and phosphorus as an anion.
Although we did not identify any of these mixed anion
compounds, the title ternary compounds were discovered.
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Here we report the synthesis and structural characteriza-
tion of NaSrP, Li,SrP,, LiSrP, and LiBaP.

2. Experimental section
2.1. Synthesis

All manipulations were performed in an argon-filled
glovebox. Single crystals of the title compounds were
observed during attempts to prepare a new class of
phosphide nitrides by employing Na/Sn metallic alloy or
LisN fluxes. All chemicals except Ba,N were used as
obtained: NaNj; (99%, Aldrich), LisN (—80 mesh,
Aldrich), Sr (filed from rod, 99+ %, Aldrich), Ba (filed
from rod, 99 + %, Aldrich), red P (99.999%, JohnsonMat-
they), Li (99.9%, Aldrich), Na (ACS reagent, stick, dry,
Aldrich), and Sn (99.9%, JohnsonMatthey). Ba,N was
obtained by the reaction of Ba metal with a N, gas stream
at 850 °C; purity was checked by PXRD. All reactions for
the title compounds were carried out in Nb metal tubes,
which were welded closed using a Centorr Associates arc
furnace. The sealed Nb tubes were jacketed in evacuated
silica tubes to protect the tubes from oxidation during heat
treatment. Before use, the surfaces of Na and Li metals
were scraped clean and Nb tubes were cleaned in a mixture
of concentrated H,SO4, HNO3, HF (45:40:15 by volume.
CAUTION: This solution is extremely corrosive and
contact with skin may be fatal.) [30].

NaSrP: The starting materials of 0.0650g of NaNj,
0.0876 g of Sr, 0.0310 g of P, 0.0920 g of Na, and 0.1187 g of
Sn (atomic ratio of Na/Sr/P/Sn was 5:1:1:1) were loaded
into a Nb tube. After the open end of the Nb tube was
welded closed in an argon atmosphere, the Nb tube was put
into a silica tube and sealed under vacuum to prevent
oxidation of the reaction tube during heating. The reaction
tube was heated gradually to 600 °C for 24 h and held at
this temperature for 120 h. The furnace was turned off and
the reaction tube cooled to room temperature over
approximately 24 h. After completing the reaction, excess
Na was removed by sublimation at 340 °C under dynamic
vacuum. Irregular shaped red crystals were found in the
reaction mixture.

LisSrP, and LiSrP: The starting materials of 0.0697 g of
LizN, 0.0876 g of Sr, 0.0479¢g of Ti, and 0.0310g of P
(atomic ratio of Li/Sr/Ti/P was 6:1:1:1) were loaded into a
Nb tube, as described above. The reaction tube was heated
gradually to 900 °C for 24 h and held at this temperature
for 120 h. The furnace was turned off and the reaction tube
cooled to room temperature. Irregular shaped red (LisSrP»)
and yellow (LiSrP) crystals were found in the reaction
mixture.

LiBaP: The starting materials of 0.0522g of Li;N,
0.1443 g of Ba,N, 0.0479 g of Ti, and 0.0310 g of P (atomic
ratio of Li/Ba/Ti/P was 9:2:2:2) were weighted into a Nb
tube and handled as above. The reaction tube was heated
gradually to 900 °C for 24h and held at this temperature
for 120 h. The furnace was turned off and the reaction tube

cooled to room temperature. Irregular shaped red crystals
were found in the reaction mixture.

2.2. Crystallographic studies

Samples of the reaction mixture were removed from the
glovebox in polybutene oil for single-crystal selection. All
crystals were manually selected from the reaction mixture,
mounted in a drop of polybutene oil sustained in a plastic
loop, and placed onto the goniometer within a cold
nitrogen stream that froze the polybutene oil thus keeping
the crystals stationary and protected from oxygen and
moisture in the air. Several crystals were selected for each
compound and the unit cell parameters measured to check
crystal uniformity.

Preliminary examination and data collection were
performed on a Bruker X8 Apex II diffractometer
equipped with 4 K CCD detector and graphite-monochro-
matized Mo Ko radiation (4 = 0.7107 1&). The initial unit
cell constants and orientation matrix were obtained by
using APEX2 [31]. The program SAINT was used to
integrate the data [32]. An empirical absorption correction
was applied using SADABS [33]. The initial input files for
solving the crystal structure were prepared by XPREP [34].
The initial positions for all atoms were obtained by using
direct methods of the SHELXS97 [35] and the structure
was refined by full-matrix least-squares techniques with the
use of the SHELXL97 [35] in the WinGX program
packages [36]. The positional parameters were standardized
by using the program STRUCTURE TIDY [37] and
refined anisotropically. For all compounds, the distribution
of normalized structure factor (E-values, ( E>—1) = 0.572
for NaSrP; 0.725 for LisSrP,; 0.504 for LiSrP; 0.460 for
LiBaP) suggested that the structures of the title compounds
may be noncentrosymmetric. However, we first chose
the centrosymmetric space group R3m for Li,SrP, and
P63/mmc for LiSrP and LiBaP and satisfactory refinement
confirmed the choice of these space groups. We could not
find a good structural solution for NaSrP in any
centrosymmetric space group, but only in P62m. Addi-
tionally, for all compounds, the ADDSYM algorithm in
the PLATON program packages could not find any
additional symmetry in these structures [38,39].

NaSrP: Of 3789 reflections collected in the 6 range
3.08-39.31° using ¢ and w scans, 520 were unique
(Ring = 0.0378). The final cycle of refinement performed
on Fj with 520 unique reflections afforded residuals
wR, = 0.0268 and a conventional R index based on 472
reflections having F(z) >20’(F%) of 0.0173. The highest peak
(O.376e/A3) and deepest hole (—0.623 e/A3) are located
1.74 and 1.29 A from Sr and P(2) atoms, respectively, and
are due to data truncation errors (20~ 80°).

LiySrP,: Of 2534 reflections collected in the 6 range
2.61-43.96° using ¢ and w scans, 416 were unique
(Rine = 0.0235). The final cycle of refinement performed
on Fj with 416 unique reflections afforded residuals
wR, = 0.0222 and a conventional R index based on 411
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reflections havmg F; 2 >20'(F ) of 0.0142. The highest peak
(0.490 e/A) and deepest hole (—0.408 e/A3) are located
0.79 and 1.25 A from Sr and Li(2) atoms, respectively, and
are due to data truncation errors (20~ 88°).

LiSrP: Of 1659 reflections collected in the 0 range
5.11-40.34° using ¢ and w scans, 189 were unique
(Rint = 0.0231). The final cycle of refinement performed
on F(z) with 189 unique reflections afforded residuals
WR> = 0.0217 and a conventional R index based on 171
reflections having F 2 >20(F ) of 0.0099. The highest peak
(0.293 e/A3) and deepest hole (— 0537e/A3) are located
2.03 and 0.85 A from P and Sr atoms, respectively, and are
due to data truncation errors (20~ 80°).

LiBaP: Of 2544 reflections collected in the 0 range
4.74-43.76° using ¢ and o scans, 261 were unique
(Rine = 0.0236). The final cycle of refinement performed
on Fj with 261 unique reflections afforded residuals
wWR, = 0.0210 and a conventional R index based on 233
reflections havmg F0 >2o(F ) of 0.0098. Both highest peak
(0. 456e/A) and deepest hole (—0.783 e/A) are located
2.15 and 0.71A from atom Ba and are due to data
truncation errors (26~ 88°).

2.3. Preparation of bulk samples

After the structure determination, we found that bulk
powder samples of the title compounds can be obtained
from a stoichiometric mixture of the elements. The starting
elements were weighed out in a specific ratio (l:1:1 for
AAeP and 4:1:2 for LiySrP,) and loaded into Nb tubes. The
sealed Nb tubes were sealed inside a silica tubes under
vacuum to be protected from oxidation in air during
heating. All tubes were heated gradually to 900 °C for 24 h,
kept at this temperature for 120 h, and then cooled to room
temperature.

Powder X-ray diffraction patterns were subsequently
obtained on a Scintag 2000 00 diffractometer with Cu Kuo
radiation. Due to the air sensitivity of all these products,
the powder diffraction samples were prepared in an argon-
filled glovebox and covered with a Mylar film. PXRD
results for each compound show mixtures of products, such
as about 20% of Na,SrsP,4 [40] in NaSrP, about 18% of
LiSrP for Li,SrP4, about 11% Li,SrP, in LiSrP, and about
24% of BasP, [41] in LiBaP.

2.4. Electronic microprobe analysis

Microprobe analysis of the title compounds were made
with an EDAX (Thermonoran) equipped scanning electron
microscope (Jeol JXA-8900R). Since the title compounds
except LiySrP, are highly moisture sensitive, the single
crystal samples were transferred from an argon-filled
glovebox to the microprobe using a specially designed
portable antechamber [42] to prevent decomposition of the
samples in air. The average atomic ratios were calculated
from six data sets obtained from two or three crystals for
each compound. Analyses of the crystals indicated the

presence of Na, Sr and P in NaSrP (atomic percent:
25.6:44.0:30.4) of Sr and P in Li4SrP» (31.0:69.0), of Sr and
P in LiSrP (45.4:54.6), and of Ba and P in LiBaP
(50.6:49.4). No other elements, such as Ti, Sn, or Nb, were
detected for the title compounds. Since the method is
standardless, these analyses are consistent within expected
errors with the crystallographically determined composi-
tion.

3. Results and discussion

The structures of the title compounds have been
determined by single-crystal X-ray diffraction. The site
occupancy refinements of P atoms for the title compounds
were carried out to confirm the absence of the other
impurities. For all compounds, P atoms occupy their own
crystallographic sites over 99.5% and the anisotropic
displacement parameters are not abnormal. Also WDX
spectra show there are no oxygen or nitrogen signals.
Those imply that all P sites are ordered with no oxygen or
nitrogen impurities. Crystallographic details, fractional
atomic coordinates and equivalent isotropic displacement
parameters are given in Tables 1 and 2, respectively.
Selected bond distances for all the compounds are listed in
Table 3.

The crystal structure of NaSrP adopts the ZrNiAl [26], a
ternary ordered Fe,P structure type, in the noncentrosym-
metric hexagonal space group P62m, with one independent
position for Na(3f), one for Sr(3g), and two for P atoms (2¢
for P(1) and 15 for P(2)), and is isostructural with NaBaP
[43]. Na atoms are surrounded by four P (two P(1) and two
P(2)) atoms in tetrahedron geometry. Sr atoms are
encircled by five P atoms in rectangular pyramid geometry.
In the Sr-centered P rectangular pyramid, four symme-
trically related P(1) atoms are located at each corner of the
rectangular plane and a P(2) atom is positioned at the apex.
The Na-centered P tetrahedra and Sr-centered P rectan-
gular pyramids share their all edges to make a three-
dimensional structures (Fig. 1(a)). Fig. 1(b) emphasizes the
trigonal prismatic environment of the P atoms. Both P
atoms have nine near neighbors; P(1) with six Sr
(3.2039(1) A) and three Na (2.9579(7) A) neighbors and
P(2) with six Na (2.8984(7) A) and three Sr (3.1764(3) A)
neighbors. P(1)Srg trigonal prisms share trigonal faces to
make a one dimensional chain. Those chains make a large
channel along the [001] direction through edge-sharing.
These channels are filled by chains of P(2)Nag trigonal
prisms sharing trigonal faces (Fig. 1(b)). Na-P and Sr—P
distances in NaSrP range from 2.8984(7)72.9579(7)/& and
from 3.1764(3) to 3.2039(1)A, respectively. Those values
are in good agreement with those found in binary
phosphides NasP (2.8586(3)-2.9073(17) A) [44] and «-SrP;
(3.030(2)73.447(2)/& (avg. 3.217 A)) [45] and are also
comparable to those in ternary Na,Sr;P, (Na—P:
2.905(5)-3.531(7)A; Sr-P:  2.995(3)-3.158(3)A)  [40],
NaBaP (Na—P: 3.006-3.095 A) [43], CuSrP (Sr—P: 3.18 A)
[46], and other Sr-containing compounds, such as LiSrP
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Table 1

Details of X-ray data collection and refinement for NaSrP, Li;SrP,, LiSrP, and LiBaP

435

NaSrP (dark red)

Li4Sl’P2 (red)

LiSrP (yellow)

LiBaP (dark red)

Formula weight, amu

Space group

aA)

¢ (A)

V(A%

zZ

T (K)

Linear absorption coefficient (mm™")
Density, calc. (g/cm?)

Crystal size (mm”)

0 limits (deg)

No. of unique data with F3

No. of unique data with F5> 26(F3)
WR, (F3>0)

RI1 (on F, for F3>20(F2))
Goodness-of-fit on F>

Flack parameter

141.58

P62m

7.6357(3)
4.4698(3)
225.69(2)

3

167.0(1)

18.245

3.125

0.09 x 0.06 x 0.03
3.08-39.31

520 [R(int) = 0.0378]
472

0.0268

0.0173

0.796

0.021(7)

0.376 and —0.623

177.32

R3m

4.2813(2)
23.437(2)
372.04(4)

3

167.0(1)

11.313

2.374

0.09 x 0.07 x 0.07
2.61-43.96

416 [R(int) = 0.0235]
411

0.0222

0.0142

1.114

0.490 and —0.408

125.53

P63/mmc
4.3674(3)
7.9802(11)
131.82(2)

2

167.0(1)

20.652

3.163

0.09 x 0.07 x 0.04
5.11-40.34

189 [R(int) = 0.0231]
171

0.0217

0.0099

1.079

0.293 and —0.537

175.25

P63/mmc
4.5003(2)
8.6049(7)
150.92(2)

2

167.0(1)

13.334

3.856

0.07 x 0.07 x 0.06
4.74-43.76

261 [R(int) = 0.0236]
233

0.0210

0.0098

1.131

0.456 and —0.783

Max. and min. residual e-density(e/A3)

Table 2
Atomic coordinates and equivalent isotropic displacement parameters (A2) for NaSrP, LiySrP,, LiSrP, and LiBaP
Atoms Wyckoff notation X y z Ug'
NaSrP
Na 3f 0.7583(1) 0 0 0.009(1)
Sr 3g 0.4160(1) 0 0.5000 0.007(1)
P(1) 2c 0.6667 0.3333 0 0.006(1)
P(2) 1b 0 0 0.5000 0.007(1)
LiySrP,
Li(1) 6¢ 0 0 0.1377(1) 0.012(1)
Li(2) 6¢c 0 0 0.4291(1) 0.012(1)
Sr 3a 0 0 0 0.006(1)
P 6¢c 0 0 0.2463(1) 0.006(1)
LiSrP
Li 2c 0.3333 0.6667 0.2500 0.016(1)
Sr 2a 0 0 0 0.006(1)
P 2d 0.3333 0.6667 0.7500 0.005(1)
LiBaP
Li 2c 0.3333 0.6667 0.2500 0.012(1)
Ba 2a 0 0 0 0.007(1)
P 2d 0.3333 0.6667 0.7500 0.007(1)

#Ugq is defined as one-third of the trace of the orthogonalized Uy, tensor.

(3.2153(2) A) and LisStP, (3.2053(2) A) described this
paper.

Previously, LiSrP and LiBaP were reported to adopt the
SrPtSb structure type in the noncentrosymmetric space
group P62m through powder X-ray work [28]. In that
report, there is only one formula unit with half the c-axis
reported here (3.991(1) A for LiSrP; 4.303(1) A for LiBaP).
The extinction conditions (hh2hl: 1= 2n; 0001: [ = 2n) are
missed due to the low intensity of the powder data. In some
cases, a determination of the correct structure solely on the
basis of powder X-ray data is not possible. From the single

crystal studies, LiSrP and LiBaP crystallize in the
centrosymmetric hexagonal space group P6s/mmc with
two formula units and the c-axis double that proposed
from powder diffraction (see Table 1). Sr>* or Ba®> " atoms
sit on positions with 3m symmetry, while Li* and P*~
atoms occupy sites of 62m symmetry. LiSrP and LiBaP
adopt the ZrBeSi [27] structure type and also can be
described as LiszP [29] derivatives. The structure of LiSrP
and LiBaP is made up of alternate graphite-like anionic
layers of go[LiP]z_ which extended along the crystal-
lographic ab plane, while Sr*" or Ba?" cations reside
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Table 3

Selected bond lengths [A] and angles [deg] for NaSrP, LiySrP,, LiSrP, and LiBaP

NaSrP
Na-P(1) x 2 2.9579(7)
Na-P(2) x 2 2.8984(7)
P(1)-Na—P(2) x 4 115.124(2)
P(1)-Na—P(1) 96.35(3)
P(2)-Na—P(2) 100.90(3)
Li4SrP2
Li(1)-P 2.545(3)
Li(1)-Px 3 2.742(1)
Li(2-Px 3 2.4802(3)
P-Li(1)-P x 3 115.63(5)
P-Li(1-P x 3 102.67(6)
P-Li(2)-P x 3 119.33(2)
LiSrP
Li-Px3 2.5215(2)
Li-Srx 6 3.2153(2)
P-Li-P x 3 120.0
LiBaP
Li-Px3 2.5983(1)
Li-Ba x 6 3.3732(1)
P-Li-Px 3 120.0

St-P(1) x 4 3.2039(1)
Sr-P(2) 3.1764(3)
P(1)-Sr-P(2) x 4 101.550(4)
P(1)-Sr-P(1) x 2 156.901(8)
P(1)-Sr-P(1) x 4 86.942(4)
Li(1)-Li(1) 2.821(2)
Li(1)-Li(2) 2.660(1)
Sr-Px6 3.2053(2)
P-SrPx3 180.0
P-Sr-Px6 83.802(7)
P-Sr-P x 6 96.198(7)
St—P x 6 3.2153(2)
P-SrPx3 180.0
P-Sr-Px6 85.555(6)
P-SrPx6 94.445(6)
Ba-—P x 6 3.3732(1)
P-Ba Px3 180.0
P-BaP x 6 83.681(4)
P-Ba-Px6 96.319(4)

Fig. 1. (a) Perspective view of NaSrP along the [001] direction. (b) P-centered trigonal prismatic view along the [001] direction. P(1)Sr¢ tigonal prisms are
light gray and P(2)Nag trigonal prisms are dark gray. For both figures, bonds between Sr and P atoms for (a) and capped P-Na or P-Sr for (b) were
omitted for clarity. Large open circles are Sr atoms, small filled circles are Na atoms, and small open circles are P atoms.

between the anionic gO[LiP]Z’ layers (Fig. 2(a)). Between
the layers, Sr>" and Ba”" cations are surrounded by six Li
and six P atoms in a hexagonal prism. These hexagonal
prisms share their all rectangular faces along the ab plane
and all hexagonal faces along the c-axis. P atoms are
bounded by six Sr or Ba atoms and three Li atoms in
tricapped trigonal prismatic geometry (Fig. 2(b)). Li—P
distances are 2.5215(2)1& for LiSrP and 2.5983(1)1& for
LiBaP. Those values are somewhat longer than those of
LizP (2.462 A). Since large Sr** or Ba?™ cations substitute

for the smaller Li™ cations in LisP, the LisP5 hexagon (the
angles of Li-P-Li and vice versa are ideally 120°) widen
along the ab plane. Sr—P and Ba-P distances are
3.2153(2) A for LiSrP and 3.3732(1)A for LiBaP. The
Sr-P distance is in good agreement with the above
mentioned compounds and the Ba—P distance is compar-
able to those in the binary «-BasP4 (3.189(3)-3.293(3) A)
[47] and ternary NaBrP (3.293-3.343 A) [43].

Li4SrP, crystallizes in the centrosymmetric rhombohe-
dral space group R3m, with two independent positions for
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Li (3m), one for Sr (3m), and one for P atoms (3m). The
crystal structure is composed of alternate graphite-like
anionic layers of io[Li(Z)P]z_ which extended along the
crystallographic ab plane while the remaining Li(1) and Sr
atoms lie between anionic go[Li(2)P]2’ layers. Li(1) and Sr
atoms lying between anionic io[Li(2)P]2_ layers are
coordinated to four P atoms arranged in a distorted
tetrahedral geometry and six P and six Li(2) atoms
arranged in a hexagonal prism, respectively. Alternatively,
the crystal structure of LiySrP, can be described as
intergrowth of LizP and LiSrP layers (Fig. 3(a)). In the
LisP layer (A layer), two Li atoms are sandwiched between
the anionic go[LiP]z_ layers as in LizP [29]. In the LiSrP
layer (B layer), the Sr atom has same geometry as in LiSrP
and anionic io[LiP]Z’ layers are staggered as found in

s

Lo 6

LiAeP (see Fig. 2(b)). As shown in Fig. 3(a), both layers are
stacked (...ABA’B’A”B”A....) along the c-axis and slide a
little bit along the ab plane to make the large ¢ cell
parameter. Li(1)-P distances in the Li(1)P, tetrahedron
range from 2.545(3)72.742(1)/& and Li(2)-P distance in the
io[Li(2)P]2_ layer is 2.4802(3) A. Those values are in good
agreement with LizP (2.524-2.768 A in the LiP, tetrahedra
and 2.462A in the go[LiP]z_ layer). The smaller Sr
substitution between the LiP layers results in less steric
expansion of the LizP; hexagon. The Sr—P distance is
3.2053(2)A which is in good agreement with above
mentioned Sr-containing compounds. P atoms are

bounded by seven lithium and three strontium atoms in a
tetracapped trigonal prism (Fig. 3(b)). Three Li atoms
capping through

rectangular faces come from the

Fig. 2. (a) The crystal structure of Li4deP (4e = Sr, Ba) along the [100] direction. (b) Perspective view of Li4eP (4e = Sr, Ba) along the [001] direction.
The environment of the P atom is highlighted by a polyhedron drawing. Large open circles are Sr or Ba atoms, small open circles are Li atoms, and

medium filled circles are P atoms.

a

’ ] LizP layer (A)

LiSrP layer (B)

Fig. 3. (a) The crystal structure of LiySrP,, represented by LizP and LiSrP layers, along the [100] direction. Large open circles are Sr atoms, small open
circles are Li atoms, and medium filled circles are P atoms. (b) The tetracapped trigonal prismatic environment of the P atom. Displacement ellipsoids are
drawn at the 90% probability level.
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go[Li(2)P]2’ layer and the one Li atom capping through the
triangular face and the three Li atoms in the triangular face
come from Li(1) layer.

LiSrP, LiBaP, and LisSrP, can be described as LizP
derivatives as mentioned above. Sr*" or Ba’" cations
substitute for two Li" cations (Liy[LiP]— Ae[LiP]
(Ae = Sr, Ba); 2Li,[LiP] > Li,Sr[LiP],). While 4¢* " cations
in LiSrP and LiBaP substitute for all interlayer Li, Sr**
cations in Li4SrP, substitute half of the Li, layers. Since the
substituted Sr>* (1.44A) or Ba’>" (1.61 A) cations are
larger than Li* (0.76 /o\) [48], full or partial substitutions
produce a 1:1:1 phase for LiSrP and LiBaP and a structural
modification for LisSrP,. Consequently, as the size of
metals between the anionic io[LiP]z_ layers increases, the
unit cell constants and interlayer distance between anionic
go[LiP]z’ layers increase almost linearly as shown in Fig. 4.
In LisSrP, the interlayer distance between the anionic
go[Li(Z)P]2_ layers is much smaller than in the LisP binary
(3.323 vs 3.789 A, respectively), while the interlayer
distance in the LiSrP layer is larger than that of LiSrP
(4.285vs 3.990 A, respectively). Interestingly, the size of the
go[LiP]z_ net hardly changes on going from LisP to LisSrP;
(the a-axis increases from 4.264 to 4.2813 A, respectively),
while the a-axis of LiSrP is much larger (4.3674 A)

The bond valence sums and Madelung site potentials
were calculated with the program EUTAX [49] and the
results are listed in Table 4. The default values of the R;
(Na—P = 2.360; Li-P =2.040; Sr-P =2.670; Ba-P =
2.880) for cation—anion single bonds were used to calculate
the bond valence sums. The Madelung potentials were
determined by assigning ionic charges for all atoms (Na ™,
Li", Sr?*, Ba®", P*>7). The calculated valence sums for an
atom in purely ionic compounds are expected to be close to
their valence and normally calculated site potentials are
close to —10 times the formal charge of ion [50]. However,
the calculated bond valence sums and Madelung site
potentials shown in Table 4 are all systematically low.
This may be due to the covalent character of the bonding

9 . . . . . 160
8.6049
7.98V n
g ™ O Li50
e 450.92
7.579
7 - - 140
A 6 o L 130 A3
131.82
119.34
51 o 43674 45003 [ 120
4264 g— =0
5] —
IN—V 4302 [ 110
3.789 3.990
3 . . . 100
Li,P LiSrP LiBaP

Fig. 4. Comparison of the unit cell parameters and anionic interlayer
distances. ([OJ: a-axis, M: c-axis, O: unit cell volume, V: interlayer
distance).

Table 4
Calculated Bond Valence Sums and Madelung Site Potentials of NaSrP,
LiySrP,, LiSrP, and LiBaP

Atoms Bond valence sum Madelung site potential (V)
NaSrP Na 0.86 —9.60
Sr 1.12 —153
P(1) 2.01 23.4
P(2) 2.16 23.2
LisSrP, Li(1) 0.71 —9.72
Li(2) 0.91 —10.7
Sr 1.41 —15.1
P 2.33 25.5
LiSrP Li 0.82 —11.1
Sr 1.37 —15.4
P 2.19 24.5
LiBaP Li 0.67 —11.0
Ba 1.61 —14.7
P 2.28 23.4

compared to halides, oxides, or even nitrides. The
electronegativity of P (Mulliken EN = 2.30) is much less
than that of the neighboring elements (usual anions) such
as N (2.90), S (2.69), C (2.48), and O (3.41) [51]. The color
(red or yellow) of each compound also suggests that the
title compounds are closed shell semiconductors with a
relatively large optical band gap. The classical charge
valences can thus be described as [Na™ or Li"][Sr*" or
Ba?"][P*7] for 1:1:1 phases and [Li " ],[Sr* "][P*7], for the
4:1:2 phase, as expected for simple insulators.

4. Summary

Four phosphides, NaSrP, LiSrP, LiBaP, and Li4SrP,,
have been obtained in attempts to prepare new phosphide
nitrides and structurally characterized by single crystal
X-ray diffraction techniques. The previously reported
structures of LiSrP and LiBaP have been corrected and
experimentally proved to be in the centrosymmetric space
group P63/mmc. The results presented here and other
results [44,52,53] clearly demonstrate that phosphides are
thermodynamically favorable rather than nitride or phos-
phide nitride compounds. Also it can be expected that
many more new and interesting phosphides will be
accessible by a systematic variation of the present reaction
conditions. Although we did not attempt to prepare
unknown analogous, such as KA4eP (4e = alkaline earth
metals) or 4:1:2 series compounds, with the same structure
type, further study in this area is warranted.

5. Supporting information

The crystallographic files in CIF format for the title
compounds have been deposited with FIZ Karlsruhe as
CSD no. 416887 for NaSrP, 416888 for LisSrP,, 416889 for
LiSrP, and 416890 for LiBaP. The data may be obtained
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free of charge by contacting FIZ Karlsruhe at +49 7247
808 666 (fax) or crysdata@fiz—karlsruhe.de (email).
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