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The title compounds were prepared by solid state reaction of the elemental components. Their
crystal structures were determined from single-crystal X-ray diffractometer data. Ag 2SiP 2: 142d,
a = 652.75(5) pm, c = 855.0(1) pm, Z = 4, R = 0.024 for 611 structure factors and 14 variable
parameters; AuSiP: R3m, a = 345.9(1) pm, c = 1720.0(3) pm, Z = 3, R = 0.023 (352 F values,
11 variables). The silicon atoms in Ag2SiP 2 are tetrahedrally coordinated by phosphorus atoms.
The compound might therefore be considered as a phosphidosilicate and its formula can be
rationalized as (Ag+l)2Si+4(P_3)2. However, Ag 2SiP 2 is not a tetrahedral compound since the
phosphorus atoms have five near neighbors (3Ag + 2Si) and the silver atoms are coordinated
by three phosphorus atoms in almost trigonal planar coordination. Weak silver-silver bonding
is assumed for the shortest Ag-Ag contacts of 318 pm. In AuSiP the gold atoms are in a linear
coordination of one silicon (235.5 pm) and one phosphorus atom (232.6 pm). The silicon and
phosphorus atoms are tetrahedrally coordinated (3Si + 1Au and 3P + 1Au, respectively). Thus,
the elements can be assigned oxidation numbers according to the formula Au+lSi+2P- 3 . This
structure was also refined in the centrosymmetric space group R3m, but in this improper setting
the silicon and phosphorus atoms occupy one crystallographic site with random occupancy.

Introduction
Only few ternary compounds are known with
a high content o f both silicon and phosphorus.
In many o f the well characterized compounds of
this kind the silicon atoms are coordinated by four
phosphorus atoms and the compounds may there
fore be designated as phosphidosilicates. Examples
are ZnSiP2 [1], CdSiP2 [2], Ba4 SiP4 [3], K2SiP2
[4], N iS i3P4 [5], Cs2SiP2 [6], and N iSi2P3 [7],
These compounds do not contain silicon-silicon
or phosphorus-phosphorus bonds. In contrast, the
compounds CeSiP^ [8], AlSiP} [9], Sn4i2Si 9P i 6
[10], Cu4SiP§ [11], and LaSbP^ [12] have polyan
ions with phosphorus-phosphorus bonds, in addi
tion to the silicon-phosphorus bonds within the
SiP4 tetrahedra. Ba3Si4P6 [13] has been reported
as a regular Zintl compound with silicon-silicon
and silicon-phosphorus bonds. FeSi4P4 [14] and
RhSi^P^ [15] are special, in that the silicon and
phosphorus atoms are randomly distributed over the
same atomic sites. The compounds reported here
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have only silicon-phosphorus bonds between the
light atoms. A g2SiP2 contains comer-sharing SiP4
tetrahedra, and in AuSiP the silicon and phosphorus
atoms form a two-dim ensionally infinite puckered
net, where each light atom has three neighbors of the
other kind. Som e preliminary results of the present
investigation have been presented at a conference
[16].
Sam ple Preparation and Properties
The starting materials were powders of silver and
silicon, thin gold wires (all with nominal purities >
99.9 %) and red phosphorus (Hoechst, “ultrapure”).
The samples were prepared at first with the starting
ratio Ag(Au) : Si : P = 1 ; 2 : 3 and later also with
the ideal compositions. Cold-pressed pellets were
annealed in evacuated silica tubes (tube volume 2
cm 3, phosphorus content 0.1 g). To prevent the rup
ture o f the tubes, the temperature was raised slowly:
1 d at 450 °C, 1 d at 700 °C, 5 d at 900 °C, and 21
d at 800 °C. Finally the samples were quenchend in
air.
The resulting products consisted o f porous pellets
o f the new compounds, partially in microcrystalline
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Ag2SiP2
Space group
I42d (No. 122)
Lattice constants (Guinier powder) a = 652.75(5) pm
c = 855.0(1) pm
V = 0.3643 nm2
(4-circle diffractometer) a = 652.2( 1) pm
c = 854.5(1) pm
Formula mass
305.77
Z=4
Formula units/cell
Pearson symbol
r/20
Calculated density [g/cm 1]
5.58
Crystal dimensions [yum3]
60 x 60 x 30
9/29 scans up to
26 = 90°
Range in h, k, I
±12, ±12, ±: 15
Total number of reflections
3064
Inner residual
Ri = 0.027
Unique reflections
807
Reflections with I>3<j(I)
611
Number of variables
14
Highest resjdual electron
density [e/A3]
0.89
Conventional residual
R = 0.024
Weighted residual
Rw = 0.029

AuSiP
R3m (No. 160)
0 = 345.9(1) pm
c = 1720.0(3) pm
V = 0.17819 nm2
a =345.80(4) pm
c = 1720.5(2) pm
256.03
Z= 3
hR9*
7.16
60 x 50 x 20
2 9 = 100°
± 5, ± 5, ±33
3447
Ri = 0.045
778
352
10
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Table I. Crystal data for A giSiPi and
AuSiP. Standard deviations are given in
parentheses throughout the paper.
*The symbol hR9 corresponds to the con
tent of the cell with the hexagonal axes.

0.96
R = 0.023
Ru = 0.028

form and in part also well crystallized. The crystals
o f both compounds are shiny black, like elemental
silicon; the powders are black and not sensitive to
the air. Energy-dispersive X-ray fluorescence ana
lyses showed the ratios Ag : Si : P = 2.3 : 1 : 2.3
and Au : Si : P = 1.2 : 1 : 1.3, respectively, and no
impurity elements heavier than sodium.
The samples were further characterized through
their Guinier powder patterns. Cu K qi radiation
was used with a-quartz (a = 491.30 pm, c = 540.46
pm) as an internal standard. The lattice constants
(Table I) were obtained by least-squares fits. They
are in good agreement with those determined on the
four-cycle diffractometer.
Structure Determ inations
The crystal structures o f both compounds were
determined from single-crystal X-ray data using an
Enraf-Nonius CAD4 four-circle diffractometer with
graphite-monochromated M o K a radiation and a
scintillation counter with pulse-height discrimina
tion. Back ground counts were collected on both
ends of each 6/29 scan. Absorption corrections were
carried out on the basis o f psi scan data. Further de
tails are summarized in Table I.
The systematic extinctions for the tetragonal
structure o f A g2SiP 2 led to the space groups I4\m d

(No. 109) and I4 2 d (No. 122). The higher symmet
ric group I4 \/a c d (No. 142) could definitely be ruled
out on the basis of many observed hkO reflections,
where both h and k are odd. Thus, either I4 \m d or
I4 2 d were acceptable, but the structure could only
be refined in the latter space group. The distinction
between the phosphorus and silicon atoms was easy
in this case for several reasons, all in support of
each other: i) The energy dispersive X-ray analysis
showed that there are about twice as many phos
phorus atoms in the compound as there are silicon
atoms. Thus, an ordered distribution o f the light
atoms is only possible if the silicon and phospho
rus atoms occupy the 4 a and 8d W ykoff sites, re
spectively. ii) Only this distribution results in SiP4
tetrahedra, which is in agreement with the estab
lished rules o f structural chemistry, iii) When the
stucture was refined with either only silicon or only
phosphorus atoms on both light atom positions, the
position 8<i was found to have about 8% higher oc
cupancy values than the 4 a position, in agreement
with the higher scattering power of phosphorus.
In the case o f the rhombohedral AuSiP structure,
initially both Laue symmetries 3 and 3m seemed
possible, however, the higher symmetry was found
to be correct. O f the three possible space groups
with that symmetry, the group /?32 (No. 155) was
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Table II. Atomic parameters of Ag 2SiP? and AuSiP The
postional parameters were standardized using the pro
gram STRUCTURE TIDY [20], The last column contains
the equivalent isotropic B values (xlO-4 , pm2). The occu
pancy parameters were refined in separate least-squares
cycles. In the final cycles the ideal occupancies were as
sumed. The parameter z of the Au position in AuSiP was
fixed at z = 0, to define the origin of this polar space group.

Table III. Interatomic distances in the structures of
Ag 2SiP 2 und AuSiP. For the calculation of these distances
the lattice constants as refined from the Guinier powder
data were used, since they are considered to be less af
fected by systematic errors than the ones obtained from
the four-circle diffractometer data. All distances shorter
than 390 pm (Ag and Au atoms) and 340 pm (Si and P
atoms) are listed.
A g2SiP2

Atom
A g 2SiP2
Ag
Si
P

Occup.

742 d
8d
1
0.44647(5) 1/4 1/8
4a
0
0.962(6) 0
0
1/4 1/8
8d
0.981(3) 0.8299(1)

AuSiP
Au
Si
P

R3m
3a
1
0.92(4)
3a
0.96(4)
3a

X

y

z

Beq

Ag:

1.327(4)
0.52(1)
0.61(1)

IP
2P
4A g
2A g

250.3(1)
254.7(1)
318.4(1)
333.8(1)

Si:

4P

224.5(1)

P:

2Si
224.5(1)
1Ag 250.3(1)
2Ag 254.7(1)

3P
225.8(2) P:
1Au 235.5(2)

3Si
225.8(2)
lA u 232.6(3)

AuSiP
0
0
0

0
0
0

0
1.415(9)
0.8631(1) 0.34(5)
0.1352(1) 0.82(6)

recognized eventually to be entirely incompatible
with the structure finally considered as the right one.
O f the other two groups, R3m (No. 166) and R3m
(No. 160), the more highly symmetric group allows
a refinement o f the structure only with disordered
silicon and phosphorus atoms on the W ykoff posi
tion 6c, while the latter one provides for an ordered
arrangement o f the silicon and phosphorus atoms
on two positions 3a (0, 0, z) with two different z
parameters. The distinction between the silicon and
phosphorus atoms was made initially on the basis of
the occupancy factors. This choice was confirmed
by a comparison o f the interatomic distances. The
Si-Si bonds in the diamond modification o f that ele
ment have a length o f 235.1 pm, while the P-P bonds
in the various modifications o f phosphorus vary be
tween 220 and 224 pm [17]. Thus, the Au-Si bonds
were expected to be longer than the Au-P bonds.
The structures were determined by Patterson and
difference Fourier syntheses using the SHELXS86 and SHELXL-93 [18] program packages. They
were refined by a full-matrix least-squares program
with atomic scattering factors, corrected for anoma
lous dispersion [19]. The weighting schemes re
flected the counting statistics and isotropic param
eters correcting for secondary extinction were opti
mized as least-squares variables. The final residuals
and the atomic parameters are listed in the Tables
I and II. For the calculation o f the interatomic dis
tances (Table III) the lattice constants obtained from
the Guinier powder data were used, since they were
judged to be more reliable. The coefficients o f the

Au:

IP
232.6(3) Si:
ISi 235.5(2)
6Au 345.9(1)

Fig. 1. The tetragonal cell of Ag2SiP 2 viewed approxi
mately along the 4 axis, and the hexagonal unit cell of
AuSiP.

anisotropic thermal parameters and the strucure fac
tor tables have been deposited*.
D iscussion
The crystal structures o f A g 2 SiP 2 and AuSiP
are relatively simple (Fig. 1). Both are new struc
ture types and both are the first compounds o f the
corresponding ternary systems. The silicon atoms
in A g2SiP2 are coordinated by four phosphorus
’T h e y may be obtained from the Fachinformationszentrum
Karlsruhe, D -76344 Eggenstein-Leopoldshafen, by quoting the
registration no. C SD -59426.
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Fig. 2. The crystal structure of
Ag 2SiP 2 viewed along the 4 axis
(at the left side) and perpendicular
to it (right side). In the upper part
of each drawing all short bonds
are shown; below these parts only
the bonds between the light atoms
are drawn; further below the SiP4
tetrahedra are emphasized, and at
the bottom only the shortest AgAg bonds (318.4 pm) are indi
cated. Note that the SiP 4 tetra
hedra are only linked via com
mon corners and not via edges,
as might be concluded from the
projection on the right-hand side
of the figure.

atoms in tetrahedral arrangement, and the com 
pound may therefore be considered as a phosphidosilicate, where the oxygen atoms o f an oxosilicate are substituted by phosphorus atoms. These
SiP4 tetrahedra are nearly perfect with equal Si-P
bond distances o f 224.5 pm and P-Si-P bond angles
o f 103.10(2)° (4x) and 123.14(2)° (2x). They share
comers (Fig. 2), thus forming a three-dimensionally
infinite network o f the composition SiP 2 . Neverthe
less, A g 2SiP 2 is not a “tetrahedral compound”, like
e. g. CdSiP 2 [2], where all atoms are coordinated
tetrahedrally [21], since the silver atoms have only
three phosphorus neighbors in a coplanar arrange
ment, and, correspondingly, the phosphorus atoms
have three silver neighbors in additon to the two sil
icon neighbors. The Si-P bond length o f 224.5 pm
is in good agreement with the Si-P distance o f 224.5
pm found in Cu4SiPg [11] and also with the average
Si-P distances o f 224.1 and 224.4 pm in LaSi2 Pö and
CeSi 2?6 [12], respectively. These distances are all
somewhat short, considering that the P-P distances
in the elemental modifications o f phosphorus vary
between 220 and 224 pm, and in view o f the Si-Si
bond length o f 235.1 pm in elemental silicon [17],
as already mentioned above. Thus, an Si-P bond
length of (222 + 235)/2 = 228.5 pm could be ex
pected. Nevertheless, we assign a bond order o f one

to the Si-P bonds in A g 2 SiP 2 , and in using oxidation
numbers, where all bonding electrons are counted
at the more electronegative partner, we obtain the
formula (A g+1) 2Si+4(P- 3 )2 , or, in emphasizing the
silicon-phosphorus polyanion, we can also write
the formula (A g+1)2(SiP 2 )~ 2. Thus, the polyanion
(SiP 2 )-2 follows the Zintl-Klemm concept [22-24]:
It has the same number of valence electrons as the
various modifications o f SiCh, and, accordingly, the
silicon atoms in (SiP 2)-2 have four near neighbors
within the polyanion, while the phosphorus atoms
have two.
The three phosphorus neighbors o f the silver
atoms are at the average distance o f 253.2 pm. This
distance is practically the same as the average Ag-P
distance o f 253.5 pm in A g 3P n , where all silver
atoms have four phosphorus neighbors [25]. At first
sight this might be surprising, since shorter inter
atomic distances are expected for lower coordina
tion numbers. However, while the silver atoms in
A g3P, i have only four phosphorus neighbors (the
shortest A g-A g distance in Ag^Pn is 370 pm), the
silver atoms in A g 2 SiP 2 are also coordinated by six
silver atoms at 318.4 pm (4x) and 333.8 pm (2x).
Thus, the fact that the Ag-P distances are practically
o f the same length in A g 2 SiP 2 and A g3Pi i (inspite of
the different numbers o f phosphorus neighbors) can
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Fig. 4. The crystal structure of AuSiP (space group R3m,
No. 160) as compared to the W Ni type modification
of CaSi: (space group R3m, No. 166). The structure
of AuSiP can also (with disordered Si and P on the
same atomic position) be refined in the centrosymmetric
space group; nevertheless, this higher-symmetry disor
dered structure of AuSiP is strictly speaking not isotypic
with the W N : type modification of CaSii, since the cal
cium atoms have six near neighbors, while the gold atoms
have only two.

Si (3m)

P (3m)

Fig. 3. Near-neighbor environments and site symmetries
(indicated in parentheses) in the structures of Ag 2SiP 2
and AuSiP.

be taken as a proof for the bonding character of the
A g-A g interactions in A g 2 SiP 2 . Weak (secondary)
A g-A g bonds have been observed and discussed
for many silver compounds for many years [26].
Frequently A g 3 triangles are observed. In A g 2SiP 2
these triangles are condensed to Ag 4 tetrahedra,
which are further linked to a three-dimensional sil
ver network, since each silver atom belongs to two
such Ag 4 tetrahedra (Fig. 3).
The silver atoms in A g 2 SiP 2 have relatively
large thermal amplitudes. This is in contrast to
the observation made for numerous transition metal
polyphosphides, e. g. the many structures o f tran

sition metal polyphosphides with the composition
TP 4 [27 and references therein], where the metal
atoms always have smaller thermal parameters than
the phosphorus atoms. This indicates that the silver
atoms are only weakly bonded to the framework
o f the polyanion in agreement with their low va
lence. We therefore considered the possibility that
A g 2SiP 2 might be the parent compound for a familiy
o f solid electrolytes. Since all silver sites in A g 2 SiP 2
are occupied, we tried to create defects on these
sites, which might enhance the ionic conductiv
ity o f this compound. For this purpose we synthe
sized members o f the solid solution series A g 2_ 2.r
CdvSiP 2 and A g 2_,v SiP 2_x SA. For a sample with the
overall composition Agi 6Cdo.2SiP 2 we obtained the
slightly larger lattice constants o f a = 652.98(8), c
= 855.5(1) pm, as compared to the lattice constants
o f a = 652.75(5) and c = 855.0(1) pm for the pure
compound, while for the samples with the nominal
com positions Agi.sSiPj.gSo^ and A gi. 6SiPi. 6So.4
the lattice constants decreased to a = 652.58(8),
c = 855.0(2) and a = 651.7(1), c = 853.7(2) pm,
respectively. This indicates, that at least some cad
mium and sulfur, respectively, could be dissolved in
the solid. We then stored these samples in a concen
trated solution o f KCN for two weeks at room tem
perature. After this treatment we investigated both
the dried solution and the solid samples in a scan
ning electron microscope. No indications for ionic
conductivity were obtained by energy-dispersive X-
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ray analyses: neither did the solutions contain sig
nificant amounts o f silver, nor could we observe
any remarkable content o f potassium in the solid
samples.
The gold atoms in AuSiP are coordinated by a sil
icon and a phosphorus atom in linear arrangement.
The linear coordination is frequently observed for
Au(I) compounds [28]. The silicon and the phos
phorus atoms are tetrahedrally coordinated, the sil
icon atoms by one gold and three phosphorus, and
the phosphorus atoms by one gold and three silicon
atoms (Fig. 3). All near-neighbor interactions can
be rationalized with two-electron bonds in agree
ment with the validity o f the octet rule for silicon
and phosphorus. In counting the bonding electrons
at the neighbor with the higher electronegativity we
obtain the formula Au+lSi+2P~3. Thus the silicon
atoms count as an anion with respect to the gold
atoms, and they are cationic regarding the Si-P in
teractions. The Au-P distance o f 232.6 pm is in
good agreement with the corresponding distance o f
233.9 pm in AU2 P3 [29] and also with the distances
o f 233.5 and 232.1 pm found for the gold atoms
with linear coordination in AU7 P 10I [29]. In both o f
these compounds there are weak secondary Au-Au
interactions with bond distances o f 293.2 and 313.6
pm. In contrast, the shortest Au-Au interactions o f
345.9 pm in AuSiP cannot contribute significantly
to the stability o f this compound. The Si-P bond
distance o f 225.8 pm is again slightly shorter than
the distance o f 228.5 pm calculated from the bond
distances o f elemental silicon and phosphorus, as
was already discussed above.
The structure o f AuSiP was also refined in
the higher-symmetric centrosymmetric space group
R3m(No. 166). In that space group the silicon and
phosphorus atoms occupy the position 6c in random
distribution. A conventional residual o f R = 0.021
for 175 structure factors and 7 variable parameters
was obtained for this refinement, as compared to
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R = 0.023 for 352 structure factors and 11 variables
for the refinement in the space group R3m (No. 160).
However, inspite o f the slightly higher residual for
the refinement in the centrosymmetric group, the
refinement in the noncentrosymmetric group is con
sidered to be correct, because an ordered structure
is to be preferred for thermodynamic reasons and
also because the resulting differences o f the Au-Si
and Au-P distances met the expectations, as already
discussed above. The slightly lower residual for the
refinement with the wrong space group is entirely
due to the data averaging, because the errors in the
counting statistics are reduced when reflections of
practically the same intensities are averaged (the
number o f unique structure factors is nearly twice
as large for the refinement in the lower symmetry
group R3m).
In Fig. 4 we show the crystal structure of AuSiP
emphasizing its similarity to the structure of the
W N 2 type modification o f CaSi 2 [30], At first sight
it appears as if the two compounds were isotypic.
Indeed, the puckered hexagonal polyanionic (Si 2 )
net of CaSi2 is quite similar to the (SiP) net of AuSiP,
if one disregards the order o f the Si and P atoms. A
significant difference, however, arises through the
placement of the metal atoms: the calcium atoms
have six silicon neighbors in trigonal antiprismatic
arrangement, while the gold atoms are coordinated
by only two light atoms.
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