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Six antimony phosphates, K,Sb3P20r4, xHzO, KSb2P08, KSbPzOs, SbOPO,, K2SbPOC, and K,Sb,P2 
Oz,, have been studied by vibrational spectroscopies: infrared absorption and Raman diffusion. An 
assignment of the observed frequencies is given, more particularly for the stretching P-O and Sb-0 
domains. The number of bridging and unshared oxygen atoms in the PO4 groups has been related to the 
highest Y,, (P-O) frequency of the spectra. For the three types of Sb-0 bonds the frequency ranges 
have been specified. C 1988 Academic Press. Inc 

Introduction 

Within a research program devoted to 
compounds likely to exhibit fast alkali-ion 
mobility the K20-Sb205-P205 system was 
recently investigated. Several phases were 
identified and their crystal structures deter- 
mined: K3Sb3P20i4, xHz0 (I, 2), KSbzPOs 
(3), KSbP208 (4), SbOPO‘, (5), KzSbPOG 
(6), and KsSb5P202,, (7). In some of these 
compounds the potassium ions can be eas- 
ily exchanged in acidic medium thus lead- 
ing to phosphatoantimonic acids which are 
very good ion exchangers (8) and protonic 
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conductors. These acids and related com- 
pounds prepared from an ion-exchange 
process are, generally, poorly crystallized. 
Vibrational spectroscopies, infrared ab- 
sorption and Raman diffusion, are well 
adapted to the characterization of such ma- 
terials and especially to infer valuable infor- 
mation about protonic species. It is, how- 
ever, essential to identify first the various 
vibrations corresponding to the atoms of 
the covalent frameworks. This paper re- 
ports on the vibrational spectra of the 
above-mentioned antimony phosphates. An 
assignment of the observed frequencies is 
given, more particularly for the stretching 
P-O and Sb-0 domains. It is supported by 
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a complete vibrational study of the layered 
compound K3Sb3PZ0i4, nH20 for which Ra- 
man polarized spectra have been recorded 
from single crystals, thereby allowing a 
normal coordinate analysis reported previ- 
ously (9). 

Experimental 

In the K20-Sb205-P205 system, six 
phases corresponding to K2SbP06, K3Sb3PZ 
O,~,XH?O, KSbP208, K5SbSPZ02”, KSb2 
POs, and SbOP04 were synthesized accord- 
ing to a procedure previously described (2- 
7) and characterized by their X-ray powder 
diffraction pattern. The infrared and Raman 
spectra of the powder samples have been 
recorded under conditions described earlier 
(9). 

Previous Structural Data 

The crystal structures of the phosphates 
have already been accurately determined 
by X-ray diffraction (1-7). They are built 
up from PO4 and Sb06 polyhedra linked to- 
gether according to different arrangements 
as shown in Fig. 1. SbOP04 (Fig. la), KSb2 
PO8 (Fig. lb), and K5SbsPzOzo (Fig. le) ex- 
hibit a three-dimensional framework. The 
crystal structure of SbOP04 may be de- 
scribed as consisting of chains of corner- 
shared octahedra running parallel to the c 
axis and linked together by PO4 tetrahedra. 
Then, there are two types of Sb-0 bonds: 
Sb-O*..Sb and Sb-O*.*P. In KSbzPOs and 
K5Sb5P20Z0 the octahedra share both cor- 
ners and edges and are linked to the tetra- 
hedra via corners. There is then a new type 
of Sb-0 bond, hereafter called Sb-O,,,, 
which corresponds to oxygen atoms of 
shared edges. In both SbOP04 and KSb2 
PO8 the phosphate groups share all their 
corners with octahedra and there is one 
type of P-O bond: P-O...Sb. On the other 
hand, in KSSbSP20Z0 there are three types of 
PO4 groups linked by two, three, or four 

vertices to the octahedra and having, re- 
spectively, two, one, or no unshared oxy- 
gen atoms (i.e., not bonded to antimony). 
Hereafter, a bond between a phosphorus 
atom and a so-called unshared oxygen atom 
will be named a terminal bond. 

KSbPzOs (Fig. Ic) and K3Sb3P20i4, xHzO 
(Fig. Id) have layered structures. The (SbP? 
OS), infinite layers are built up from Sb06 
octahedra and PO4 tetrahedra sharing cor- 
ners so that each octahedron is connected 
to six tetrahedra and each tetrahedron to 
three octahedra. The fourth vertex of each 
phosphate group is unshared and points 
into the interlayer space. All of the Sb-0 
bonds are of Sb-O..*P type. Within the (Sb3 
P20j& layers of K3Sb3P20i4, xHzO, each 
SbOh octahedron is connected via corner 
sharing to four Sb06 octahedra and two PO4 
groups. Thus, there are two types of Sb-0 
bonds: Sb-O..*Sb and Sb-O...P. In KSb 
PO6 (Fig. If) the SbOh octahedra and PO4 
tetrahedra are arranged in infinite chains 
running parallel to the b axis. The SbOh oc- 
tahedra are linked together by sharing 
edges. The PO4 groups are linked to these 
rutile-like strings of octahedra via two ver- 
tices and have two unshared oxygen atoms. 
There are two types of Sb-0 bonds: Sb- 
O,,, and Sb-O...P. 

In the potassium phosphatoantimonates 
the K+ ions are located in the interchain or 
interlayer spaces, respectively, for the one- 
and two-dimensional compounds and in the 
channels or channel-like cavities for the 
three-dimensional ones. The K-O bonds 
exhibit a very ionic character. 

In Table I are listed the different types of 
bonds existing in each compound and their 
lengths. 

Results and Discussion 

The theoretical group analysis by the 
Bhagavantam method (IO) has been carried 
out to number the vibrations and determine 
the IR and Raman-active modes for each 
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FIG. I. Crystal structure of the antimony phosphates. (a) SbOPO,: (b) KSbZPO,; (c) KSbPzOx: (d) K, 
Sb?P?O,,. .uH,O; (e) K,Sb,PZO,,,: (f) K,SbPO,. 
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TABLE I 

DESCRIPTION OF THE CHEMICAL BONDS IN THE ANTIMONY PHOSPHATES 

Compounds 

K&d’& 

KSbzPOx 

SbOPO, 

P-O bonds 

Type” Length (A) K-Oh (A, 

2 p-oter 1.50 2.65-2.94 
2 P-oh 1.58 2.16 

1 p-ow 1.49 >3.0 
3 P-oh I .56 2.95 

1 p-oter 1.47 2.93 
3 P-oh 1.56 >3.0 

2 p-otcr 1.53 2.61-3.06 
2 P-ot, 1.54 2.93 
1 p-o,,, 1.49 2.74-2.90 
3 P-oh 1.56 2.72-2.91 
4 P-oh 1.51-1.59 2.90-2.96 

4 P-oh 1.535 >2.99 

4 P-oh 1.53 X 

Sb-0 bonds 

Type Length (A) K-O” (;i, 

Sb-Q,, 1.98 2.70-2.90 
Sb-O...P 2.02 2.76 

Sb-O,,.Sb 1.94 2.7s 
Sb-O.,.P 2.02 2.95 

Sb-O...P 1.95 >3.0 

Sb-Q,c 1.95, 2.90 
Sb-O...Sb 1.92-1.99 b3.0 
Sb-O.,.P 1.97-2.17 2.72-3.0 

Sb-Ocvc 1.97 2.87 
Sb-O...Sb I .94 2.80 
Sb-O...P 2.03 ~2.99 

Sb-O,.,Sb 1.90 x 
Sb-O...P 1.99 X 

u ter, terminal P-O bond; b, bridging P-O bond. 
b Lengths of the K-O bonds sharing the concerned oxygen atom 

unit cell at k = 0. The results are given in 
Table II. An approximation has been made 
for the two layered compounds K3Sb3P2 
Oi4, xHzO and KSbP20s containing three 
layers in their unit cell. If one considers 
that interactions between two layers are 
negligible, it is possible to simplify the ele- 
mentary unit and to consider only one co- 
valent layer instead of three (9). For the 
two compounds K3Sb3P2014, xHz0 and KS 
Sb5P20z0 where the potassium sites are not 
fully occupied, it is necessary here to ac- 
count for the symmetry and then to con- 
sider them as fully occupied. 

Figures 2 and 3 present the Raman and 
IR spectra of the compounds. Due to over- 
lapping of bands and to weak intensities, 
the number of bands observed in the spec- 
tra is smaller than that predicted by the 
group theory, except for K3Sb3P20i4, xH20 

and KSbP20x which justifies the simplifica- 
tion of their elementary unit. 

P-O Bonds 

The tetrahedral PO:- ion with Td symme- 
try has four internal modes of vibration 
(II), i.e., symmetric and antisymmetric 
stretching modes (vi = 938 cm-‘, v3 = 1017 
cm-i) and bending modes (ZQ = 420 cm-’ 
and v4 = 567 cm-‘). Table III gives the cor- 
relation scheme for the stretching modes of 
the PO4 groups through their site symmetry 
in the different crystalline cells except 
for KSbzPOs where the symmetry is very 
low. An assignment of the observed fre- 
quencies is also presented. The antisym- 
metric stretching modes are found between 
1290 and 1050 cm-i and the symmetric 
stretching modes between 1050 and 900 
cm-‘. In addition, the highest frequency ob- 
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TABLE 11 

THEORETICALNUMBERINGOFVIBRATIONSINTHECRYSTALCELLS 

K+bPOc D:“h 2=4 (Ref. (6)) 
rap = 17 A, + 10 B,, + 17 BZp + IO B,, + 13 A, + 19 B,, + 12 Bz,, + 19 B1, 

(R)” (R) CR) CR) (9 (IN UR) (IR) 
I-,, = B,, + Bz. + B,,, 

KSbPZO, C;, Z=3+lb (Ref. (4)) 
rap = 5 A, + 5 Es + 6 A,, + 6 E, 

CR) CR) (IR) (IR) 
I-,, = A, + E,, 

WM’zO,~, x&O &I Z=3ilh (Refs. (I, 2))< 
rap = 8 A,, + 2 AZp + 10 E, + 3 A,, + 9 Al. + 12 E,, 

(RI (i) CR) (9 (IN (IN 
I’;,, = AI. + E,, 

GM’zOzo DE Z=6 (Ref. (7))< 
rap = 87 A, + 87 B,, + 63 BIe + 63 B,, + 63 A,, + 62 B,, + 89 Bz,, + 89 Bz. 

(RI CR) CR) U-3 (9 (IN (IR) (IR) 
r,,, = 6, + hu + bu 

KSb2P08 C: Z=8 (Ref. (3)) 
rap = 142 A’ + 143 A” 

(R, IR) CR, IW 
I-, = 2 A’ + A” 

SbOPO, C4,, z=4 (Ref. (5)) 
rap = 16 A, + 20 B, + 21 A,, + 24 B, 

W CR) (IN (IR) 
r, = A, + 2 B, 

c1 R, Raman active; IR, infrared active; i, inactive. 
h Simplified unit cells (see text). 
( K* sites considered as fully occupied (see text). 
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served both in the Raman and IR spectra is 
due to an antisymmetric stretching involv- 
ing the terminal bond(s) or the shortest 
bond. These frequencies are at about 1280 
cm-’ in the compounds presenting PO4 
groups with one terminal bond; they are 
shifted to about 1200 cm-’ for KSbPOb 
which possesses two terminal P-O bonds 
and to about 1100 cm-’ for the compounds 
without terminal P-O bonds. This could be 
explained in terms of a decreasing of 7~ 
bonding electron density (12, 13). These 
results must be related to the recent high- 
resolution solid-state 31P NMR study of 
these compounds which shows the correla- 
tion between the isotropic chemical shift of 
the j’P resonance line and the connectivity 
of the PO4 groups (14). 

We have not found in the literature any 
vibrational study about antimony phos- 
phates. However our P-O stretching as- 
signment is in good agreement with that of 
Stranford and Condrate (1.5, 16) on VOPO4, 
NbOP04, and MoOPOd phosphates exhibit- 
ing a structure close to that of SbOP04 and 
the same type of P-O bonds. Such P-O 
bonds are also found in the compound KTi 
OP04 studied by Jacco (I 7). 

Sb-0 Bonds 

For the Sb06 groups it is not possible to 
establish correlation schemes as for the PO4 
groups because, except in KSbP208, the 
Sb06 octahedra are very distorted and (or) 
exhibit a low symmetry. Three types of Sb- 
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0 bonds are found in these compounds: 

-The Sb-O,,, bonds created by edge- 
shared linkage of the octahedra have an av- 
erage length of 1.97 A and their frequency 
stretching range is between 880 and 7.50 
cm-‘. 

-The Sb-O..aSb bonds created by cor- 
ner-shared linkage of the octahedra have an 
average length of 1.95 w except in SbOP04 
where they have a length of 1.90 A. Their 
stretching frequencies are found in the 
range 790-670 cm-‘, in good agreement 
with those found for the same type of Sb-0 
bonds in antimonates of pyrochlore struc- 
ture (18). In SbOP04, the IR band at 872 
cm-’ is particularly high and can be ex- 
plained by the short length of the Sb- 
O...Sb bonds and by the fact that the oxy- 
gen atom concerned is not bonded to a K+ 
cation, which strengthens the rigidity of the 
bonds. On the other hand, the existence of 

chains of octahedra, which allows the cou- 
plings of the Sb-0 vibrations in these 
chains, can also explain the high value of 
this frequency. 

-The Sb-O...P bonds existing in all the 
compounds have an average length of 2.02 
A. Their stretching vibrations are probably 
coupled with the O-P-O bending u4 mode 
as it was seen in K$b3P2014, xH!O (9). 
These frequencies are found between 680 
and 470 cm-‘. 

The three ranges of Sb-0 stretching fre- 
quencies are related to the difference in the 
nature of the Sb-0 bonds: the Sb-O,,, 
bonds are more rigid than the Sb-O...Sb 
ones due to the mode of linkage, respec- 
tively, edge and corner sharing of the Sb06 
octahedra. The Sb-O...P bonds are weak- 
ened by the strong P-O bonds sharing the 
same oxygen atom. 

TABLE III 

CORREMTION SCHEME AND ASSIGNMENT OF STRETCHING FREQUENCIES FOR PO4 GROUPS 

Compounds Ideal sym 

K<SbiP:O:,, 

Real \ym. 

c, 

A’ 

?A’ + A” 

Ci, 

Al 

A, tE 

Cl, 

A, 

A, + E 

(‘> 

A’ 

?A’ t A” 

C‘!,. 

Al 

A, + H, + 172 

Site \ym. Factor group Assignment 

975 
935,907 

1182, 1113. 1070 
1220. 1200, 1175 

9lY 
1025-970 
128X 
1280. 1240 

995-984 
970-95s 

1211, 1095 
12X4. 1190 

975 
995-960. 905 

1240-1230, 1180, 1070 
1288-1245-1216, 1074 

1010 
1040 
1122, 1060-1050 
IO80 
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Other Modes References 

-Below 450 cm-i, the observed frequen- 
cies involve strong couplings between the 
different bending vibrations: O-P-O, O- 
Sb-0, Sb-O-P, Sb-0-Sb as in K3Sb3P2 
Oi4, xH20 and correspond to deformations 
of the polyhedra or of the whole covalent 
network. 

-The bands due to the K-O bonds are 
supposed to appear at very low frequen- 
cies, below 150 cm-‘, in agreement with 
their strong ionic character and their 
length. 

Conclusion 

This study allowed us to: 

-characterize the different compounds 
by their IR and Raman spectra; 

-propose an assignment of the observed 
frequencies, more particularly for the 
stretching P-O and Sb-0 domains, taking 
into account the chemical environment of 
the oxygen atoms: 

* the number of bridging and unshared 
oxygen surrounding the phosphorus at- 
oms has been related to the highest fre- 
quency of the spectra (vas P-O); 

. the frequency ranges of the three 
types of Sb-0 bonds encountered have 
been specified. 
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