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Potassium pentavanadate, K;VsO,,, is trigonal, space group P31m, with
a=8.6901(5) and ¢ = 5.0063(4) A. The crystal structure has been refined with 359
three-dimensional intensity data to R = 0.056. The structure consists of layers of
corner-linked square and trigonal pyramids, with all pyramid apices oriented in
the same direction parallel to the c-axis, and interlayered with K * ions. In the final
structure model, 8%, of the layers are oriented randomly in the opposite direction.

Few references to the compound potassium pentavanad-
ate, K;V;0,,, have been recorded in the literature. The
first definite report of its existence was given by Bystrom
and Evans,! who derived a crystal structure based on
projections obtained from film data. Three modes of
preparation of the compound (as verified by X-ray pow-
der diffractometry) have been described: (1) The crystals
used by Bystrém and Evans were obtained from aqueous
solution; (2) Kelmers? found this phase in a study of the
system KVO,-V,0g, in which he cooled melts of charges
with varying ratios of the end members; and (3) Zurkova
et al.® found that the pentavanadate was formed by heat-
ing the decavanadate, K4V,,0,5°10 H,O until all water
was driven off at 300°C. (The last authors also found an
analogous thallium compound, TLVO,,, by similar
means.) Holzberg et al.* studied the system K,CO;-V,0;
in an O, atmosphere and found five compounds, with
K,0:V,04 ratios 1:4, 1:1, 16:9, 2:1 and 3:1, melting in the
range 500-1300°C, but they did not find the phase 3:5.
Pouchard,’ in his study of sodium and potassium vanad-
ates(IV, V), prepared ‘phase D’, namely the pentavanad-
ate, citing the data of Bystrém and Evans,' and listing the
X-ray powder data. He states that the compound melts
congruently at 390°C. Hagenmuller,® following Pou-
chard,’ places K;V;0,, on a K,0-V,0-V,0, phase
diagram, but does not mention it in his review paper.
Thus, the phase represents a definite, well established
compound, but its conditions of stability are not yet clear.
Most recently, Ozeki et al.”® reported (in an abstract) a
crystal structure refinement of K;V;0,, in P31m with
a=18.6909(4) and ¢=4.9973(3) A, in which R reached
0.031.

* To whom correspondence should be addressed.
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Experimental

Trigonal crystals were obtained from an aqueous solution
of KVO, acidified to ca. pH 6 with acetic acid. The unit
cell and space group were determined by precession pho-
tography. The trigonal, acentric symmetry of the crystal

is clearly apparent from the external habit (Fig. 1). The
crystal structure was first determined from the analysis of
Weissenberg photographs of #k0 and 40/ data, which re-
vealed the unique, polar, layer structure consisting of cor-
ner-linked square and triangular pyramids.' Crystallo-

Fig. 1. Crystal forms of potassium pentavanadate: c{0001 }
c{000T}, m{1070}, p{10T1}, X{xx2xT}. X is often irregu-
lar, with x& 5.
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Table 1. Physical properties of potassium pentavanadate.

Table 2. X-ray powder data for potassium pentavanadate.’

Formula: K;V;0,,
Density (X-ray): 3.025 g cm”~
Crystallography:
System: Hexagonal—trigonal
Space group: P31m, No. 157
Unit cell (from Guinier—Hagg data, see Table 2):
a=8.6899 (6) A, ¢c=5.0028 (6) A
v=327.17 (5) A®, Z=1
Optical properties:
Uniaxial positive, ®=1.748 (2), £€=2.42 (2)
Color garnet red; X red, Z yellow
Luster adamantine
Crystal habit (Fig. 1):
Stubby, prismatic m {1070};
Positive terminus pyramid p{ 1071}, base ¢{0001!
Negative terminus base C{000T}, pyramid X{xx2xT}
(xx5; CAXx82°)
Dominant forms: m{ 1070}, p{1071}, C{000T}
Twinning, on C{000T}, common (base-to-base
doublets)
Cleavage ¢{0001}, perfect; fracture conchoidal

5 Formula weight: 596.06

graphic data for K,V,0,, are given in Table I, and
powder data. obtained by the Guinier—Hiigg method with
Cukx, radiation. in Table 2.

A thermal study of K,V;O,, was carried out with a
Guinier—Lenne heating powder camera (NONIUS) over
the temperature range 25-550°C. The sample melts in-
congruently at 400°C to a liquid plus an unidentified
phase which melts at 520°C. In the temperature range
20-400°C the a-axis does not change significantly, while
the c-axis expands linearly and substantially
(x=3.0x10"* A °C~"). The melting temperature is in
accord with that reported by Pouchard,” although he
stated that melting is congruent. A differential scanning
calorimetric experiment from 25 to 330°C showed no evi-
dence of any thermal anomaly.

We have made several attempts since 1959 to refine the
structure using three-dimensional counter data, but re-
sults have not been considered satisfactory (R>0.12, odd
electron density effects). Recently, using a NONIUS
CAD4 automatic diffractometer, a new data set has been
obtained, which has been analyzed with the XTAL2.4
program system® at a SUN 4/110 workstation. The ease
of use and speed of this computer made it possible to find
a proper solution to the structure problem.

Structure analysis

In the entire sphere bounded by 26 =60°, 3590 reflec-
tions were measured and averaged to 359 independent
F-values (Friedel pairs averaged together). Of these only
6 had |F|<3c(F), but all were used for the structure
analysis. The crystal had dimensions of 0.010 cm prism
diameter and 0.012 cm height. The absorption of MoK«
X-rays ranged from 35 to 409, (u =42.6 cm '), and has
been neglected in all subsequent calculations. The usual
Lorentz-polarization and anomalous dispersion correc-
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h k| d{meas) d(calc) Krel)
001 5.002 4.999 58
110 4.345 4.345 6
101 4.165 4.166 9
200 3.763 3.763 15
111 3.280 3.280 100
201 3.007 3.008 45
210 2.845 2.844 64
300 2.510 2.509 30
002 2.500 2.501 30
211 2.472 2.473 30
220 2.172 2.172 4
112 2.166 2.168 13
310 2.088 2.087 22
221 1.9927 1.9932 3
311 1.9268 1.9265 10
212 1.8782 1.8784 24
302 1.7691 1.7713 8
4 01 1.7610 1.7610 8
320 1.7258 1.7265 8
410 1.6422 1.6422 23
321 1.6319 1.6320 19
312 1.6024 1.6016 5
4 11 1.5604 1.5603 29
113 1.5565 1.5569 8
203 1.5247 1.5246 14
500 1.5055 1.5051 8
330 1.4482 1.4483 9
213 1.4386 1.4386 11
420 1.4218 1.4222 6
331 1.3908 1.3912 3
303 1.3887 1.3898 3
4 12 1.3728 1.3731 9
4 21 1.3686 1.3681 9
510 1.3516 1.3516 4
313 1.3023 1.3028 5
502 1.2897 1.2899 4
332 1.2534 1.2535 7
4 22 1.2363 1.2366 6
520 1.2050 1.2051 3
323 1.1995 1.1995 4
4 13 1.1704 1.1701 7
214 1.1451 1.1449 7
6 11 1.1185 1.1186 4

“Data measured on Guinier—Hagg pattern, Si internal stan-
dard (a=5.4308 A), Cu Ka, radiation (A= 1.54056 A). Note:
a weak line (10.0) at 7.59 A reported by Pouchaud ® was not
observed.

tions have been applied. An isotropic extinction factor
was refined with the structure parameters.

Starting with the parameters given by Bystrom and
Evans,' least-squares analysis led to the conventional re-
liability index R=0.11. An electron density map con-
firmed the main features of the structure, but several small
peaks suggested the possibility that some layers were in-
verted in a disordered manner. When such a layer was
introduced into the model to the extent of 8%, the struc-
ture then refined (based on unit weights) to R =0.056,
(R, = 0.067), with a goodness of fit 1.67. (Ozeki et al.”
did not find any such disorder in their structure
analysis.”®)



Table 3. Structure parameters for potassium pentavanadate: RMS thermal

anisotropic thermal parameters, U; (in A).

POTASSIUM PENTAVANADATE

displacement, u (in A); occupancy fraction, p;

Coordinates:

Atom Egpt. Sym. x y z u P Uy, Us,, Uz, Uy, U3 U,s
K 3c m 0.6080(4) O 0.0001(7) 0.159(8) 1.00 0.029(1) 0.017(1) 0.029(1) 0.009(1) 0.001(1) 0
V(11) 2b 3 1/3 2/3 0.5194(6) 0.099(10) 0.92 0.009(1) =Uy, 0.012(1) =1/2U,, 0 0
Vv{21) 3¢ m 0.2292(2) O 0.5160* 0.106(6) 0.92(2) 0.009(1) 0.012(1) 0.017(1) 0.006(1) 0.001(1) O
o(11) 2b 3 1/3 2/3 0.194(2)  0.16(2) 0.92 0.030(4) =U,, 0.017(5) =1/2U,, 0 0
0(21) 3¢ m 0.250(2) O 0.190(2)  0.19(2) 0.92 0.052(6) 0.050(8) 0.007(4) 0.025(4) -0.004{(4) O
0(31) 3¢ m 0.831(1) O 0.566(3) 0.16(2) 0.92 0.013(3) 0.025(6) 0.060(8) 0.013(3) 0.005(4) O
0(41) 6d 1 0.461(1) 0.169(1) 0.637(1) 0.15(2) 0.92 0.019(3) 0.021(3) 0.027(3) 0.004(3) 0.000(3) 0.004(3)
V(12) 1/3 2/3 0.4806 0.10 0.08

V{(22) 0.2292 0 0.4840 0.1 0.08

0(12) 1/3 2/3 0.806 0.16 0.08

0(22) 0.250 0 0.810 0.19 0.08

0(32) 0.831 0 0.434 0.16 0.08

0(42) 0.461 0.169 0.363 0.15 0.08

*z-Parameter fixed for least-squares analysis.

A final test was made with the data set averaged with
the Friedel pairs kept separate (703 observations), to de-
termine, if possible, the sense of polarity of the crystal.
The refined model, on further least-squares processing
with the separated data set (unit weights), led to
R =0.059; an inverted model (x, y, z reversed) led to
R =0.057. As this change in R results from the addition
of a single parameter, the anomalous dispersion of the
vanadium atoms shows that there is a strong probability®
that the pyramid apices point downward in the crystal
with respect to the morphology (Fig. 1), rather than up-
ward.

The layers are separated by K™ ions, which fit equally
well on both sides of the V;O,, layer. No further extra
features appeared on the AF-map, and the disordered
model was considered to be a satisfactory solution to the
structure problem. A list of observed and calculated
structure factors are available from the authors.

Description of the structure

A plan view of the layer structure is shown in Fig. 2, and
detail of a portion of the layer in Fig. 3. The layer char-
acter of this structure is very flat and strongly polarized,
with all the pyramid apices pointed in the same direction
parallel to c. Interatomic distances in the structure are
summarized in Table 4. The apical bond length is the
same for both the square and triangular pyramids, 1.64(1)
A. In the square pyramid, the basal V-O bonds linked to
adjacent square pyramids are 1.903(8) A, and those
linked to triangular pyramids are 1.806(4) A. The V-0
bonds in the triangular base are 1.741(7) A. The dimen-
sions of the pyramidal base (O-O distances) are 2.55(1)
A in both the square and triangular pyramids.

The partial inversion of the layers found in the struc-
ture analysis was assumed to be random, about one layer
in 12 being reversed, always with the K™ layers in com-
mon. It is possible that inversion may be in aggregates,
corresponding to lamellar microtwinning (not visible op-
tically), but to determine how the inversion actually oc-

Fig. 2. The V;0,,%”

vanadate layer network viewed along
the c-axis. O(1) and O(2) are bonded to V(1) and V(2), re-
spectively.

curs will require examination with the high-resolution
electron microscope.

The K* ion is ten-coordinated, contacting two trian-
gular and three square pyramidal apices on one side and
five pyramidal base atoms on the other. The average of
the former is 3.026 /OX, of the latter 2.924 A, and the av-
erage of all ten contacts is 2.975 (Fig. 4). Square pyra-
midal coordination with oxygen by vanadium(V), first
clearly demonstrated by Bystrom et al.'® in V,0Oy, is now

Table 4. Interatomic distances in potassium pentavandate.

Atoms d/A Atoms d/A
V(1)}-0(11) 1.630(12) K—0(41)'(x2) 2.992(8)
V(1)-0(41) (X3) 1.741(7) V(2)-0(2) 1.643(9)
K—-0O(11) (X2) 2.850(4) V(2)-0(31) (x2) 1.806(4)
K—0(21) (x2) 3.136(5) V(2)-0(41) (x2) 1.903(8)
K-0(21)’ 3.257(15) V(11)-V(21) 3.440(1)
K—0(31) 2.907(13) V(21)-Vv(21) 3.449(3)
K—0(41) (X2) 2.926(8)
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A2

Fig. 3. Detail of the structure of potassium pentavanadate in perspective, showing 50% probability thermal ellipsoids.

known to be common. In alkaline solutions tetrahedral
VO,* ions analogous to PO,** prevail, and as pH is
reduced these tend to link into chains or rings'' (meta-
vanadates). On the acid side of neutrality (pH 4-6) the
well known orange complex V,;,0,,®* appears in several
hydrogenated states, consisting of condensed, distorted
octahedra.'>'* Thus K;V,0,, in one sense is intermedi-
ate between the metavanadate and polyvanadate states,
containing both tetrahedral and five-fold coordination. If
weakly acidic decavanadate solutions are allowed to
stand for several days, eventually slightly soluble potas-
sium trivanadate (KV;0;) precipitates,'> which contains
both octahedral and square pyramid (V,0O4 groups) poly-
hedra. Thus vanadium coordination tends to increase
with lowered pH, and the whole range of configurations
is represented by various compounds.

The structure of K;V;0,, bears a close resemblance to
that of K;Ta;B,0,,, which has a similar layered trigonal
topology.'* The unit cell is in space group P62m with
a=8.7816 and c=3.8990 A.'* In this case the trigonal
pyramid is replaced by a BO; triangle, and the square

Fig. 4. Coordination of the K* ion in potassium pentavanad-
ate. The intersection of the crystallographic mirror plane is
shown shaded. The dashed lines show the pentagonal anti-
prismatic coordination.
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pyramids are joined directly to the adjacent layer forming
TaO, octahedra (hence the shortened c-axis).
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