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K3PCr401e is monoclinic (Cc) with the following unit cetl dimensions: a = 9.512(6), 6 = Il.74(2), c = 
14.74(2) A, p = 106.13(5)“, and 2 = 4. The crystal structure has been solved, with a final R value 0.055. 
The main feature of this atomic arrangement is the geometrical configuration of the PCr,Ols anion: a 
central PO, tetrahedron sharing its four corners with 00, tetrahedra. This phosphochromic anion 
provides the second example of a quaternary phosphorus in a finite anion. 

Introduction Crystal Chemistry 

The first evidence for the existence of a 
PCr,O:; anion was given by the authors in 
the crystal structure determination of 
(NH&PCr,O,, (I, 2). The present study 
describes the second example of such an 
anion in the corresponding potassium salt: 
K,PCr,OIG. This last compound is mono- 
clinic with a unit cell closely related to be 
rhombohedral unit cell of the ammonium 
salt. (See “Crystal Chemistry .’ ‘) 

A single-crystal study shows this com- 
pound is monoclinic. The following extinc- 
tion rules 

h k 1 with h + k = 2n 

h 0 1 with h = 2n and 1 = 2n 

lead to two possible space groups: Cc or 
c2/c. 

Chemical Preparation 

A concentrated solution of tripotassium 
monophosphate K3P04 and chromic acid 
with a ratio P/Cr = a is kept boiling for 
some minutes and then left at room temper- 
ature. A first precipitation of potassium 
dichromate occurs some hours later. After 
elimination of this precipitate, one observes 
in the remaining solution the formation of 
orange-red pseuderhombohedral crystals 
of K,PCr40,,. 

Refinement by a least-squares method of 
the angular data collected on a powder 
diffractogram run at a very low scan speed 
(g/min) and operating with CL&~ radiation 
gives the following cell dimensions: a = 
9.512(6), b = 11.74(2), c = 14.74(2) A, /? = 
106.13(5)“, Z = 4, and D, = 2.59. Table I 
reports the indexed powder data. 

The rhombohedral unit cell of the corre- 
sponding ammonium salt (1) is a, = 7.710(5) 
A, cq = 102.59(5)“. 

There is a close relationship between 
these two unit cells, the rhombohedral one 
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TABLE I 

INDEXED POWDER DIFFRACTION DATA OF K3PCr4016 

hkl d Cal d ObS I ObS hkl 

110 7.20 
ill 7.06 
002 7.04 I 
111 5.91 
020 5.85 
i 12 5.70 
021 5.40 
200 4.57 
112 4.56 I 
022 4.50 
202 4.44 
i13 4.40 
221 3.69 
023 3.66 
220 3.60 
113 3.59 
130 3.59 
131 3.57 
222 3.54 
004 3.52 I 
i 14 3.48 
202 3.42 
137 3.39 
i32 3.35 
221 3.32 
204 3.26 
223 3.22 
132 3.06 
311 3.06 1 
312 3.03 
024 3.02 
i33 3.01 1 
222 2.954 
3 10 2.949 I 

7.04 

5.90 
5.84 

- 

5.40 

4.55 

4.50 
4.43 
4.40 I 
3.68 
3.65 

- 040 

13 
114 
313 

19 041 
7 224 

- i 15 
1 311 

6 
133 
042 

6 i34 

9 
314 
223 

3.60 

3.57 

3.53 

3.48 
3.42 
3.39 

- 
- 

3.26 
- 

3 025 
4 241 

312 
85 043 

204 
38 240 

100 
231 
115 

3.05 

3.02 

1 242 
6 332 

11 330 
- 116 
- 134 

4 j 15 
- 402 

3 206 
241 
333 

5 006 
I35 

2.954 

d Cal 

2.925 
2.919 I 
2.871 
2.864 I 
2.850 
2.843 I 
2.742 
2.710 
2.701 I 
2.662 
2.639 
2.595 
2.501 
2.492 
2.491 I 
2.482 
2.475 
2.464 
2.459 
2.447 
2.443 
2.443 
2.401 
2.391 
2.385 
2.383 
2.378 
2.374 
2.367 
2.359 
2.347 
2.343 

d oha 

2.926 

2.864 

2.851 

2.738 

2.706 

2.667 
- 

2.5% 

2.492 

I 011, 

13 

13 

16 

4 

1 

1 

2 

2 

- 
- 

- 
- 

- - 
- - 

2.401 1 
- - 
- - 

- - 

2.371 4 

- 

2.350 8 
2.341 12 

deriving from the monoclinic one by the 
transformation matrix 

Structure Determination 

An almost regular rhombohedron with 
edge lengths of about 0.15 mm was used for 
the data collection. Thirteen hundred 
ninety-two reflections were collected using 

a Philips PW 1100 four-circle diffractometer 
operating with AgKa radiation (0.5608 A) 
monochromatized by a graphite plate. Each 
reflection was measured at a scan speed of 
O.O2”/sec in an angular domain of 1.60 
using a 0/28 scan. Background was mea- 
sured for 8 set at each extremity of this 
domain. The explored 0 range extended 
from 3 to 20”. The positions of heavy atoms 
were identified by using the MULTAN 
program (3). Then, successive Fourier syn- 
theses rapidly revealed the complete 
atomic arrangement and confirmed that the 



TABLE11 

ATOMIC COORDINATES 

Atoms x(a) 

Cr( 1) 0.4447(O) 
Cr(2) 0.3327(4) 
Cr(3) 0.3371(4) 
Cr(4) 0.4491(4) 
P 0.1204(S) 
K(I) 0.2080(6) 
K(2) 0.1462(6) 
K(3) 0.1884(6) 
O(EI1) 0.981(2) 
O(EI2) 0.994(2) 
O(El3) 0.276(2) 
O(Ll) 0.042(3) 
O(E21) 0.2sq3, 

O(E22) 0.%8(3) 
O(E23) 0.368(3) 
O(L2) 0.212(2) 
O(E31) - -0.004(2) 
O(E32) 0.333(2) 
O(E33) 0.279(3) 
O(L3) 0.214(2) 
O(E41) 0.463(4) 
O(E42) 0.288(2) 
O(E43) 0.047(4) 
O(L4) O.SOl(2) 

y((r) 

0.2361(3) 
0.4351(3) 
0.0569(3) 
0.2643(3) 
0.2335(4) 
0.4622(S) 
0.2734(4) 
().0097(S) 
0.165(l) 
0.385(l) 
0.233(2) 
0.221(2) 
0.494(3) 
0.123(3) 
0.473(2) 
0.343(2) 
0.431(2) 
0.12X2) 
0.06.((2) 
0.128(l) 
0.383(2) 
0.251(4) 
0.311(3) 
0.264(2) 

z(cr) 

0.1411(O) 
0.4588(2) 
0.4359(2) 
0.7614(2) 
0.4801(3) 
0.1725(3) 
0.8907(3) 
0.1606(4) 
0.718(l) 
0.688(l) 
0.090(l) 
O.S67(2) 
0.365(2) 
0.950(2) 
0.038(l) 
0.49S(2) 
O.ooO( I) 
0.341(l) 
0.906(2) 
0.494(i) 
0.718(2) 
0.744(2) 
0.22X2) 
0.888(l) 

TABLE III 

ANISOTROPIC THERMAL COEFFICIENTS" 

Atoms 

Cr(l) 
O(2) 
Cr(3) 
O(4) 
P 
K(I) 
K(2) 
K(3) 
O(EIl) 
O(EI2) 
O(El3) 
O(L1) 
O(E21) 
O(E22) 
O(E23) 
O(L2) 
O(E31) 
O(E32) 
O(E33) 
O(L3) 
O(E41) 
O(E42) 
O(E43) 
O(L4) 

0.0089(3) 
0.0087(3) 
0.0076(3) 
0.0084(4) 
0.0064(S) 
0.0187(7) 
0.0220(7) 

0.022X8) 
0.018(2) 
0.027(3) 
0.008(2) 
0.032(3) 
0.026(4) 

0.040(4) 

0.039(4) 
0.018(3) 
0.012(3) 
0.028(3) 
0.026(3) 
0.013(2) 
0.081(10) 
0.014(3) 
0.082(6) 
0.023(3) 

0.0040(2) 
0.0032(2) 
0.0038(2) 
0.0045(2) 
0.0040(3) 
0.012qs) 
0.0094(4) 
0.0118(.0 
O.OOS( 1) 
O.OOS( I) 
O.Oll(2) 
0.013(2) 
0.023(3) 
0.018(3) 
0.014(2) 
0.008(l) 
0.016(2) 
0.020(3) 
0.008(Z) 
0.007(l) 
0.010(2) 
0.044(6) 
0.046(4) 
0.012(2) 

PC3.3) 
____ 
O.O02S(l) 
0.0032(l) 
0.0039(2) 
0.0027(l) 
0.0024(2) 
0.0066(3) 
0.0058(2) 
0.0073(3) 
0.0033(7) 
0.0079(9) 
0.007(l) 
0.0097(9) 
0.006(l) 
0.027(2) 
0.007(l) 
0.014(2) 
0.008(l) 
0.0060(9) 
0.031(3) 
0.0052(8) 
0.008(l) 
0.011(2) 
0.006( 1) 
0.0037(9) 

P(1.2) 

0.0019(6) 
-0.0021(6) 

0.0019(6) 
-0.0002(6) 
-0.0017(8) 

0.0071(10) 
o.ooos(lo) 

-0.0034(11) 
~0.007(3) 
-0.010(3) 

-0.008(3) 
0.013(4) 

~-0.015(7) 
--0.027(6) 

0.024(S) 
-0.012(3) 
-0.004(S) 

0.021(9) 
0.009(4) 
0.012(3) 

~0.016(8) 
--0.011(8) 
-0.104(6) 
-0.017(4) 

PKN 

0.00_(4(3) 
0.0040(3) 
0.0038(4) 

-0.0002(4) 
0.0039(S) 
0.0069(7) 
0.0092(6) 
0.0109(7) 

-0.001(2) 
0.016(2) 
0.003(2) 
0.024(2) 
O.OOl(4) 
O.OSl(4) 
0.016(3) 
O.OlO(3) 

--O.ool(3) 
0.018(2) 
0.037(4) 
0.008(2) 
0.016(6) 
0.007(3) 
0.01 l(S) 

-- O.OOl(3) 

o.oolq3) 

~0.0013(3) 
--O.cOOl(3) 

0.0012(4) 
-0.0017(5) 
-0.0028(6) 

O.OOOO(6) 
~O.oOSl(6) 

0.002(2) 
--0.007(2) 

o.ow2, 
--0.003(3) 

O.OOS(4) 
-0.020(4) 

0.016(2) 
0.006(3) 
0.006(3) 
O.Olo(3) 
0.017(4) 
0.006(2) 
O.OOS(3) 
0.014(6) 

-0.010(4) 
-0.001(2) 

'The thermal factor used for this calculation is 7‘ = p,,h2 + &X2 + &I2 + p&/\ + j3,3hl + &Xl 
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TABLE IV 

IV&IN INTERATOMIC DISTANCES (A) AND BOND 

ANGLES (“) IN THE PCrOls GROUP 

Cr(l)O, Tetrahedron 
Q(l) O&l) O(El1) O(E12) WE131 

O(L1) 1.694(11) 2.54(2) 2.75(l) 2.7ql) 

O(El1) 101.1(6) 1.593(8) 2.63( 1) 2.60(l) 

O(El2) 113/t(6) I1 l/W) 1.594(8) 2.57(l) 

O(El3) 111.4(6) 110.7(5) 108.7(6) 1.574(8) 

Cr(2)0, Tetrahedron 
Cr(2) o(L2) O(E21) O(EW O(E23) 

OW) 1.764(9) 2.70(2) 2.73(2) 2.6ql) 

O(E21) 109.3(7) 1.548(12) 2.51(2) 2.51(l) 

O(E22) 113.4(7) 111.0(9) 1.499(13) 2.53(2) 

O(E23) 102.8(6) lOS.q8) 111.9(10) 1.533(9) 

Cr(3)04 Tetrahedron 
Q(3) O(L3) W3 1) WW O(E33) 

O(L3) 1.839(8) 2.75( 1) 2.79( 1) 2.77( 1) 

O(E3 1) 108.1(5) 1.552(10) 2.51(l) 2.66(2) 

O(E32) 108.4(5) 105.7(7) 1.601(10) 2.53(2) 

qE33) 109.4(6) 117.8(8) 107.0(9) 1.549(11) 

TABLE IV-Continued 

Cr(4)04 Tetrahedron 
CrW O(L4) O(E4 1) O(E42) O(E43) 

O(L4) 1.787(8) 2.79(l) 2.49(2) 2.70(2) 

O(E41) 113.5(6) 1.548(13) 2.38(2) 2.40(2) 

O(E42) 98.8(6) 103.1(12) 1.488(11) 2.65(3) 

O(E43) 110.8(7) 104.4(12) 126.4(15) 1.484(15) 

PO, Tetrahedron 
P w-1) WL2) o(L3 O(L4) 

O(L1) I .657(3) 2.59(2) 2.44( 1) 2.57(2) 

004 108.7(7) 1.534(10) 2.52(l) 2.52(2) 

O(L3) 101.3(5) 112.4(6) 1.501(8) 2.53(l) 

O(L4) 108.2(7) 111.4(7) 114.1(6) 1.513(9) 

Other pertinent distances or bond angles 
P-Cr(1) 3.281(2) Cr(l)-O(Ll)-P 156.5(8) 
P-Cr(2) 3.182(3) Cr(2)-O(L2)-P 149.4(9) 
P-Cr(3) 3.117(3) Cr(3)-O(L3)-P 137.7(5) 
P-Cr(4) 3.182(3) Cr(4)-O(L4)-P 149.2(7) 

Cr( I)-P-Cr(2) 117.1(7) Cr(l)-P-Cr(3) 136.3(7) 
Cr(Z)-P-Cr(3) 90.q7) Cr(2)-P-Cr(4) 93.1(7) 
Cr( I)-P-Cr(4) 120.8(7) G(3)-P-Cr(4) 88.6(7) 

FIG. 1. Perspective view of the PCr,Ols group. 
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CRYSTAL STRUCTURE OF K3PCr40,6 257 

FIG. 2. Projection of the K,PCr,O,, arrangement 
along the a axis. 

right space group is the noncentrosymmet- 
rical Cc. 

After some least-squares refinement cy- 
cles using anisotropic thermal factors the 
final R value is 0.055 for 1011 reflections 

such that 

F,> 20. 

The same factor is 0.061 for the complete 
set of reflections. Table II gives the atomic 
coordinates for this arrangement, while Ta- 
ble III reports the anisotropic thermal 
coefficients. Throughout this structure de- 
termination a unitary weighting scheme 
was used. 

Structure Description 

The main feature of this atomic arrange- 
ment rests in the geometrical configuration 
of the PCr,O,G groups, essentially built 
from a central PO, tetrahedron sharing its 
four comers with CrO, tetrahedra. Main 
interatomic bond lengths and angles in this 
group are given in Table IV. 

If the average P-O distance (1.55 1 A) in 
the central PO., tetrahedron is much larger 
than those observed for the same anion in 
the corresponding ammonium salt ( 1.49 A), 
(I, 2), the Cr-0 terminal bond lengths 
ranging from 1.484 to 1.601 8, are quite 
comparable with those observed in the am- 
monium salt ( 1.44- 1.6 12 A). Bridging Cr-0 
bond distances are also quite similar for the 
two salts: (1.694- 1.839 A> for the potassium 
salt and (1.79-l 84 A) for the ammonium 
salt. 

As can be seen from Cr,P-Cr, bond 

TABLE V 

POTASSIUM-OXYGEN DISTANCES (A) IN THE KO, POLYHEDRA 

K( 1 tO(E43) 
K(ljO(E12) 
K(l)-O(E21) 
K( l)-O(E3 1) 
K( ljO(E23) 
K(ltO(Ell) 
K( 1 )-O(E4 1) 
K( l)-O(L2) 

2.60(l) 
2.77( 1) 
2.78( 1) 
2.79( 1) 
2.82( 1) 
2.907(9) 
2.9w 
3.10(l) 

K(2)-O(E33) 
K(2tO(E22) 
K(2)-O(E42) 
K(2)-O(E13) 
K(2)-O(E 11) 
K(2)-O(E2 1) 
K(2)-O(E3 1) 
K(2)-O(E32) 
K(2)-O(E 12) 
WtO(L4) 
K(2)-O(E23) 

2.74( 1) 
2.75( 1) 
2.86(l) 
2.889(9) 
2.890(8) 
2.96(2) 
3.06(l) 
3.10(l) 
3.22(l) 
3.39( 1) 
3.48( 1) 

K(3)-O(E4 1) 
K(3)-O(E32) 
K(3)-O(L3) 
K(3)-O(E13) 
K(3)-O(E12) 
K(3)-O(E23) 
K(3)-O(E 11) 
K(3)-O(L 1) 
K(3)-O(E42) 
K(3)-O(E22) 

2.81(2) 
2.96(l) 
3.004(s) 
3.02(l) 
3.08( 1) 
3.11(l) 
3.12(l) 
3.18(l) 
3.33(2) 
3..50(2) 
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angles given in Table IV, the PCr,O,, group As. With the exception of the rhombohe- 
has a pseudo-threefold symmetry around dral (NHJ3PCr4016 all of them are mono- 
the P-Cr, direction, and so, as suggested by clinic and isotypic with K,PCr,O,, (4, 5). 
the close relationship between the unit 
cells, has a geometry almost similar to 
those observed in the corresponding ammo- 
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