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A Copper (lll) Periodate Peroxo Complex: K4HsCu{l06),0, - 6H,0
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The chemical preparation and crystal structure of the trivalent copper salt K,;H,Cu(104),0, - 6H,0 are
described. Crystals are monoclinic (space group P2,/n; a = 12.650(2), b = 9.780(2), ¢ = 7.710(2) A,
B = 95.2°(1), Z = 2). The structure is refined until R = 0.038 for 2223 reflections. Isolated Cu(I0g).”
units and O3 superoxide groups occur. In the Cu(IOg);™ unit, the trivalent copper ion is surrounded by

four oxygen atoms in a rectangular configuration.

Introduction

The difficulty of obtaining and stabilizing
the copper (III) oxidation state explains the
lack of structural information on this sub-
ject in the literature.

Copper (III) fluorides K;CuFg and Cs,K
CuFg were prepared by Klemm and Huss
(1) and their structural data based on X-ray
powder diffractograms (2). Only the octa-
hedral geometry of the CuF? ™ ion could be
stated but no accurate Cu-F distances were
calculated. A recent investigation of the
structural and physical properties of the
lithium copper (I1I) oxide, Li;CuO; (3), re-
veals a square planar oxygen coordination
of Cu?*. The chemical reactions involving
the formation of the alkali copper (I1l) per-
iodate and tellurate complexes are de-
scribed in Gmelin (4). The alkali solutions
of copper (III) periodate were handled for
the first time by Malaprade (5) and Mala-
testa (6) and crystals were likely obtained
from these solutions. Ralek and Jensovsky
(7) have prepared potassium copper (III)

0022-4596/88 $3.00
Copyright © 1988 by Academic Press, Inc.
All rights of reproduction in any form reserved.

© 1988 Academic Press, Inc.

periodate solutions using chemical or an-
odic oxidations. An attempt at structural
determination of a sodium potassium cop-
per (III) periodate salt was undertaken by
Hadinec et al. (8), but no accurate crystal-
lographic data were published.

Using the chemical approach of Mala-
prade (5) we have succeeded in the prepa-
ration of a potassium copper periodate salt
K H,Cu(I0g),0, - 6H,0 and investigated its
crystal structure.

Chemiical Preparation

A direct oxidation of CuSO, by potas-
sium persulfate, K,S,0s, in KIO,/KOH so-
lutions provides potassium copper (III) per-
iodate solutions with a red-brown color,
One hundred milliliters of CuSQ; solution
(0.1 M) is added to 200 ml of KIO4 (1 M)/
KOH (5 M) solution. The precipitated mix-
ture (Cu(OH),- KOH - H,0) contains Cu?*
ions. The solution and precipitate are re-
acted by the addition of a large excess of K,
S,05 (10 to 20 g) at 50°C. The solution be-
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comes red brown. A filtration removes the
excess of precipitate. The explanation of
the previous chemical reactions may be the
following: there is formation of 107~ or
(I0s0H)*~ anions in KIO4,/KOH solution.
First Cu?* is oxidized to Cu3*,

S,0%” + 2Cu?* — 2Cu3* + 2807,

then 107~ anions chelate the Cu3* with the
formation of Cu(IO0¢);” complex. Crystals
of K,S0, are removed from solution by re-
peated crystallizations in ice. The final so-
lution is concentrated in a dessicator above
KOH. Repeated crystallizations from fresh
solutions do not produce crystals of good
quality for an X-ray study. After aging solu-
tions, red-brown crystals of prismatic habit
are separated. Their composition K;H,Cu
(106),0, - 6H,0 is based on the results of
the crystal structure analysis. The solutions
of this complex are stable with pH 10 to 14.
Crystals decompose slowly in air and in-
stantaneously with contact of weak reduc-
ing agents but they are stable in closed glass
tubes under argon.

Crystal Structure

A crystal of irregular prismatic shape and
approximate dimensions: 0.24 X 0.24 X
0.24 mm? was sealed with some of its satu-
rated solution in a glass capillary.

(a) Crystal data. According to the dif-
fractometer data, the cell parameters are
refined using 20 collected 9 reflections (10°
< @ < 13°, AgKa radiation). The crystal is
monoclinic, P2,/n, Z = 2, a = 12.650(2),
b = 9.780(2), ¢ = 7.710Q2) A, B = 95.2°(1),
d. = 2.83 g/cm?.

(b) Structure determination. Independent
reflections (3057) were collected in w mode
with a Philips PW 1100 automatic four cir-
cle diffractometer using AgKa radiation
(0.56087 A). The 6 range was 3-30°, the
scan width 1.40°, and the scan speed 0.03°/
sec. The reference reflections were 163 and
163. The background was measured for 10
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sec at the starting and final position of each
scan. No absorption correction was made
(nAgKa = 27.9 cm™!). The crystal struc-
ture was solved and refined using the pro-
gram system SDP (version RSX 11M, 1977,
Enraf—-Nonius). A three-dimensional Patter-
son function revealed the atomic positions
of I and Cu. Successive difference Fourier
synthesis showed all the oxygen and potas-
sium atomic positions. The unweighted fi-
nal value R = 0.039 was reached with 2223
reflections satisfying the condition: F2 >
80F2, oF% = counting statistics. For the
3057 observed reflections the reliability fac-
tor is R = 0.045. The residual difference
Fourier peaks are less than 1.4 e A=3 with 3
e A-3 around the second site of potassium
K2. Table I contains all the positional and
thermal parameters and Table 11 the inter-
atomic distances and angles. A list of ob-
served and calculated structure factors will
be sent on request to the authors.

(c¢) Structure description. The crystal
structure represented in Fig. 1 is a projec-
tion along the [010] direction. The frame-
work is built with Cu(IO4)}™ - O5 anions and
water molecules: potassium atoms alter-
nate between Cu(IOg);~ anions. The inter-
est of this X-ray structural determination is
to show without ambiguity the conforma-
tion of the Cu(IO¢):~ anion. I0Q¢ octahedra
chelate the copper (III) ion in a rectangular
oxygen atom configuration which may be
considered to be a distortion of an ideal
square planar configuration described by a
hybrid valence bond of dsp? type. The Cu
(I04).™ anion has the same conformation as
the Ag(I0O¢H)3™ anion, found in the KsAg
(I0¢H), - 8H,0 salt (9).

Unfortunately, the present structure
analysis does not yield a direct localization
of the hydrogen atoms: their positions
would be useful in completing the under-
standing of the structure. The two oxygen
atoms in the independent O, units are sepa-
rated by 1.214(8) A. This distance is near to
doo = 1.207 A in O, molecule (10). The
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TABLE 1
ATOMIC, ISOTROPIC,? AND ANISOTROPIC® THERMAL PARAMETERS OF K H,Cu(10g),0, - 6H,0

B‘iso
Atom x y z (A2) Bu B2 B B2 B B2
I 0.01689(3) 0.26716(4) 0.14655(6) 1.343¢5)  0.00235(1) 0.00297(2) 0.00596(4) 0.00003(6) 0.0007%(4)  ~0.00060(9)
Cu 0.000 0.000 0.000 1.57(2) 0.00240¢6) 0.00321(0) 0.0081(2) 0.0003(1) —0.0003(2) —0.0009(2)

01 0.9755(5) 0.1922(6) 0.3477(8) 3.(D 0.0064(4) 0.0089(6) 0.0091(8) 0.003(1) 0.0066(9) 0.006(1)
02 0.9190(4) 0.4039(5) 0.1429(7) 2.10(9) 0.0033(3) 0.0036(4) 0.0120(9) 0.0014(6) 0.0021(8)  —0.001(})
03 0.1036(4) 0.1091(5) 0.1054(7) 1.78(8) 0.0025(2) 0.0032(4) 0.0104(8) 0.0004(5)  —0.0013(8)  —0.0015(9)
04 0.4177(4) 0.3491(5) 0.5083(7) 1.95(9) 0.0022(2) 0.0037(4) 0.0123(9) —0.0004(5)  —0.0019(8) 0.003(1)
05 0.1305(5) 0.3573(6) 0.2513(8) 3.1(D 0.0039(3) 0.0077(6) 0.016(1) ~0.0017(8)  —0.003(1) —0.005(1)
06 0.5592(5) 0.1702(6) 0.4201(7) 2.6(1) 0.0063(4) 0.0047(5) 0.0092(8) —0.0004(7) 0.0081(8)  ~0.001(1)
0 0.4964(4) 0.0497(6) 0.0463(6) 3.079) 0.0012(2) 0.0137(6) 0.013(7) —0.0033(6)  —0.0023(6) 0.0263(8)

OW1  0.6168(6) 0.4421(8) 0.096(1) 4.1(2) 0.0057(4) 0.0109(8) 0.018(1) 0.004(1) —0.006(1) —=0.002(2)
ow2  0.7153(5) 0.0984(7) 0.0775(%) 3.2(n 0.0042(4) 0.0103(7) 0.013(1) —0.0011(% 0.002(1) 0.001(2)
Oow3  0.376(1) 0.233(2) 0.146(1) 17.1(4) 0.044(2) 0.035(2) 0.031(2) —0.051(3) —0.059(2) 0.032(4)

K1 0.7451(1) 0.3083(2) 0.3401(2) 2.64(3) 0.00370(9)  0.0088(2) 0.0093(2) —-0.0010(2) 0.0006(3)  —0.0004(4)
K2 0.2694(2) 0.0823(4) 0.3564(3) 7.76(7) 0.0081(2) 0.0390(6) 0.0125(4) 0.0234(4)  —0.0055(4)  —0.0145(8)

Note. Standard deviations are given in parentheses.
“Biso = ¥ % % By ai- qy.
b T =exp —(h2B1 + KBy + [%Bys + AkByy + RiB1s + kiBs).

0O-0 bond lengths found in hydrogen per- existence of O, isolated molecules is diffi-
oxide (1.47 A) and peroxo organic and inor-  cult to imagine. In addition, the origin of O,
ganic salts (1.33 to 1.55 A) are quite dif- units is the primitive solution containing
ferent (/7). In this ionic structure, the peroxo groups, O} and O3, coming from

Fic. 1. The (a,c) projection of the KH,Cu(10),0,- 6H,0 structure.
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TABLE II

SELECTED INTERATOMIC DISTANCES (A) AND BoND
ANGLES (°) IN K;H,Cu(I10¢),0, : 6H,0

Cu-03 1.823(3) (x2)

Cu-04 1.811(3) (x2)

03-Cu-04 84.2(1) (x2)

03-Cu-04 95.8(1) (x2)

1-01 1.834(4)

1-02 1.822(3)

1-03 1.938(3)

I-04 1.939(3)

I-05 1.812(4)

I-06 1.970(3)

01-1-02 93.4(2) 02-1-06 89.9(2)
01-1-03 91.6(2) 03-1-04 77.9(1)
O1-1-04 90.6(2) 03-1-05 91.3(2)
01-1-05 95.3(2) 03-1-06 84.2(1)
01-1-06 174.4(2) 04-1-05  167.8(2)
02-1-03 167.8(1) 04-1-06 84.8(2)
02-1-04 91.0(9) 05-1-06 88.6(2)
02-1-05 99.3(2)

K1-01 3.124(9) K2-02 2.778(4)
K1-02 2.937(4) K2-03 2.734(3)
Ki1-03 2.950(4) K2-05 2.707(5)
K1-06 2.828(4) K2-05 3.274(5)
Ki-OWl1 2.706(4) K2-0WI 2.803(6)
K1-0wW2 2.884(5) K2-0W3 2.648(10)
K1-OW2 2.940(5)

K1-0W3 2.780(6)

0-0 1.214(8) 0-0W2 2.799(5)
0-01 2.952(5) 0-0W3 2.52(2)
0-02 2.907(5) 0-05 3.000(5)

the decomposition of K,S,04. The value of
0-0 bond in O, units involves the exis-
tence of O; superoxide ions. The O-O
bond lengtp for O3 in the superoxide «aKO,
is 1.28(2) A (12).

Remark on the chemical formula. Three
different formulas may be written after the
localization of Cu, I, O, and K atoms in the
unit cell with respect to the electroneutral-
ity.

K H3Cu(IOg); - O, - 6H,0 (1)
K4H4CU(106)202 : 6H20 (II)
K4H3CU(IOG)2 . H202 ¢ 6H20 (III)

The cell contains two formula units. For-
mulas (I) and (I1I) involve a hydrogen atom
in a special position (center of symmetry) of
the P2,/n space group. The steric impossi-
bility and the dissymetry of hydrogen bonds
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forbid the use of this special position. Thus
(II) is adopted. The short distance O-OW3
= 2.52(2) A indicates a possible interaction
between O; and OW3 through a hydrogen
bond. The OW3 water molecule has a large
vibrational amplitude and the K2 atom is
not rigidly bonded.

Conclusion

The potassium copper (I1II) periodate so-
lutions, stabilized and purified by succes-
sive crystallizations, may be used for other
chemical reactions:

(a) With NaOH solutions, a red-brown
colored precipitate is obtained. Crystals
may be prepared.

(b) Using RbOH and CsOH, rubidium
and cesium may replace potassium atoms
and give new complexes.

(c) Solutions of K H,Cu(IO¢),0,: 6H,O
are source of Cu** in exchange reactions if
the oxidizing state of these solutions is
kept. We assume that the copper (111) per-
iodate anion conformation is not modified
in solution.

We can imagine other ligands around
Cu?* ion as the ethylenebis(biguanidine) (N
donors) which chelate Ag’* in Ag[C¢He
N1]SOHSO, - H,0O salt (13).
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