Vol.34 No.12 RUSSIAN CHEMICAL REVIEWS December 1965

43. B.G.Dzantiev, A.P,Shvedchikov, and B.V.Borzhagovskii, 78. D.R.Hershbach, H.S.Johnston, K.S. Pitzer, and
Dokl, Akad. Nauk SSSR, 157, 653 (1964). R.E. Powell, J.Chem, Phys., 25, 736 (1956).

44. W.C.Sleppy and J.G. Calvert, J.Amer.Chem, Soc., 81, 769
(1959). Institute of Chemical Physics,

45. L.Farkas and H, Sachsse, Z.phys.Chem., B27, 111 (1935), USSR Academy of Sciences

46. G.A.Cook and J.R.Bates, J.Amer.Chem.Soc., 57, 1175
(1935).

47. L.I.Avramenko and R.V.Kolesnikova, Izv.Akad. Nauk SSSR,

Otd, Xhim, Nauk, 1971 (1961).

48, M.A.A.Clyne and B.A,Thrush, Proc.Roy.Soc., A275, 559 U.D.C. 546.231.1
(1963). B o

49. C.R.Patrick and J.C.Robb, Discuss, Faraday Soc., No.17,

98 (1954).

50. A.J.B.Robertson, Discuss, Faraday Soc., No.17, 98 (1954).

51, D.E.Hoare and A.D.Walsh, Trans. Faraday Soc., 53, 1102 METAL SELENOCYANATES AND THEIR
(1957). PROPERTIES

52, A.R.Burgess and J,C.Robb, Trans. Faraday Soc., 54, 1008
(1958). AM. G

.M.Golub and V.V. Skopenko

53. S.C.Kurzius, Thesis, Princeton University, 1964. p

54. M.R.Berlie and D.J.Le Roy, Canad.J.Chem., 32, 650
(1954). CONTENTS

55, H.O.Pritchard, J.B. Pyke, and A, F. Trotman-Dickenson,

J.Amer. Chem,.Soc., 77, 2629 (1955). :
Ay . o I. Introduct: 901

56, V.V.Azatyan, A.B.Nalbandyan, and Ch'ii Méng-yiian, roduction
Kinetika i Kataliz, 4, 201 (1963). % N

= . Sel and its properties 902

57. V.V.Azatyan, Candidate's Thesis, Institute of Chemical elenocyanogen S prop
Physics c?f the USSR Academy of Sciences, Moscow, 1963. TI. Analytical chemistry of the SeCN~ ion 902

58. C.P.Fenimore and G.W, Jones, J. Phys. Chem., 65, 2200
(1961). 1IV. Simple selenocyanates and their properties 902

59. L.I.Avramenko and R.V. Lorentso, Dokl.Akad.Nauk SSSR, ’ P oeya prop
69, 205 (1949). . V. Selenocyanates of heavy metals 903

60. D.E.Hoare, Nature, 194, 283 (1962). . yanales ot heavy

61. A.A.Westenberg and R. M, Fristrom, “Tenth Symposium VI C 1 based on metal selenocyanates

. 904
(International) on Combustion, Pittsburgh, USA, 1965”7, ormplexes based o m s ya
p.473. vVo. C lex formation involving the selenocyanate

62. V.N.Kondrat'ev, “Spektroskopicheskoe Izuchenie Khimi- : io(:-nn;ps Ti{ ga?a d and as ceitra?gi on va 904
cheskikh Gazovykh Reaktsii” (Spectroscopic Study of Chemi-
cal Gas-Phase Reactions), Izd. Akad. Nauk SSSR, Moscow-— VIO, Selenocyanato-complexes in non-aqueous solutions 905
Leningrad, 1944.

63. ;J.égg%;nenko and R.V.Kolesnikova, Zhur. Fiz.Khim., 24, IX, Complex-forming characteristics of the SeCN™ ion 906

64, C.P.Fenimore and G.W,Jones, J.Phys.Chem., 65, 993 X. The structure of selenocyanates 906
(1961). ’

65, F.Kaufman and F.P.Del Greco, “Ninth Symposium (Inter-
national) on Combustion, Ithaca, 1962”, Academic Press, I. INTRODUCTION
New York, 1963, p.659.

66. G.Dixon-Lewis, M.M.Sutton, and A, Williams, “Tenth Selenocyanates find practical use as sensitisers in
Symposium (International) on Combustion, Pittsburgh, photographic emulsions and for the preparation of organic
1965”, p.495. derivatives of selenium. The use of selenocyanates is

67. D.L.Ripley and W. C.Gardiner, J.Chem. Phys., 44, 2285 very promising for the production of metal selenides, which
(1966). are of great value in electronics. It may also be assumed

68. R.R.Baldwin, D.Jackson, R.W.Walker, and S.J.Webster, that the selenocyanates will find use in analytical chemi-
“Tenth Symposium (International) on Combustion, Pitts- stry, especially in various titrations in non-aqueous solu-
burgh, 1965”, p.423. tions and also in the separation of selenium and tellurium

69. E.Nikitin and N, Sokolov, J.Chem. Phys., 31, 1371 (1959). with the object of obtaining these elements in a high state

70. “Termodinamicheskie Svoistva Individual'nykh Veshchestv” of purity.

(Thermodynamic Properties of Pure Substances), Vol.2, . . .
Izd. Akad. Nauk SSSR, Moscow, 1962. thé(l)nvigt;%at}on_fgf the §e1enocya;1_ates 1& :ﬁso of great

71, J.W,Linnett and N.J. Selley, Z.phys.Chem. (Frankfurt), 37, retical signilicance in connection with the more pr.o-
402 (1963). — found elucidation of the chemlcgl individuality of selenium.

72. M.Szwarc, Proc.Roy.Soc., A198, 267 (1949). gewllei;he(lfss, t‘hi?e are mt)a rfmefws' 1on the selenocyanaées.

73. M.Gilbert, Combustion and Flame, 2, 149 (1958). “dy vhe lsfoma lon gons nis of si "erk; “:j%rc‘ll{r}’ ’ g:n

74. A.D.Stepukhovich and L. M. Timonin, Zhur, Fiz.Khim., 26, cadmium Se enocyanates are given in a handbook *. Hven
145 (1952). — the _book by W1111an?s on cyanogen ax'ld its cox‘npounds with

75. A.D.Stepukhovich, Dokl Akad. Nauk SSSR, 92, 127 (1953). ;’a“;’r‘l’stlellemf“ts g“'east only general information about a

76. A.D.Stepukhovich and E.I. Etingof, Dokl.Akad. Nauk SSSR, éw metal selenocyanates.

99, 815 (1954). The present paper is the first attempt to systematise

77. A.D.Stepukhovich, Uspekhi Khim., 25, 263 (1956). published information on the selenocyanates.

901



Vol.34 No.12

RUSSIAN CHEMICAL REVIEWS

December 1965

II. SELENOCYANOGEN AND ITS PROPERTIES

Selenocyanogen has been prepared by a method similar
to that used for the preparation of thiocyanogen?, an
ethereal solution of iodine being allowed to act on silver
selenocyanate 4:

2AgSeCN + I, = 2AgI + (SeCN),.

Selenocyanogen is a yellow powder soluble in light
petroleum, chloroform, and carbon tetrachloride. It
decomposes when dissolved in water. In the solid state it
keeps well under a vacuum. Its structure may be repre-
sented as two isomers N=C-Se-Se-C=N and
Se=C=N-N=C=Se.

By analogy with thiocyanogen, selenocyanogen can com-
bine with metals and also form compounds with some non-
-metals. For example, a compound with selenium is
known,; this consists of an unbranched chain with three
atoms of bivalent selenium in the middle and CN groups at
the ends. The distances between the atoms in Se(SeCN),
have been found ' to be Se—Se (2.33 A), Se—C (1.83 A),
and C-N (1.05 A). The Se—-Se~-Se valence angle is 101°.

Caesium trisselenocyanate Cs(SeCN),, which may be
regarded as a polyhalide type of compound, has been ob-
tained by the action of an ethereal solution of selenocyano-
gen on an alcoholic solution of caesium selenocyanate.
Caesium trisselenocyanate consists of reddish brown mono-
clinic prisms stable in air; it is soluble in alcohol but is
decomposed by water®. It has been shown that the com-
pounds KNCSel,, K(NCSe),I, and K(NCSe), are formed in
the potentiometric titration of KNCSe with iodine solution.

Selenocyanic acid HNCSe was obtained by Crookes by
the action of hydrogen sulphide on Pb(SeCN), suspended in
water?:

Pb(SeCN), + H,S = PbS + 2HNCSe.

HNCSe is known only in solution. It dissolves iron and
zinc with liberation of hydrogen and displaces carbon diox-
ide from carbonates.

III. ANALYTICAL CHEMISTRY OF THE SeCN~ ION

The quantitative analysis of selenocyanate solutions may
be carried out by the usual argentometric titration with
diphenylcarbazone®, and also by potentiometric titration of
the appropriate solutions with silver nitrate ¥ or mercury
perchlorate °,

In the analysis of small quantities of selenocyanates,
good results may be obtained by argentometric determina-~
tion of the selenium!!. The selenocyanate ion is converted
to selenite by the action of nitric acid; an excess of silver
nitrate and crystalline hydrazinium sulphate are added to
the acid solution. Part of the silver is converted into
silver selenide. The excess of silver nitrate is titrated
against ammonium thiocyanate.

The concentration of selenocyanates soluble, or even
slightly soluble in water, may be conveniently determined
as selenium. The selenocyanates are decomposed with
hydrochloric acid:

KNCSe + HC1 = KC1 + HCN + Se.

The selenium that separates is filtered off, dried at 100~
110°, and weighed. This method gives good results in the
analysis of salts in which the selenocyanate ion is not
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strongly bound. Apart from selenocyanates of the alkali
and alkaline-earth metals, the salts of cadmium, cobalt,
nickel, and even lead may be analysed by the method. The
selenocyanates of silver, mercury, copper, and platinum
are not completely decomposed by hydrochloric acid, part
of the selenium appearing to be precipitated as selen-
ide.

In recent years highly sensitive methods for the deter-
mination of selenium with the use of organic reagents have
been developed 27?4, These methods have been reviewed
by Ryabchikov and Nazarenko!3. The reagents may also
be used in the analysis of selenocyanates.

IV. SIMPLE SELENOCYANATES AND THEIR PROPER-~
TIES

The most studied compound of this series is potassium
selenocyanate, first obtained by the fusion of selenium with
potassium hexacyanoferrate(Il).'®* It may be assumed
that this reaction proceeds in the same way as the reac-
tion of sulphur with potassium hexacyanoferrate(II):

6Se + 2K Fe(CN); = 6KNCSe + FeK,Fe(CN),.

White crystals of KNCSe are obtained when the melt is
extracted. Since the selenocyanate ion is easily decom-
posed in the presence of water, absolute alcohol has
replaced water in the extraction?.

Later, methods for the preparation of KNCSe were
proposed in which selenium was dissolved in a concen-
trated aqueous solution of KCN 417 or fused with potassium
cyanide '8, the melt being subsequently extracted with
water ¥,

A very pure product was also obtained by boiling a
suspension of selenium and potassium cyanide in absolute
alcohol??, However, because of the interaction of the
selenocyanate ion with alcohols and the formation of vola-
tile evil-smelling alkyl selenides, this method is also
inconvenient. A very unpleasant odour is also noticed in
the extraction with alcohol of the product obtained by
sintering selenium with potassium cyanide or potassium
hexacyanoferrate(II). It is therefore more convenient to
use acetone in the extraction?!. A perfectly pure prepara-
tion of KNCSe was obtained by the reaction of selenium
with potassium cyanide in liquid ammonia 22,

There are reports in the literature on the preparation
of sodium selenocyanate by boiling red selenium with
sodium cyanide in absolute alcohol??. Sodium selenocya-
nate may be obtained in good yield also by fusing selenium
with sodium cyanide?!. The density of sodium seleno-
cyanate is 2.490 and that of potassium selenocyanate
2.347 g cm 3,20

Caesium selenocyanate is also mentioned in the litera-
ture®, but nothing is said about the properties of this salt.
Ammonjum selenocyanate was first obtained by Crookes by
neutralising HNCSe with ammonia’. Later this salt was
prepared by double decomposition between (NH,),SO, and
KNCSe' in absolute alcohol?3, and its very poor stability
noted.

Recently a communication was published on hydrazinium
selenocyanate 24, The tendency of this salt to isomerise
was noted:

N,H,NCSe = H,N-CSe-NH-NH,.
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Equilibrium in this reaction is rapidly reached in the pre-
sence of acetone and corresponds to 35% conversion of
hydrazinium selenocyanate into the semicarbazide.

The selenocyanates of the alkaline-earth metals were
first described by Crookes”. Since the salts he obtained
were only analysed qualitatively, some caution must be
used in dealing with his results. This refers particularly
to the simple formulae for the salts put forward by Crookes.
All the salts of the alkaline-earth metals and magnesium
were obtained by the action of selenocyanic acid on the
corresponding carbonates, with subsequent evaporation of
the solutions over sulphuric acid in a vacuum desiccator.

As far as the properties of this group of compounds are
concerned, there is more or less complete information in
the literature on potassium selenocyanate. This is a
colourless compound crystallising in the form of white
acicular crystals, which deliquesce in air and are readily
decomposed by acid vapours. When heated in a sealed
vessel, potassium selenocyanate melts without decomposi-
tion; when heated in air, it decomposes at 100°. It
dissolves readily in water, producing an appreciable reduc-
tion in temperature. The aqueous solution is alkaline;
when the pH of the solution is reduced to 5, the salt begins
to decompose.

Potassium selenocyanate behaves differently in the pre-
sence of foreign ions. As Lodzinska has pointed out,
introduction of the ions Na*, K*, Mg?*, Ca?*, and Ba?* has no
effect on decomposition pH of the salt?s: in the presence
of these cations, potassium selenocyanate begins to decom-
pose, when hydrochloric acid is added, at pH 5.5-4.9. In
the presence of the cations Cd?**, Hg?*, Zn**, Pb?*, Fe?*,
and Cr®, however, decomposition begins somewhat earlier,
at pH > 6. The cations Ni*, Co?*, and Cu?* decompose the
selenocyanate ion still earlier, at pH > 7. According to
Lodzinska, even at concentrations of cobalt, nickel, or
copper cations of 10-* g-ion litre™! decomposition of SeCN~
begins at a hydrogen-ion concentration of 10~8 g-ion litre=1.

The electrical conductivity of aqueous solutions of
potassium selenocyanate has also been studied; according
to Birckenbach, the equivalent conductivity at infinite dilu-
tion is 119.5 at 18° and 138.2 at 25°.26 The decomposition
voltage of KNCSe was found to be 1.10 V 6,27,

From a study of decomposition voltages and also calcu-
lation of the electron affinity of atoms and groups of atoms,
Birckenbach concluded that the selenocyanate ion has pro-
perties closely similar to those of the halide ions. Accord-
ing to this worker, the selenocyanate ion should be placed
before the iodide ion in the sequence of halide and pseudo-
halide ions:

SeCN-, I, SCN-, CN-, Br~, N3, CI", OCN-, CNO", F~.

V. SELENOCYANATES OF HEAVY METALSY

Selenocyanates of heavy metals that were sparingly
soluble in water were obtained before other selenocyanates.
They were prepared by the action of a solution of potassium
selenocyanate on the corresponding salt of the metal.
Thus, Crookes obtained silver selenocyanate as a slightly
soluble white compound?. Later silver selenocyanate was
isolated by other workers %%°, who found its density to be

1 The term “heavy metal” is used by the Reviewers to include
such transition metals as copper and zinc (Ed. of Translation).

4.60229 and its solubility producttobe 4.0 X 10~ at 18-20°,27
Crookes noted that when potassium selenocyanate was
added to salts of bivalent copper a brown precipitate was
formed. He assumed that this was copper selenocyanate.
However, the compound was not obtained in the pure state.
Attempts to obtain the selenocyanate of univalent copper
was also unsuccessful for a long time 28.

We have prepared the salt CuSeCN from acetone solu-
tion2: a solution of KNCSe is saturated with copper(l)
chloride, and CuSeCN is precipitated by the introduction of
a small quantity of water. The salt obtained in this way is
a white powder, sparingly soluble in water, alcohol, and
acetone. The solubility product of CuSeCN, measured
potentiometrically at 20°, is 1.82 x 10-1°,

Crookes mentions the preparation of Zn(SeCN), by dis-
solving zinc or its oxide in selenocyanic acid, but he gives
no analytical results on the salt and says nothing about its
properties”’.

Cadmium selenocyanate is obtained much more easily
than the zinc salt from aqueous solution because of its lower
solubility *. Cd(SeCN), is obtained by mixing solutions of
cadmium nitrate and potassium selenocyanate, rapidly
filtering the solution, and drying the product?¢. This salt
is also obtained from non-aqueous solutions. The solubi-
lity product of Cd(SeCN), at 20° is 1.93 x 10-5.30 The salt
is sparingly soluble not only in water but also in alcohol
and acetone; it dissolves readily in the presence of an
excess of selenocyanate or iodide ions.

Mercury selenocyanate, which was prepared by Cameron
and Davy by the action of KNCSe on mercury(II) acetate
solution, is very similar to the cadmium salt23. It wasalso
obtained by Rosenheim and Pritze, using HgCl, and KNCSe
as starting materials3'. Hg(SeCN), separates from water
as a white mass; it is sparingly soluble in water, and
readily soluble in the presence of selenocyanates, iodides,
and cyanides of the alkali metals.

With its poor solubility in water, mercury(Il) selenocya-
nate is very similar to the iodide and the thiocyanate.
Cadmium selenocyanate, however, differs markedly from
the iodide and the thiocyanate. Being sparingly soluble in
water, in contrast to the latter, cadmium selenocyanate
closely resembles the mercury salts. In solubility and
thermal stability, Hg(SeCN), is more reminiscent of the
iodide than of the other halides. There is a still greater
similarity in this respect between the salts of univalent
mercury. Cameron and Davy also obtained mercury(I)
selenocyanate by the action of potassium selenocyanate on
mercury(I) nitrate®’, The salt Hg,(SeCN),, like Hgl,, has
an olive green colour.

Of the elements of Group Il of the Periodic System,
only thallium selenocyanate is known; this was obtained by
the action of potassium selenocyanate on an aqueous-alco-
holic solution of thallium acetate2?, a yellow precipitate of
T1SeCN, sparingly soluble in water, being formed. The
specific gravity of TISeCN is 5.462.2

Lead selenocyanate was obtained in the same way as the
thallium salt7,20»32, Spacu prepared the salt Pb(OH)SeCN.3?
The compound Pb(SeCN), is a finely crystalline pale yellow
powder with a density of 4.694.2°% It turns red on expo-
sure to sunlight. When heated, lead selenocyanate decom-
poses at a temperature somewhat above 100°, without
reaching the melting point. At 20° a saturated aqueous
solution of lead selenocyanate has a concentration of
0.00239 M.%2 1t is practically insoluble in acetone and
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alcohol. The solubility product of Pb(SeCN), at 20° is
3.34 X 10-7 (ionic strength of solution ~ 4,32

The problem of preparing selenocyanates of the transi-
tion metals — iron, cobalt, nickel, etc. — is consider-
ably more complicated. Spacu showed that Co(NCSe),
exists in solution, but he dod not succeed in obtaining the
compound in the solid state 34,

Crookes tried to prepare iron(Il) selenocyanate by the
action of HNCSe on FeO, but only free selenium was ob-
tained?. Attempts to prepare iron selenocyanate by the
action of aqueous solutions of potassium selenocyanate on
an iron(II) salt solution were also unsuccessful.

VI. COMPLEXES BASED ON METAL SELENOCYANATES

Because of the poor stability of the SeCN™ ion, and
because many cations become more stable when converted
from hydrates to ammines, most work on the preparation
of selenocyanato-complexes has been devoted to compounds
containing ammonia or various organic amines in their
structure.

Spacu and his coworkers studied compounds of this type.
They succeeded in obtaining the following compounds with
pyridine (Py)3%: MPy,(NCSe), (with Co?*, Ni**, Mn?*, Zn?*,
Cd?*, Fe?*), MPy,(NCSe), (with Cd** and Zn?*), and
NiPy¢(NCSe),. The salt CoPy,(NCSe), was converted into
CoPy,(NCSe), when kept in a vacuum at 70°.

Besides pyridine, Spacu introduced hexamethylenetetra-
mine (Hex) as a ligand and obtained the salt MHex,(H,0),.
.(NCSe),, where M = Co?*, Ni?*, Mn?*, Zn?*, or Fe?*3¢ A
large number of compounds were obtained with ethylene-
diamine %738, The selenocyanates of nickel, cobalt, cop-
per, cadmium, and manganese also form complexes with
toluidine, benzidine, ammonia %%, and phenylhydrazine %,
Quite recently the salt Cu(NH,),(NCSe), has been obtained
from aqueous solution 4,

Other compounds containing amines are the complex
salts [(CH,),NL[Co(NCSe),] and [Et,NL[Co(NCSe),], where
Et,N is tetraethylammonium 41,

Spacu compared selenocyanates with the corresponding
thiocyanates, and found little difference in their proper-
ties; salts containing amines with the SeCN group are
somewhat less soluble than analogous salts with the SCN
group.

Some molecular selenocyanates separate from liquid
ammonia when selenium acts on metal cyanides??: magnes-
ium, aluminium, and zinc selenocyanates have been ob-
tained in this way. Zinc selenocyanate Zn(SeCN),.4NH,
melts with slight decomposition when heated in a vacuum
to 100°. Magnesium selenocyanate Mg(NCSe),.4NH,
decomposes when heated to 135°. When heated in a
vacuum to 70° A1(NCSe);.5NH, loses 2-2.5 molecules of
ammonia, but at 75° it decomposes completely.

By analogy with ammine complexes, it would appear
that many selenocyanates, unobtainable under ordinary
conditions, might be obtained from ketone and ether solu-
tions. This applies in particular to salts of the transition
elements. This hypothesis has been partially confirmed
in the case of cobalt and nickel selenocyanates with dioxan,
which will be discussed below.

904

V. COMPLEX FORMATION INVOLVING THE SELENO-
CYANATE ION AS LIGAND AND AS CENTRAL ION

Potentiometric study of the Ag*~SeCN"-H,O system has
demonstrated the existence of Ag(SeCN)2" complexes with
a dissociation constant of 1.3 X 10-14,28,2 With a higher
concentration of KNCSe in aqueous solution, Ag(SeCN)J" is
formed. Under conditions such that the solubility method
in aqueous solution is applicable, it can be shown that
AgSeCN is formed*.

The salt KAg,(SeCN),; has been obtained when aqueous
solutions of potassium selenocyanate are saturated with
silver selenocyanate*3. This salt is stable in air and
sparingly soluble in water. Colourless crystals of
KAg(SeCN), separate from aqueous solution as regular
cubes, in addition to crystals of K;Ag(SeCN), and finely
acicular colourless crystals of K,Ag(SeCN),. The last
salt is better prepared from alcoholic and acetone solu-
tions 43, 1t has also been shown by the solubility method
in aqueous solution that the mixed complexes Ag(SeCN),.
.SCN?" 4 and AgI(SeCN)2" %5 are formed. The salts
K,Ag(SeCN)(SCN),, KAg,(SeCN),(SCN),** and KAg,(CNSe).
J, %5 have been obtained crystalline; the complexes
AgI,(SeCN)*> and Ag(SeCN)y(SCN)*" have been detected
potentiometrically 45.

Both in the character of complex formation and in stabi-
lity the selenocyanato-complexes are reminiscent of iodo-
and thiocyanato-complexes 4,47, They are, however, more
stable than the thiocyanato-complexes. It is for this rea-
son that silver forms comparatively readily mixed
selenocyanatothiocyanato- and halogenoselenocyanato-

- complexes 4.

It has also been found that selenocyanates, like halides
and thiocyanates #75!  form silver complexes of cationic
type 2. A study of the solubility of AgSeCN in aqueous
solutions of AgNO, and AgClO, has shown that the com-
plexes Ag,SeCN*, Ag,SeCN?*, .and Ag,SeCN3%* are formeds?.
It is interesting to note that the solubility of AgSeCN at
corresponding concentrations of AgNO, is very close to the
solubility of silver iodide5!. However, in contrast to the
selenocyanate system, the iodide system has no complex
with coordination number 4.49-5!, Crystalline [Ag,SeCN].
.(NO,), and [Ag,SeCN]ClO, are obtained from aqueous solu-
tion. These salts are stable in air but are decomposed to
AgSeCN by water 52,

1t is also possible that some other metals form seleno-
cyanato-complexes with a central anion. Thus, it may be
assumed that similar complexes with mercury (Hg,SeCN3*)
and even cadmium (Cd,SeCN%*) exist.

The formation of a cadmium complex Cd(SeCN);~ with a
dissociation constant of 2.5 X 1074 has been demonstrated
polarographically28. A potentiometric study of aqueous
and aqueous—acetone solutions has revealed the existence
not only of Cd(SeCN)Z~ but also of other complexes —
Cd(SeCN)¥", Cd(SeCN)¥", Cd(SeCN);, Cd(SeCN),, and
Cd(SeCN)* — the dissociation constants of which have been
calculated %.

As with the halides, mercury forms more stable
selenocyanates than cadmium. Thus, the dissociation
constant of Hg(SeCN)2~ is 2.8 X 10-%, and that of Hg(SeCN);
is 3.8 X 10-%7.28

The complexes Hg(SeCN)Cl, Hg(SeCN),, Hg(SeCN);, and
Hg(SeCN)Z" have been detected by the conductometric
titration of an aqueous solution of HgCl, with KNCSe solu-
tion %3,
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Some mercury selenocyanates have been obtained in the
solid state 3!, The salt Hg(SeCN)C1 and also the salt
KHg(SeCN);, which is sparingly soluble in cold water and
alcohol, have been obtained from aqueous solution. The
latter salt was previously obtained by Cameron and Davy 23,
Potassium tetrakisselenocyanatomercurate, readily soluble
in water and alcohol, was obtained in the form of large
amber-yellow plates. With the use of an aqueous solution
of this salt the sparingly soluble compounds MHg(SeCN),,
where M = Zn, Co, Pb, or Cu, have been isolated3!,%3,
According to Swinarski and Lodzinska, the solubility of
the MHg(SeCN), salts in water, acetone, and aqueous alco-
hol decrease in the order Cd > Co > Zn.5* The solubility
product of CuHg(SeCN), in aqueous solution is 1.59 X
X 101055 The lattice parameters and the coefficient of
thermal expansion of CoHg(SeCN), crystals have been
determined %6,

Formation of the sparingly soluble M[Hg(SeCN), L, where
M = Zn, Pb, or Cu, has been demonstrated, and the double
salt 4Co[Hg(SeCN),],.Co(CH,CO0), has also been preparedss,

Complex mercury salts of mixed type KHg(SeCN)(CN),
and KHg(SeCN)Hal, were obtained by Cameron and Davy 23,
they were prepared by the action of mercury halides on an
alcoholic solution of KNCSe.

The selenocyanate complexes of lead have been studied
only recently. A potentiometric study of aqueous solu-
tions has shown that Pb(SeCN)$~ (K, = 1.41 X 10-4 at 20°)
is formed®’. This complex was also detected in a study
of the heterogeneous Pb(SeCN),-KNCSe-H,0 system by
the solubility method %, The salt K,Pb(SeCN)s, which is
sparingly soluble in water and acetone, was obtained from
an aqueous—acetone (7 M with respect to acetone) solution
of KNCSe by saturating it with lead selenocyanate 2.

The selenocyanates of the transition metals have been
little studied. We have been able to demonstrate the
existence of CoONCSe* and to calculate its dissociation con-
stant (K = 0.063) by spectrophotometry®®. The existence
of the nickel complex NiNCSe* has been demonstrated in
the same way 59,89,

Ablov and Samus' obtained dimethylglyoximatocobalt(IIT)
complexes containing the selenocyanato-group®. Fine
plates of the potassium salt and rhombic prisms of the
ammonium salt M[Co(DH),(NCSe),], where M = K or NH,
[and DH = HON : C(CH,).C(CH,) : NO- (Ed. of Translation)],
were obtained from an aqueous-alcoholic solution. A
solution of the latter salt gives characteristic precipitates
with Cd?**, Fe?* Co?*, Ni?**, and Mg?* cations. When
hydrochloric acid is added to solutions of K[Co(DH),(NCSe), ],
the acid H[Co(DH),(NCSe),], which is sparingly soluble in
water, is obtained; the action of alkali gives [Co(DH),.
.(NCSe)H,0].H,0.

When an alcoholic solution of potassium selenocyanate
acts on H,PtCl,;, a red-brown precipitate is formed, and
when this is recrystallised from alcohol, it gives very fine
hexahedral plates of K,Pt(SeCN).%2:¢3, If the preparation
is carried out in aqueous solution, potassium hexakis-
selenocyanatoplatinae is obtained as a crystalline dihydr-
ate®. Recrystallisationof this product from alcohol yields
the anhydrous salt. Ammonium hexakisselenocyanato-
platinate (NH,),Pt(SeCN), is obtained as black rhombic
crystals 95,

VIO. SELENOCYANATO-COMPLEXES IN NON-AQUEOUS
SOLUTIONS

As has been mentioned above, the selenocyanates are
very sensitive to acids, and even to water. This appears
to be due to the instability of the Se-C bond and also to
the hydration of selenocyanate ions.

When it is considered that the introduction of non-
-aqueous solvents promotes a reduction in the hydration of
ions ®, increased stability of the selenocyanates of many
metals may be expected even in mixed solvents. The
stability of the selenocyanate ion, and of complexes formed
from it, is still more noticeably improved in solvents not
capable of entering into solvolysis reactions with various
salts. For this reason, even selenocyanates of the
alkali metals are more stable in acetone and some other
solvents than in water or alcohols. This is why the for-
mation of copper(l) selenocyanato-complexes has been
established in acetone by a study of the CuCl1-KNCSe~
CH,COCH, system by the solubility method?®. The salt
KCu(SeCN)C1 is obtained as colourless crystals on crystal-
lisation of the corresponding solution; it is decomposed by
water and by alcohol with separation of CuSeCN?®., Mixed
selenocyanatothiocyanato-complexes of copper can also be
shown to exist in acetone .

Copper(I) selenocyanate is very soluble in an acetone
solution of KNCSe. It may be supposed that in this case,
as with thiocyanates 67, the complex salts K,Cu(SeCN),
and K,Cu(SeCN), are formed. However, the exact struc-
ture of the complexes formed on dissolution of CuSeCN has
not been established, because the system undergoes rapid
decomposition.

Reduction in the hydration of ions by the introduction of
non-aqueous solvents, other conditions being similar, leads
to the formation of higher complexes®. This isillustrated
by silver selenocyanates. In aqueous solution the com-
plex Ag(SeCN)?Z" is formed, but in a solution 7 M with res-
pect to acetone, at the same concentrations of NCSe~ ions,
the complex Ag(SeCN)j~ is formed?. A similar effect is
observed in aqueous~methanolic and aqueous~dioxan solu-
tions ,%, The complex Ag(SeCN)$™ is mainly formed in
high concentrations of methanol and in pure methanol®8.

From an alcoholic solution of potassium selenocyanate
and gold(I) chloride, Clarke obtained fine, dark red cry-
stals that rapidly decomposed®; he considered that these
crystals corresponded to the salt KAu(SeCN), (Au found
48.31%, compared with 43.94% calculated).

The interaction between potassium and cadmium seleno-
cyanates in methanolic solution has been studied by elec-
trical conductivity measurements, and the complex
Cd(SeCN), detected®. The salts KCd(SeCN),.3CH,COCH,,
K,Cd(SeCN),.2CH,COCH,, K,Cd(SeCN),,K,Cd(SeCN),,
and also a number of cadmium halogenoselenocyanates
have been obtained from acetone solution 7.

The dependence of the solubility of lead selenocyanate
on the concentration of potassium selenocyanate in acetone
solution has been studied, and formation of the complex
Pb(SeCN); demonstrated32. When the acetone solution is
evaporated, the salt KPb(SeCN), is obtained in fine silky
yellowish green needles. The salt is readily soluble in
acetone, but is decomposed by water 32,

We have studied the selenocyanato-complexes of cobalt
and nickel in acetone and methanol solutions 8-, The
formation of complexes from MSeCN* to M(NCSe)¥, where
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M = Co or Ni, has been demonstrated in these solutions by
spectrophotometric and conductivity methods, and the dis-
sociation constants of these complexes have been calculated.

The formation of nickel selenocyanato-complexes in
dimethylformamide has also been studied. It has been
shown that in this solvent complexes from NiNCSe* to
Ni(NCSe)i~ are formed. A comparison of the dissociation
constants of nickel selenocyanates in different solvents
shows that these complexes are most stable in acetone?!.

Complex selenocyanates of nickel and cobalt have been
prepared from acetone solution38-%°, Information on the
composition, stability, and preparation of cobalt and nickel
selenocyanates indicates that they are very similar to the
thiocyanates 72,73,

Selenocyanates of manganese, cobalt, and nickel of
composition M(DMF),(NCSe), have been separated from
dimethylformamide 0.

IX. COMPLEX-FORMING CHARACTERISTICS OF THE
SeCN™ ION

The selenocyanate ion behaves as a pseudohalide ligand
in complex-forming reactions. To determine the position
occupied by this ion in the sequence of its analogues, we
shall examine some selenocyanato-complexes and compare
then with iodo-and thiocyanato-complexes.

From the dissociation constants of silver complexes of
analogous composition with different ligands, it is easy to
see that the selenocyanate ion is very close to the iodide
ion in its complex-forming power 46:47, The selenocyanato-
~complexes of silver are, however, more stable than the
thiocyanato-complexes. In comparison with the latter, the
selenocyanates separate more easily from solutions in
equilibrium with a precipitate of the simple salt. More-~
over, silver selenocyanates are easily formed as di-
nuclear complexes, which are reminiscent of iodo-com-
plexes. Therefore, in their complexing power for silver
ions selenocyanate and thiocyanate ions may be arranged
in the series I~ = NCSe™ > NCS~.

An analogous series is established on comparing the
dissociation constants of thiocyanato-"4,"5, iodo- ¢, and
selenocyanato- %57 complexes of lead, mercury, and
cadmium.

It would seem that the above sequence of complex-form-
ing power should be observed also in other cases. How-
ever, this is not so. Cobalt thiocyanates from CoNCS*
to Co(NCS)2~ are known in aqueous solution””, but the
selenocyanate jon forms only the simplest complex, and
iodo-complexes of cobalt have not been detected in water
at all. In this case, therefore, the sequence of complex-
-forming power I, NCSe~, NCS~ is in the reverse order.
This applies to a still greater degree to nickel com-
pounds 80,78,

Copper(Il) thiocyanates have been described in the
literature, but it appears that copper(ll) selenocyanates
are not formed 9,80,

X. THE STRUCTURE OF SELENOCYANATES
The NCS group can be linked to metals through the

nitrogen atom (isothiocyanate group), through the sulphur
atom (thiocyanate group), and through the nitrogen and

906

sulphur simultaneously (bridge thiocyanate group). It has
been shown, for example, that in nickel and cobalt thio-
cyanato-complexes the ionic character of the M= NCS bond
predominates, while in the thiocyanates of mercury, plati-
num, and silver the covalent character of the bond through
sulphur predominates®!-%%, Since thiocyanates and
selenocyanates are similar in properties, it is reasonable
to suppose that the group NCSe can also form three types
of bonds.

Two lines, at 2074 cm=-? (2051) and 575 cm~!, have been
found in the Raman spectrum of aqueous solutions of
KNCSe; these can be assigned to C~N and C~Se vibra-
tions 84,85, From this it was concluded that potassium
selenocyanate had an ionic structure, and the structure
Se-C=N was assigned to the NCSe™ group. The same con-
clusion has been reached from study of the infrared spectra
of KNCSe 41,%,

Examination of the infrared spectra of the compounds
CoA,(NCSe), and B,Co(NCSe),, where A is an amine and B
is tetraalkylammonium or tetraarylarsonium, has shown

that the selenocyanate group is attached to Co through
N.41,87,88

Since CoPy,(NCS), and CoPy,(NCSe), have the same
magnetic moment (5.1 B), an octahedral structure has been
assigned to the latter compound. In solution in polar
organic solvents, however, these compounds appear to
have a tetrahedral configuration 3.

The compounds CoHg(SeCN), and CoHg(SCN), have been
shown to be isomorphous 8. Construction of Patterson
projections confirmed the identity of the two structures.
Therefore, in CoHg(SeCN), the NCSe group forms a bridge
between Hg and Co [as does the SCN bond in CoHg(SCN),°];
the selenocyanato-ligand is linked to mercury through the
selenium, and to cobalt through the nitrogen®. The
bidentate character of NCSe™ in the CoHg(SeCN), complex
is obvious from infrared spectra's®?, The bridge struc-
ture also appears to occur in the silver selenocyanates %!,
In the K,Pt(SeCN), and K,Hg(SeCN), complexes the link be-
tween the selenocyanate group and the central atom is
effected through the selenium 2.

A detailed study of the structure of the selenocyanates of
the transition metals has begun in the Institute of General
and Inorganic Chemistry of the USSR Academy of Sciences.
Already results have been published of X-ray structure
studies on the compounds MA,(NCSe), (where M = Co or Ni
and A is dimethylformamide)®!. These compounds are
paramagnetic; the magnetic susceptibility of the cobalt
salt is 3.22 8. X-Ray structure analysis has shown that
in MA (NCSe), the selenocyanate groups enter the inner
sphere of the complex [MA,(NCSe),], which has an octahe-
dral trans-configuration?!. The NCSe group is linked to
the central atom through the nitrogen, and the M~N=C
angle is close to 180°.

A comparison of the stability of selenocyanato-com-
plexes and their structure shows that those compounds in
which the NCSe group is linked to the central atom through
the selenium are more stable than the corresponding
thiocyanates. Compounds in which the NCSe group is
linked through the nitrogen, however, are less stable than
the thiocyanates.

1t will be seen from the above review of the literature
that, right up to the 1950's, the number of metals that
formed known coordination compounds with NCSe™~ ions was
extremely small. Attempts to prepare selenocyanates of -
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a number of metals may have failed because aqueous solu-
tions were used. Only selenocyanates of those metals
that form stable complexes with NCSe™ could be studied in
water.

The range of existence of selenocyanato-complexes has
been considerably extended by the use of non-aqueous sol-
vents. With non-aqueous solutions it has become possible
to study more fully both the compounds of the metals that
form stable selenocyanates and the salts of such metals as
cobalt, nickel, and copper, which do not form selenocya-
nato-complexes in water.

Comparison of results in the literature on selenocya-
nato-complexes shows that even metals withidentical elec-
tron shells differ in their power of coordinating selenocya-
nate ligands. With the exception of the zinc subgroup, it
is impossible in other groups of metals to trace a strict
sequence in the stability of their complexes with their
atomic number. Thus, in the copper subgroup, silver
forms selenocyanato-complexes most easily. In Group III
indium should form selenocyanato-complexes more readily
than other metals in the tervalent state. Because of the
high oxidation potential of T13*, thallium, like lead, can
form selenocyanates only in its lower valency state.

If the metals are compared according to Periods, the
following points may be noted. In the Sixth Period the
most stable selenocyanates in aqueous solution are formed
by quadrivalent platinum and bivalent mercury, in the Fifth
Period by silver and cadmium, and in the Fourth Period by
cobalt. Therefore, as we go from the Sixth to the Fourth
Period, the centre of complex formation is displaced to the
left. From this it may be assumed that selenocyanates
will be formed by iron, manganese, and other metals in
this Period.

It is quite probable that in non-aqueous solvents seleno-
cyanates not only of Fe?*, Fe®*, Cr® Mn®, and Zn?", but
even of gallium, tin, and other metals can be obtained.

Extension of the number of selenocyanates will permit
this class of compounds to be characterised more fully and
open the way to their practical use}.
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STUDY OF THE THERMAL STABILITY OF
INORGANIC PEROXO-COMPOUNDS BY THE
DIFFERENTIAL THERMAL ANALYSIS
METHOD

I I. Vol'nov

The inorganic peroxo-compounds are special higher
forms of oxygen compounds of the elements and every year
they acquire new fields of use. The diverse use of the dif-
ferent types of this broad class of compounds is determined
not only by their oxygen content, which can be readily re-
leased in active form, but also by the singular nature of the
bonding to oxygen in their molecules.

The presence of the peroxo-group, the so-called “oxy-
gen bridge” was thought until recently to be sufficient for
defining “inorganic peroxo-compounds”. A detailedstudy
of the structure and properties of a series of peroxo-com-
pounds, made in the 'thirties of the present century, with
the active participation of Soviet scientists, showed that
this concept embraces at least nine groups of compounds,
which are distinguished by the nature of the bond between
the oxygen atoms in the bridge and by the nature of the
bond between the oxygen bridge and the atoms of the ele-
ment forming the peroxo-compounds. Some authors tend
to include all the inorganic peroxo-compounds within the
framework of complex compounds dividing them into three
groups: polyoxides, peroxo-acids, and peroxohydrates.
However, the group of polyoxides includes peroxo-com-
pounds with a crystal lattice consisting of metal ions (pre-
dominantly of the Ia and IIa subgroups of the Periodic Sys-
tem) and the molecular anions 03~, O;, and Oj respec-
tively, which differ both in their structure and inthe nature
and length of the O-~O bond. The bonds of the metal atoms
with the oxygen bridge in these compounds are of the ionic
type, whereas in other peroxo-compounds the peroxo-
-group as such or in the form H,0, or HO, is joined to
the atom of the element forming the peroxo-compound by
a coordinate, not an ionic bond. It is therefore desirable
to keep the division of inorganic peroxo-compounds into
simple and complex.

The simple inorganic peroxo-compounds can be sub-
divided into four groups: (1) the hydrogen peroxides, which
are characterised by the presence of the hydrogen pero-
oxide ion HO [presumably HO; (Ed.of Translation)]; (2)
the peroxides, characterised by the presence of the per-
oxide ion O2~; (3) the superoxides, characterised by the
presence of the superoxide ion O;; (4) the ozonides,
characterised by the presence of the ozonide ion Oj.

The complex peroxo-compounds can be subdivided into
five groups: (1) peroxo-acids and their salts, in which the
peroxo-group forms part of the complex anion, mono- and
poly-nuclear representatives of this group being known;
(2) peroxo-complexes which are neither peroxo-acids nor
their derivatives, represented by compounds which include
in the inner sphere a peroxo-group (peroxo-complexes), or
hydrogen peroxide (perhydro-complexes [Russian nomencla-
ture (Ed. of Translation)]), or the hydrogen peroxo-group
(hydrogen peroxo-complexes); (3) peroxide hydrates —
addition compounds of peroxides with water of crystallisa-
tion; (4) peroxohydrates — molecular compounds of



