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Tetrakis [tri(2-ethoxyhexyl) phosphite] nickel( 0), white powder, 
m.p. 112-115’; 35y0 yield. Anal. Calcd. for CgaHZ040~4P4Ni: 
Ni, 3.06. Found: Ni, 3.18. 

Tetrakis[trip(-tolyl) phosphite]nickel(O), white powder, m.p. 
98-100’; 23% yield. Anal. Calcd. for Cs4HeaOl~P~Ni: Ni, 
4.00. Found: Ni, 4.18. 

Tetrakis [tri( 2-ethylhexyl) phosphite] nickel( 0), white powder, 
m.p. 112-115”; 48% yield. Anal. Calcd. for CsaHno401tP4Ni: 
Ni, 3.4. Found: Ni, 3.3. 

Acknowledgment.-We wish to thank Mr. C. D. 
Storrs for his help in conjunction with some of the 
experimental work. 

CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, 
UNIVERSITY OF SOUTHERN CALIFORNIA, 

Los ANGELES, CALIFORNIA 

Photochemistry of Aqueous 
Octacyanomolybdate(1V) Ion, Mo(CN)~-~  

BY ARTHUR W. ADAMSON AND JAYARAMA R. PERUMAREDDI~ 

Received August 24,  1964 

We report here the results of some investigations on 
the photolytic chemistry of aqueous KdMo(CN)s which 
seem to clarify some aspects of the rather complex be- 
havior that is encountered. Earlier work in this labora- 
tory2 showed that exchange with C14N-, negligible in 
the dark, was strongly photocatalyzed. The quantum 
yield for the exchange was a t  least unitye3 A later 
study4 showed that irradiation produced free cyanide 
ion with a quantum yield a t  370 mp also of about 
unity. Low intensity irradiation eventually converted 
the yellow initial solution to one of a blue product, B, 
while tenfold higher intensities, of the order of 6 X 
einstein/min. cm.2, produced a transient red species, R. 
Subsequently Jakob and co-workers5 have published a 
suggestion that R is the decacoordinated species Mo- 
(CN)S(H~O)~-~ .  While our own studies were incom- 
plete, they were extensive, and suggest a quite dif- 
ferent formulation. 

The preparation of KdMo(CN)s was as previously 
described.2 The equipment and procedures for the 
photochemical work were also essentially the same as 
reported earlierS4 The spectral changes that occur on 
irradiation of aqueous MO(CN)~-* ion using low light 
intensities are shown in Figure 1. Gaussian analysiss 
of the absorption spectrum of these solutions shows 

(1) This report is based on portions of the junior author’s Ph.D. disserta- 
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Figure 1.-Optical density for 1-cm. light path; solutions allowed 

to stand until red form had disappeared. 

peaks a t  510, 431, 368, 308, 267, and 240 mp, of which 
the first two appear in Figure 1, and tentative assign- 
ments of these transitions have been made. Note that 
we find the third band a t  368 mp rather than a t  376 mp 
as reported by Jakob, et aL5 The absorption spectrum 
of the blue product shows, in addition to the weak 
band a t  615 mp displayed in Figure 1, shoulders a t  305 
and 270 mp, and a very high intensity peak a t  223 mp. 

The terminal blue product, B, was isolated by frac- 
tional precipitation with ethanol and analyzed. Anal. 
Calcd. for K3Mo(CN)4(0H)3(H20)7: C, 12.4; H, 1.3; 
K,  30.3; Mo, 24.8; N, 14.5, 0, 16.6. Found: C, 11.5; 
H, 0.9; K, 29.4; Mo, 26.2; N, 14.7; 0 (by difference), 
17.3. We thus disagree with Jakob, et ~ l . , ~  who pro- 
posed KzMo(CN)d(OH)2. Not only are the analyses 
different (their formulation gives C, 15.4; H, 0.64; 
K, 25.0; Mo, 30.8; N, 17.9), but their species would pre- 
sumably be octahedral in geometry and for a d2  sys- 
tem, paramagnetism should be observed. We found B 
to be diamagnetic. Also, the intensity of the 610 mp 
band (E 35 1. mole-2 cm.-l) indicates a spin-allowed 
transition, yet for an octahedral complex the first spin- 
allowed process should occur a t  a much higher energy. 
An illustration would be the case of trivalent vanadium.6 
We are agreed, however, that the terminal blue product 
has four cyanides per molybdenum; i t  is possible that 
conditions of isolation and drying, if sufficiently ex- 
treme, could lead to loss of KOH and water. 

The quantum yield for production of B was deter- 
mined as follows, for light of 363 mp ( + 5  mp window 
width of the interference filter). At this wave length 
B absorbs negligibly, but since the solution was op- 
tically dense with respect to  MO(CN)~-~ ,  it was neces- 
sary to allow for the varying degree of absorption of 
incident light during the course of the photolysis. If 
the absorption coefficient, a,  be defined as I/Io = 

exp( -aC), then, for a first-order photolysis reaction 

a(Co - C) - In [: I :I$] = (cpIoa/V)t = k’t (1) 

where cp is the quantum yield, V,  the volume of solution, 
(7) N. V. Sidgwick, “Chemical Elements and Their Compounds,” Vol. 

11, Oxford Press, 1950, p. 1056. 



248 NOTES Inorganic Chemistry 

0.5 

0.4 

D 
0.3 

0.2 

0.1 

350 450 510 6: 

A, m,lJ 
Figure 2.-Photolysis a t  363 m l  of 0.01 M Mo( CN)B-~ .  The 

successive curves show the fading of the red form (510 mp peak) 
on standing; the curve labeled 1 being that obtained (1-cm. light 
path) immediately after irradiation. 

and 10, the incident light intensity in einsteins per unit 
time. At Io values of about 6 x einstein/min., 
the stationary state concentration of R is small, and 
eq. 1 was obeyed very well, with cp = 0.14 at 25'. 

The spectrum of the transient species R is displayed 
in Figure 2, which also illustrates the few-minute order 
of magnitude of the half-life for its disappearance. If 
the optical density a t  510 mp, a nearly direct measure of 
R, is measured immediately after irradiation, its value 
is found to go through a maximum with increasing time 
of irradiation. Detailed analysis of such data is com- 
plicated by the difficulty of allowing for inner filter 
effects and by lack of knowledge of the photosensitivity 
of R itself, but the results fit qualitatively the mathe- 
matics of sequential first-order reactions. The times 
for reaching a maximum in R thus decreased with in- 
creasing light intensity; a t  an incident light intensity of 
6.9 X einstein/min. on a 1-cm. path length of 0.01 
M K4Mo(CN)a, t,,, was 2.5 min., corresponding to a 
photolytic half-life for M o ( C N ) ~ - ~  of 1.4 min. 

A number of experiments were then carried out to 
determine the stoichiometry of the formation of R, and 
the kinetics of its disappearance; for most of these the 
above conditions of light intensity and irradiation time 
were used, so that a t  the end of the 2.5-min. irradiation 
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Figure 3.-Dependence of rate constant for the disappearance 
of R on cyanide concentration. Data for 0.01 :M M o ( C N ) ~ - ~ ,  
pH19.5 and 25'. Indicated concentrations of CN- are those of 
KCN added immediately after irradiation, plus that estimated as 
produced in the photolysis. The run with no added KCh- is given 
by the full circle. 

of the solution about 70y0 of the original M o ( C N ) ~ - ~  
had been photolyzed. 

While i t  was not possible to isolate R in pure form, it 
was determined that its production was accompanied by 
release of cyanide ion, and titration of free cyanide by 
iodine showed that i t  was present immediately a t  the 
end of the irradiation in about 1:  1 mole ratio with 
complex photolyzed, although severe fading of the 
starch indicator made exact measurements difficult. 
There was no effect of deaerating the solutions nor of 
added I- ion so it appears that the red form is an aqua- 
tion and not an oxidation-reduction product (e.g., 
Mo(CN)7+, whose spectrum is reported to be similar 
to that of Ra). 

The rate of disappearance of R was then determined 
as a function of CN- concentration, in acetate buffer a t  
pH 9.5; as illustrated in Figure 3, the disappearance 
was first order and directly dependent on CN-. The 
first-order specific rate constant, k ,  was given by 

k (sec.-l) = 8.3 X l o u 4  + 0.42(CN-) (2) 

The intercept a t  zero CN- agreed reasonably well with 
the directly determined value from the iodine titration. 
In addition, the rate was found to be pH dependent, and 
for (CY-) = 0.007, the behavior was given by 

K (sec.-l) = 0.005(H+)/((H+) + 0.6 X (3 )  

Since the pK of HCN is about 10 for our conditions, it 
appears that the second-order term in eq. 2 probably 
involved the species HCN rather than CN-. An addi- 
tional, qualitative observation was that the production 
of blue final product was inhibited in the presence of 
added cyanide ion, and also a t  high light intensities 
and irradiation times such that rapid photolysis of most 
of the M O ( C N ) ~ - ~  occurred. 

TTe therefore conclude that the photolysis of Mo- 
(CN)s-4 proceeds according to a mechanism of the type 

hIo(CN'isb4 + R $- CN- (4) 
hv 

( 8 )  R C Young, J .  Am. C h o n  J o r . ,  6 4 ,  1402 (1932). 
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R + HCN Mo( CN)8-4 (5) 

R -+ final blue product (6) 

The reverse of reaction 5 then accounts for the high 
quantum yield for photoinduced CN- exchange. Since 
the aquo cyano complexes are weak acids, i t  is possible 
that a t  pH 9-10 the actual form of R is Mo(CN),- 
(OH)-4, and also that the observed pH dependence of 
reaction 5 is partly due to this acid-base equilibrium. 
We do conclude, however, that the transient red species 
is not decacoordinated and is probably a heptacyano 
complex. 
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Knowledge concerning halide complexes of antimony- 
(111) has been extremely difficult to obtain because of 
the ease of hydrolysis, the irreversibility of antimony 
electrodes, and the fact that the complexes are weak. 
The ultraviolet absorption spectrum of antimony(II1) 
is invariant from 6 to 12 M hydrochloric acid, indi- 
cating that a limiting coordination number with chlo- 
ride ion is reached.2 However, in more dilute acid the 
absorbance in the ultraviolet decreases generally with- 
out the appearance of new, distinctive bands for lower 
complexes and without the appearance of any crossing 
points. A limited polarographic study3 indicated 
that the average ligand number was approximately 
four in solutions varying from 0.5 to 6.0 M hydro- 
chloric acid. The present study is an attempt to 
ascertain the species of Sb(II1) present in hydrochloric 
acid by means of a solubility study on a complex 
chloride of antimony(II1). 

Experimental 
Preparation of Complex Salts. Tristetramethylammonium 

Enneachlorodiantimonate(III).-Antimony trichloride was dis- 
solved in 3.0 to 4.0 M hydrochloric acid and treated with tetra- 
methylammonium chloride in the same solvent. From 0.2 M 
solutions of the salts a t  0' large hexagonal crystals were obtained 
in about 15% yield. The crystals were washed with 3 M hydro- 
chloric acid and air dried in a desiccator over KOH. The salt 
may also be dried a t  100" in air without decomposition. Larger 
yields may be obtained using more concentrated solutions. 

(1) Presented in part at  the 7th International Conference on Coordina- 
tion Chemistry in Uppsala, Sweden, June 1962. 

(2) N. A. Bonner and W. Goishi, J .  Am. Chcm. Soc., 83, 85 (1961). 
(3) G. P. Haight, Jr., ibid., 75, 3843 (1953). 

Anal. Calcd. for ((CH3)4N)aSb~Clg: C, 18.35; H, 4.63; 
Sb, 31.00; C1, 40.7. Found: C, 18.45; H, 4.25; Sb, 31.00; 
C1, 40.33. 

Tetraphenylarsonium Tetrachloroantimonate(III).-Tetra- 
phenylarsonium ion gave much more insoluble precipitates of 
composition near that of (CsH5)4AsSbC14 but the composition 
varied erratically with treatment and in subsequent solubility 
studies the saturated solutions never contained the same As : Sb 
ratio as the solid phase. It was thus necessary to use the tetra- 
methylammonium salt, although its high solubility (0.05 to 0.07 
M )  made maintenance of constant ionic strength problematical, 
especially a t  high chloride ion concentration. 

Analysis for antimony(II1) in solution was made by titration 
with standard potassium bromate solution using methyl orange 
indicator. Analysis for chloride was made by potentiometric 
titration with standard silver nitrate solution. Analysis for 
carbon and hydrogen was performed by the Clark Microanalyti- 
cal Laboratory, Urbana, Ill. 

For solubility studies, solutions were saturated either by shak- 
ing an excess of salt with solvent in 50-ml. flasks in a thermostat 
at  25.0 f 0.1' for 24-96 hr. or by using a Brpinsted ~ a t u r a t o r , ~  
one pass being sufficient for saturation. The concentration of 
antimony(II1) was determined by titration with bromate. With 
4 M sulfuric acid as the solvent the Sb: C1 mole ratio in solution 
was 2:9, indicating that the solid phase did not change composi- 
tion during the study. 

The solvent used was H&Oa and HC1 with [H+] maintained a t  
4.0 M .  is assumed to be a 1 : 1 
electrolyte, and the ionic strength was essentially constant. 

As in previous studies5 

Results and Discussion 
Analysis of data is based on the assumption of re- 

actions 1 and 2 contributing to the solubility of the 
salt. A test was made for the presence of polynuclear 

[(CHa)4N]aSbzClg I' 3(CHa)rN+ + 2SbC14- + C1- (1) 

SbC14- + ( n  - 4 ) C l Z  SbC1,s-n (2) 

complexes by substituting up to 0.15 M (CH3)rNC1 
for HCI a t  4.0 M C1-. The product [(CH3)4N+Ia/'* 
[Sb(III)] was 7.24 f 0.30 X over a twofold 
variation in solubility (Table I ) .  Its constancy indi- 
cates no significant concentration of polynuclear 
species. 

TABLE I 
TEST FOR POLYNUCLEAR COMPLEXES 

[HCl] + [(CHa)dNCl] = 4 . 0  
[(CHahNCllo, [Sb(III)I, [(CHdaN'], lO'[Sb(III)I. 

M M M [(CHahN +la/* 
0 0.1105 0.166 7.6 
0.025 0,099 0.173 7 . 1  
0.050 0.090 0.185 7.2 
0.100 0.0725 0.209 6 .9  
0.150 0.0625 0.244 7 .5  

In  the absence of polynuclear complexes the solu- 
bility data may be analyzed using the equations 

[Cl-] = [Cl-]o/(l + 5dS/d[C1-]) (4) 

(4) F. J. C .  Rossotti and H. Rossotti, "The Determination of Stability 

( 5 )  G. P. Haight, Jr., C. Springer, and 0. J. Heilman, Inovg. Chcm., 3, 
Constants," McGraw-Hill Book Co., New York, N. Y. ,  1961, p. 190. 

195 (1964). 




