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Electron spin resonance and optical spectra of the unstable purple species produced by reaction of Cu'I and CN- arc stuclicd 
at low temperature in various solvents. The delocali- 
zation of the electron "hole" may give an explanation of the instability of the complex. 

The species is shown to be the square-planar complex [Cu(CN)4] z - ,  

1. Introduction 
When an aqueous solution of Cu" is added to a 

solution containing cyanide ions, one normally ob- 
serves the formation of a brownish yellow precipitate 
which decomposes into cuprous cyanide and cyanogen 
gas according to  the equation 
: C U 2 f  + 2CN- --f CU(Ciq2 + CuCN + l/?(CN)2 (1.1) 

Other compounds have been, however, reported to 
form in such solutions. The first such observation was 
made by Moles and 1zaguirre.l These authors con- 
cluded from a study of the conductivity, freezing points, 
viscosity, and heats of reaction that  the following 
compounds were formed : [ C U ( C N ) ~ ] K ~ ,  colorless and 
soluble; [CU(CN)~]CU, a yellow prcipitate; and [Cuz- 
(CN)8]CuK2, a purple, soluble compound. At a 
later date, Glasner and Asher2 attributed the purple 
color to the complex anion, [Cu(CN)4(CNH) 1". 
Several kinetic studies of the decomposition reaction 
mere made under varying conditions. The results 
of such studies are compatible with the existence of a 
labile intermediate species [ C U ( C Y ) ~ ] ~ -  without giving 
a positive proof of its existence. In an article on com- 
plex cyanides, Griffithi cites a personal communication 
by Evans, who observed the formation of the purple 
complex in methanol a t  - 70". 

2.  Experimental Section 
Solutions of the purple species were obtained in methanol of 

analytical quality, after elimination of reducing agents;* solu- 
tions in dimetliylformamide IDMF), Baker Analyzed, and dis- 
tilled mater were also obtained. Cupric chloride was of Merck 
analytical quality and was dehydrated following the tech- 
nique of van in^.^ Potassium cyanide of analytical quality was 
used without further purification. 

Methanol Solutions.-Samples were prepared mixing a 0.016 
AM copper solution with 0 . 2 i  M cyanide solution at the melting 
temperature of methanol. The samples for epr spectroscopy were 
prepared in quartz tubes pouring one solution, cooled down to 
slightly above the melting point of the solvent, on top of the 
other solution kept as a solid; the tube mas then slightly warmed, 

* To whom inquiries should be addressed a t  Facultad de Ciencias. Uni- 
versidad de Chile, Santiago, Chile. 
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thoroughly mixed, and refrozen. The resulting purple samples 
could be kept indefinitely at liquid nitrogen temperature. 

DMF Solutions.-Owing to the lower solubility of KCK in tliis 
solvent, the solutions used had to be more dilute; CuCL was 0.01 
-11 and KCK was 0.015 X .  The method of preparation was 
similar in other aspects. 

Aqueous Solutions.-These wcre prepared irom 0.25 .1/ CuC12 
and 1.5 M KCN. The water solutions were exceedingly UII- 

stable, and extensive decomposition occurred before the sample 
could be frozen. 

Electron paramagnetic resonance spectra were obtained with 
a 1-arian 7--4500 spectrometer with 100-kc field modulation, at a 
microwave frequency of about 9.1 kMc. 

Optical spectra were measured on a Perkin-Elmer 137-UV 
spectrometer at -40 to  -30" using two low-temperature cells 
with quartz windows, with path lengths ot 1 and 4 cm, rcspec- 
tively. 

3. Results 
(a) Electron Paramagnetic Resonance. (i) Meth- 

anol Solutions.-A series of spectra was obtained a t  
liquid nitrogen temperature, for varying ratios ai 
cyanide to copper concentrations. The ratio [CN-]! 
[Cuz+] was varied between 200 and 5 . 5 .  The spectra 
are roughly independent of this ratio. A typical spec- 
trum is shown in Figure 1. Under the conditions used 
for the preparation of the samples, the samples were 
usually glassy and transparent. When the samples 
were cooled more slowly, there appeared a different 
kind of spectrum, which we call the "anomalous" 
spectrum, which is discussed below. 

We also obtained a series of spectra of the liquid solu- 
tion a t  -60, -50, and -38" (Figure 2 ) .  In  these 
solutions the anisotropy is averaged out by molecular 
tumbling, and the spectrum consists of four hyperfine 
components, a t  approximately equal spacings, but of 
different widths. 

The solution spectra were measured and yielded the 
following values: go = 2.075 =t 0.001 and -40 = (58 + 
1) X cm-l. 

The spectra of the vitreous samples show the typical 
shape of an anisotropic spectrum with approximately 
axial symmetry. The low-field end of the spectrum 
shows in quite good resolution three of the four hyper- 
fine components expected for ICu = /2 .  The separa- 
tion of the lines yielded the value for ]AI,  the com- 
ponent of the hyperfine splitting tensor in the direc- 
tion of the symmetry axis. The line a t  the extreme 
left of the spectrum appears as a resolved doublet 
(Figure lb) .  This is attributable to the two isotopes 
of copper, G 3 C ~  and G 5 C ~ ,  both with I = "2) and with a 
rclative abundance of 69 and 31%. The shapes ol' 
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Figure l.-(a) Electron paramagnetic resonance spectrum of 
the purple species in methanol a t  77°K. (b) The low-field part of 
the spectrum under higher gain. 

1 I 

Figure 2.-Electron paramagnetic resonance spectrum of the 

3067 3164 3247 H(Oe) 

liquid methanol solution a t  -50’. 

these components are similar to that of the absorption 
lines,1° so that  they can be integrated after a graphical 
resolution. The ratio of these areas yields 35 and 65%, 
in good agreement with the relative abundances. The 
ratio of the hyperfine splittings of both isotopes ob- 
tained from the spectrum is 1.09 f 0.06, which agrees 
with the ratio of the magnetic moments, which is 1.12. 

From the “parallel” portion of the spectrum we ob- 
tain the following values for gll and lA I : gll = 2.160 f 
0.009, p31 = (150 f 3) X cm-l, and IA6jl = 
(143 f 3) X 10-4cm-1. 

The “perpendicular” part of the spectrum is not so 
well resolved as is the ‘‘parallel’’ part. Therefore we 
prefer t o  obtain the values of gl and IBI remembering 
that go = ‘ / Q ( g / /  + 2g l )  and A0 = l/s(A + 2B), from 
which we obtain gl = 2.032 f 0.006, lBG3[ = (17 f 
3) X cm-l, and lBG5[ = (16 =k 3) X cm-l. 
Using the positions and separations of the lines in the 
“perpendicular” part of the “solid” spectrum, these 
values were tested for consistency by a theoretical cal- 
culation of the spectrum following the method of Kivel- 
son and Neiman.11 

The perpendicular part of the spectrum consists of 
four lines of varying intensities and widths, but with 
approximately equal separations. The assumption 
that the unequal spacing of the lines is due to the com- 
bined effect of the quadrupole interaction and second- 

(10) J A Weil and H. G Hecht, J .  Chem. Phys  , 38, 281 (1968). 
(11) R. Neiman and D. Kivelson, t b i d ,  36, 156 (1961). 

order hyperfine splitting12 allowed us to  obtain an 
estimate of the quadrupole coupling constant Q’ as 
seen below. 

The calculation of the theoretical spectrum was per- 
formed assigning different values of g11, gl, A ,  and B.  
It turns out that  the line for MI = - 3 / 2  shows a sec- 
ond “anomalous” maximum.11~13 For MI = - l / 2  

there also appears a second maximum very near to the 
principal one leading to an abnormal increase in the 
intensity of this line, which is the most intense in the 
spectrum. The best fit with the observed spectrum is 
obtained for the following values of the parameters of 
the spin Hamiltonian 

811 = 2.160 IAI = 143 X 10-4cm-1 

g, = 2.033 IB[ = 21 X l ow4  c1ii-l 

Q’ = 4 X 10-4cm-1 

Table I shows the fit between the observed and calcu- 
lated line positions. If our interpretation of the spec- 
trum is correct, the line a t  highest field is the envelope 
of the two calculated maxima for H = 3247 and 3280 
oersteds, which is reasonable in view of the width of 
this line and the calculated line shape for MI = - 3 / 2 .  

We see that the values of gll, gl, and A agree with the 
values given earlier. Only B,  whose determination is 
most subject to error, deviates from the value calcu- 
lated indirectly more than is warranted by the experi- 
mental error. 

TABLE I 
LINE POSITIONS (OERSTEDS) OF THE EPR SPECTRUM IN METHANOL 

2814 2813 
2955” 2955 
3097” 3097 
3179 3178 
3198 3197 
3223 3222 
326gb 3247 

3280 

Obsd Calcd 

Corrected for 33Cu. Broad line, probably envelope of the 
calculated positions at 3247 and 3280 oersteds. 

(ii) DMF Solutions.-In this solvent, the spectra of 
the frozen solution are similar to those in methanol. 
No satisfactory spectra in liquid solution could be 
obtained in this case, owing to the combination of the 
high melting point, the high electric conductivity of the 
solvent, and the low solubility of the reagents in it,  

The values of gli and A were obtained as described 
for the methanol solutions. Since the spectra in both 
solvents are quite similar, gi and B were obtained by 
comparison. The values obtained in this fashion are 

811 = 2.158 f 0.009 

gl = 2.032 f 0.006 

[ A  1 = (139 f 3) X cm-’ 

IBI = (16 f 3) X 10-4cm-1 

(iii) Aqueous Solutions.-In this solvent, the spec- 
tra of the frozen solutions are somewhat different from 

(12) W. Low, “Paramagnetic Resonance in Solids,” Academic Press Inc., 

(13) H. R.  Gelsman and J. I). Swalen, J. Chem. Phys., 36, 3221 (1962). 
New York, N. Y . ,  1960. 
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Figure 3.-(a) Electron paramagnetic resona~~ce  spectrum of the 
purple species in water at 77’K. (b)  As in Figure 1. 

those in methanol and DMF although the general fea- 
tures are similar (Figure 3 ) .  The high-field line is 
different, as are the separations between themoreintense 
lines and as are their widths. Also in this case it is 
impossible to obtain useful spectra for the liquid solu- 
tion. The parameters of the spin Hamiltonian obtained 
as in DMF are 

811 = 2.146 1.41 = 190 X 10-~  c111-l 

gL = 2.033 1231 = 27 X 10-4cn~-1 

We performed the theoretical calculation of this 
spectrum as outlined above for the methanol solution. 
The second-order correction for the values cited above 
amounts to -4.8 oersteds for MI = & 3 / 2  and -11.5 
oersteds for Mr = h 1 / 2 .  The value of Q’ was taken 
as 4 X cm-I as for methanol. The absorption 
curve was calculated taking the second-order and 
quadrupole effects into consideration. Best fit be- 
tween calculated and observed line positions was ob- 
tained for 

gll = 2.146 [AI = 185 X lop4 c111-l 

gL = 2.033 1231 = 27 X 10-4cm-1 

in excellent agreement with the values measured di- 
rectly. The peaks appearing at the high-field end of 
the spectrum correspond to the anomalous line shape 
for iVr = - 2 / 3 ,  which in this case does not coincide 
with the normal peak. The weaker absorption corre- 
sponds to the anomalous peak of the MI = --”3 

component of the spectrum of the less abundant iso- 
tope, 65Cu. This assignment was made from the 
value = 204 X cm-l calculated from the 
observed value of [AI and the ratio of the magnetic 
moments of both isotopes. 

Anomalous Spectra.-We mentioned above, in 
connection with the measurement of the spectra of 
frozen solutions in methanol, that, depending on the 
rate of freezing of the samples, in some instances we 
obtained a type of spectrum different from those dis- 
cussed above, which we call the “anomalous” spectrum 
(Figure 4d). In one case i t  was possible to obtain a 
whole series of spectra intermediate between both 
forms, from the same sample, varying the rate of 
freezing (Figure 4). These intermediate spectra can be 
interpreted as a superposition of the two extreme cases, 

(iv) 

2814 3262 H (OF 

Figure 4.--Transition from the normal (a) to  tbe “anoiiialous” 
spectrum, obtained varying the frcezirig conditions; solverit, 
metlianol; temperature, 77’K. (d) is the “anomalous” spectrum, 
with small residual peaks due to a small contribution of the normal 
spectrum, 

the normal spectrum of Figure 1 and the anomalous 
spectrum (Figure 4d). 

From a number of experiments performed under 
different conditions, using as a solvent methanol to 
which glycerine had been added to ensure the formation 
of low-temperature glasses for all rates of cooling, we 
draw the conclusion that the anomalous spectrum tends 
to appear more easily a t  very high [CN-]/[Cu2+] 
ratios, under conditions allowing the establishment of 
equilibria whose attainment might be slow. 

Its  g 
value is approximately 2.1, and it presents a hyperfine 
splitting of 65 X cm-l. 

(b), Optical Spectra. (i) Methanol Solutions.- 
These were obtained from 0.012 M CuC12 and 0.3 M 
KCN stock solutions. The spectrum shows a very 
broad band with maximum absorption a t  about 550 
mp and a narrow band a t  about 280 mp. The molar 
extinction coefficients are about 220 and 3900, respec- 
tively. The position of the bands does not change 
significantly when the ratio [CN-]/ [Cu2+] is varied 
between 4 and 1000. 

Methanol-Water Solutions.-Since i t  was riot 

The anomalous spectrum is nearly isotropic. 

(ii) 
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possible to obtain optical spectra in liquid water 
solutions, we investigated the effect of water on the 
optical spectra of the complex using mixtures with 
varying water content, compatible with obtaining 
freezing points below -30" a t  which temperature the 
spectra were taken. There always appears the band a t  
about 550 mp, still broader in the presence of water. 
There also appears a new, weaker band at 420 mp, and 
the ultraviolet band appears a t  280-290 mp. 

DMF Solutions.-At room temperature there 
appears a band a t  490 mp. At 375 mp there appears a 
peak whose intensity diminishes with the time. Con- 
versely, a peak a t  295 mp grows with time, showing an 
isobiestic point a t  335 mp. At -30" there appears a 
band a t  about 470 mp, which shifts slightly toward 
longer wavelengths a t  increasing [CN-]/ [Cu2+] ratio. 

4. Coordination Number and Symmetry 
To our knowledge, little use has been made of epr 

data in transition metal complexes to decide between 
alternative structures. Pauling14 was the first to 
suggest the use of magnetic susceptibilities as a diagnos- 
tic method for structure determinations. I to and Itoi5 
calculated magnetic susceptibilities for different con- 
figurations using a formula due to Van Vleck. This 
work was completed by Boudreaux16 for trigonal and Clv 
symmetry (square pyramid) taking spin-orbit coupling 
into account. However, as we shall see, paramagnetic 
resonance measurements are much more precise than 
bulk magnetic susceptibilities and may lead to much 
more definite results. 

We shall now attempt to determine the structure 
of the purple cyanocupric complex using the spectro- 
scopic information described above. Our model of the 
complex must account for the following facts. (a) 
The epr spectra are almost completely independent 
of the solvent. The data for methanol and DMF are 
identical within the experimental error, and those for 
water are but slightly different. (b) The epr spectra are 
almost completely independent of the ratio [CN-]/ 
[Cu2+]. (c) The epr spectra show axial symmetry 
with gll > g l  > 2. (d) The optical spectra depend very 
markedly on the solvent. 

Point b allows us to consider that  only one species is 
present in concentrations sufficient to affect the spec- 
tra. (See the discussion of the anomalous spectrum, 
whose appearance is, within limits, concentration de- 
pendent.) 

We analyze in turn the possible coordination num- 
bers and different symmetries that are conceivable. 
We can exclude offhand the coordination numbers n = 
1 and n = 2 for chemical reasons and because i t  would 
be very unlikely that species such as [Cu(CN)]+ or 
Cu(CN)2 would be the only ones present. 

For n = 3, the only possibilities with axial symmetry 
correspond to point groups D a h  and CZV. For D S h  with- 
out axial perturbation the electronic ground state of 

(iii) 

(14) L. Pauling, "The Nature of the Chemical Bond," Cornell University 

(16) K. I to  and T. Ito,  Auslvalian J. C h e m . ,  11, 406 (1958). 
(16) E. Boudreaux, Tuans. Paraday Soc., 69, 1055 (1963). 

Press, I thaca,  N. Y . ,  1940. 

the dg system would be E' which under spin-orbit 
coupling splits into rg and r9 of the double group, the 
first one lying lowest. For this situation one obtains 
the values 811 = 6 and g, = 0, in obvious disagreement 
with the facts. 

If the central ion is not in the plane determined by 
the CN- groups, one has point group CaV. In this 
symmetry the copper d orbitals split into levels of 
symmetry A1 and 2E. If the ground state were AI, 
gll = 2 and g, = 2 - 6X/A. For an E ground state, 
gL would be nearly zero, and 811 would vary between 4 
and 6. 

We point out that  these calculations are made in a 
crude electrostatic crystal field scheme, which is suf- 
ficient a t  this point. The disagreement with experi- 
ment is obvious. 

For n = 4, we consider the following possibilities: 
tetrahedral T d ,  square-planar D?h, distorted tetra- 
hedral D2d.  

The tetrahedron can be discarded a t  once because 
i t  would be Jahn-Teller unstable, and, if i t  were not, 
i t  would give an isotropic g factor. 

For a square-planar configuration the level B1, would 
be lowest. In this case one obtains 

8X 2X 
A 

g i = 2 - - ,  gll = 2 - a 
with A = E(B2,) - E(B1,) and A' = E(E,) - E(B1,). 
Since the spin-orbit constant X is negative, we have 
gll > gl. > 2 in accordance with experiment. Further- 
more, in this configuration one would expect solvent 
molecules to interact with the d,, (alg) and to a small 
extent d,, and d,, (e,) orbitals. Such an interaction 
would not much affect the g values but would strongly 
affect the electronic excitation spectra. Thus, this 
model is fully in accordance with the experimental 
facts. 

The case of DBd symmetry can be treated as a per- 
turbation either of the tetrahedron or of the square- 
planar case. The ground state in this case is again the 
dZ2-y2 level (B1 of D 2 d ) .  The expressions for gll and 
g, are the same as in the square-planar case. 

If the configuration is not very different from the 
tetrahedral one, i t  would be difficult to explain the 
solvent dependence of the optical spectra, in part, for 
sterical reasons. If we allow the solvent molecules to 
approach the central atom closely enough to allow a 
strong interaction, the CN- will tend to approach the 
planar disposition to reduce the ligand-solvent inter- 
action. However, if this is the case, this'flattening of 
the complex would depend on the nature of the solvent. 
This flattening would in turn affect the energy levels and 
modify the values of the crystal field splitting parame- 
ters A and A'. Thus the values of the g factors might 
be expected to be far more solvent dependent than is the 
case. There remains then the possibility of a nearly 
but not quite planar configuration; this will be dis- 
cussed further below. 

The other possibility for n = 4 is a trigonal pyramid 
of symmetry Clv which has been discussed above. 
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For n = 5 ,  there are two possible configuratious : the 
trigonal bipyramid of point group D3h, and the square 
pyramid GT.. 

For the trigonal case, if we assume that the ligand- 
central atom distances are all equal, the level of -41 
symmetry is lowest and the g factors are g;i = 2 and 
gl = 2 - 6h/A,  with A = E(E”) - E@’) ,  which is in 
disagreement with the experimental facts. 

If the bipyramid is flattened along the symmetry 
axis, the A1 level would remain lowest, the levels E’ 
and E” would exchange places, but we would still have 
gL > 811 = 2. If the bipyramid is axially elongated, the 
level scheme and g factors would be as discussed above 
for n = 2 .  This calculation also shows that we can 
eliminate the possibility of a plane-triangular con- 
figuration with an axial perturbation by solvent mole- 
cules. 

For the square-pyramidal configuration of sym- 
metry Cq, we may consider two cases; if the apical 
ligand is farther from the central ion than the other 
four, the ground state is B1 and the level scheme is 
just as for the square-planar disposition, as are the 
calculated g values. Here we have another possibility 
requiring closer inspection. 

If the pyramid is flattened along the axis, the ground 
state becomes A1 and the g values are g;; = 2 and gl = 

For n = 6 )  the symmetry could be octahedral, a 
case which can be excluded owing to its Jahn-Teller 
instability and isotropy. A deformation of the octa- 
hedron may produce D4,] or Dad symmetries. 

For D4h, if the resulting square bipyramid is elon- 
gated, we have the same situation and g values as dis- 
cussed above. However, if the axial positions are 
occupied by CN- groups, we could hardly explain the 
solvent effect on the optical spectra. The same would 
be true if the bipyramid were flattened. In this case, 
the g values would be as for Csv symmetry. 

For an octahedron with trigonal distortion the sym- 
metry is D3d. The ground state would be an orbital 
doublet split into two Kramers’ doublets under spin- 
orbit interaction. The g factors of the ground state 
(r4, rS) are gil = 6 and gl = 0, in disagreement with 
experiment. 

There remains to discuss the possibility that  the 
species be polymeric. This possibility can be ruled out 
on the basis of several arguments. On one side, the 
epr spectra show no indication of a direct Cu-Cu cou- 
pling. A polymeric species would then be possible 
only by the joining of Cu ions via bridging cyanide 
groups. It is quite difficult to see how such a species 
could show the axial symmetry displayed by the epr 
spectra. Furthermore, the results of kinetic studies are 
in contradiction with the assumption of a polymeric 
species : the decomposition reaction is second order 
with respect to the total CUI’ concentration, and also 
second order with respect to the complex.jS6 Both 
conclusions would be contradictory if the complex were 
a polymer. 

So we see that if we exclude some unlikely con- 

2 - 6X/A. 

figuration like D5h  or Csv, etc., which we do not take 
into consideration for chemical reasons, the only con- 
figurations compatible with all the experimental facts 
are Ddh (square planar), Cdv (square pyramid), or DZil 
(flattened tetrahedron). These configurations are, of 
course, just the ones one might expect for a Cu“ coin- 
plex on the basis of chemical arguments alone, as dis- 
cussed below. 

5 .  Discussion 
As we mentioned in the Introduction, the previous 

work done on the Cu’I-CiY- system is conflicting and 
inconclusive. Moles and Izaguirrel found the purple 
color for [CN-]/[Cu2+] = 2.7 and report another 
colorless complex for [CN-I/ [Cu2+] = 4. Their 
measurements were done a t  rather high temperatures, 
so that  the instability makes these numbers somewhat 
doubtful. 

In all of our experiments we found that the purple 
color appears when [CN-]/[Cu2+] > 4, under condi- 
tions corresponding to the colorless species of ref 1. 
One possibility that  appears likely is that  these authors 
never saw “our” purple species and that their results 
refer to a pink color which is obtained in water a t  0” 
under certain circumstances and which is much more 
stable than the purple. Also the authors of ref 2 prob- 
ably refer to a species different from ours. Their 
results were obtained only under conditions of low 
alkalinity, whereas we obtained the purple species with 
varying ease in liquid ammonia, methanol, DMF, and 
acetonitrile. These authors obtain a maximum ab- 
sorption a t  500 m p  for a ratio [Cu2+] : [H+]  : [KCN] = 
1:0.5:5. However, this is not sufficient to conclude 
that the species responsible for this absorption has the 
formula [Cu(HCN)(CN)4l2- as they report. Also, the 
stability of their species seems to be greater than that 
of ours. Their species might again be the “pink” 
species described above, which shows an absorption 
peak a t  520 m p  and yields no paramagnetic resonance 
signal. 

All of the kinetic data on the reaction of CN- with 
Cu” under a variety of conditions are compatible 
with an intermediate species [ C U ( C N ) ~ ] ~ - . ~  

The crude electrostatic model shows that the most 
favorable configurations are square planar for n = 

4 and tetragonal for n = 6, and it can be seen that in 
most cases in which these configurations are not at- 
tained the cause can be found in steric effects of the 
ligand or of the packing in the crystal lattice. 

The characteristics of CN- as a ligand are well 
known. It figures a t  the strong-field end of the spectro- 
chemical series, owing to the presence of empty R- 
antibonding orbitals of low energy. 

We must now perform a closer examination of the 
three types of symmetry found to be compatible with 
our epr and optical data. The dependence of the 
optical spectra on the solvent indicates solvent co- 
ordination. This fact allows us to discard a large 
number of CN- groups, as in a (distorted) octahedral 
coordination. 
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A pentacoordinated structure of Cdv symmetry can- 
not be excluded offhand, but it seems unlikely that the 
stability constant of such a species be large enough to 
explain the fact that  this should be the only species 
present a t  low CN- concentration. We may also 
compare the low stability of the similar species [Ni- 
(CN)5]3--17,18 and the lower tendency of Cu" toward 
replacing axially coordinated solvent molecules by other 
ligands; in other words, an axial CN- ligand would 
behave as a weaker ligand than a solvent molecule. 

The remaining possibilities are D l h  and DPd  with n = 

4. The distorted tetrahedron would be plausible for 
steric reasons alone. The effective radius of a freely 
rotating CN- is comparable with (and intermediate 
between) C1- and Br- ions, which form Cu" complexes 
of D2d symmetry. However, the real bonding distance 
for CN- is probably much smaller than this, so that the 
steric factor may not be the determining effect in solu- 
tion, favoring a planar structure which is more favor- 
able from an electrostatic point of view. A small 
deviation from the square-planar symmetry is however 
quite likely and would provide an attractive explana- 
tion for the molar extinction coefficient of the optical 
band in the visible part of the spectrum, whose value is 
close to the upper limit of the range admitted for 
planar complexes. The final answer to this question 
would require a direct structural study and is outside 
the scope of the present work. 

The spectra are practically independent of the 
[CN-]/(CuZ+] ratio over the range studied. This is 
not surprising if we admit that the formation constant 
of [Cu(CN)6I3- is smalllg since the range of cyanide 
concentrations was limited in our study by the solu- 
bility of the cyanide in the solvents used. 

The Anomalous Spectrum.-The occurrence of the 
"anomalous" epr spectra together with the normal one 
in one and the same sample presents a problem. None 
of the alternative explanations of this effect explains 
all of the experimental facts. We discuss the various 
possibilities, but the subject obviously requires further 
experimental work. 

If we assume that the phenomenon depends on the 
fashion in which the solvent freezes, we must consider 
two aspects: (a) the interaction of the solvent mole- 
cules with the complex which depends on the freezing 
process and (b) the segregation of the paramagnetic 
molecules during freezing. 

This 
means that the ligand field must be very nearly cubic. 
In this case the spacing of the B1, and E, levels dimin- 
ishes, decreasing the value of the hyperfine constant B 
and increasing gl ; the parallel values would be less af- 
fected. On the other hand, the structure of the com- 
plex could be distorted toward a tetrahedral structure 
by steric factors. In this case i t  is difficult to see why 
these effects should be similar in different solvents. 

The anomalous spectrum is almost isotropic. 
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(10) 1). Kivelson and li. Neiman, J .  Chem. Phys., 85, 140 (1961). 
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The segregation of the paramagnetic species during 
freezing might be expected to produce in the first 
place a line broadening which is not observed. Fur- 
thermore, such a segregation would indicate a rela- 
tively easy crystallization of the complex with cations 
available in the solution. This tendency is in opposi- 
tion to the fact that  i t  was possible to obtain solid 
precipitates containing CN- and Cu" only with great 
difficulty. Besides, the spectra of such solids are com- 
pletely different from the "anomalous" spectrum. 

The anomalous spectrum can be produced equally 
in vitreous solutions containing glycerol and in metha- 
nol when it crystallizes, thus excluding the effect of the 
vitreous or crystalline structure of the solid solvent. 

For methanol, i t  was easier to obtain the "anomalous" 
spectrum when the ratio [CN-]/[Cu2+] was high, and 
its intensity relative to that of the normal spectrum was 
then greater. In glycerine a t  high CN- concentra- 
tion one always obtains the anomalous spectrum and the 
normal spectrum when [CN-] is low. The influence 
of [CN-] on the appearance of the anomalous spec- 
trum is thus evident. This induces us to postulate 
that there are different species in equilibrium-the one 
which gives the normal spectrum predominating for 
the range of [CN-]/[CuZ+] used in this work and a 
second one giving the "anomalous" spectrum at high 
values of this ratio and corresponding to a different 
coordination of CUI'. However, this assumption does 
not explain the surprising fact that  both spectra can be 
obtained in the same solution, depending on the cooling 
rate. If the equilibrium between both species were 
(a) strongly temperature dependent and (b) quite slow 
to adjust to a change in temperature, i t  could be that 
equilibrium is attained only for a slow cooling rate and 
that the high-temperature equilibrium is quenched by 
fast cooling. This explanation needs more experi- 
mental information to be really credible. 

6. Bonding Parameters for Planar [CU(CN)~]~-  
With the available data of gll, gl, A ,  and B,  i t  is not 

possible to obtain all the necessary parameters that  
describe the bonding in the complex. If we adopt a 
MO-LCAO model with the usual meaning of the 
symbols, l 3  the hyperfine splitting constants are given by 

In these expressions KO describes the contact hyperfine 
interaction in the free Cu2+ ion, whose spin-orbit con- 
stant is A,. a, ,3, and 81 are the coefficients of d,z-yz 
( B d ,  d,,,,, (Eg), and d,, (Bz,), respectively, in the 
LCAO expansion of the molecular orbitals of the sym- 
metry type given. Using the measured values of 
A and B,  and the values A, = -828 cm-l and KO = 
0.43, we obtain the expression : = 2.47 - 17.700 X 
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/312/A, where A = E B ~ ~  - EB~, .  We do not know 
either or A with certainty The optical transition 
observed in the visible region lies in the range expected 
for A,  but we cannot assign i t  clearly to this transition 
because of its strong solvent dependence. It is likely 
that the relatively weak d-d transition is obliterated 
by a strong band. The value of 61 probably lies be- 
tween 0.8 and 1.0. If we admit that  A is in the range 
between 17 and 25 kK, we obtain values for a between 
0.71 and 0.84. 

The ligand contribution a’ to the ground state can be 
estimated from the normalization conditions ; we may 
take for the overlap integral (dt2-y2] -gz) = 0 17 
which is obtained considering the cyanide u orbitals 
to be sp hybrids and taking the Cu-C distance to be 
1.9 A, which is a weighted average of the metal-carbon 
distance for a number of complex cyanides of similar 
structure. This value gives for a’ the limits 0.98 > 
a’ > 0.89 for 0.71 < a < 0.84. The values of a’ thus 
obtained are unusually high. They are quite reason- 
able, though, if we consider the great instability of the 
complex, which can thus be related to the large degree 

of delocalization of the “hole” in the d shell over the 
ligands. 

If we use Kivelson’s formula for al9 

A 3 
a 2  = -- 

P + (gll - 2) + $1 - 2 )  + 0.04 
we obtain the value a = 0.i8, which lies midlvay be- 
tween the limits found above. 

7. Conclusions 
The epr and optical spectra of the purple unstable 

species obtained adding CN- to Cu” solutions in 
various solvents at low temperature can be inter- 
preted a5 belonging to the essentially square-planar com- 
plex, [Cu(CiY),I2-. All of the experimental facts are 
satisfactorily accounted for by this interpretation 
In particular, the theoretical interpretation of the 
parameters of the spin Hamiltonian yield a degree of 
delocalization of the electron “hole” which is higher 
than those observed for most other Cu“ complexes, a 
fact which may be correlated with the great instability 
of the species under study 

COSTRIBUTIOK FROM THE DEPARTMENT OF CHEMISTRY, 
UNIVERSITY OF WISCOASIS, MADISOX, WISCONSIS 

The Electronic Spectra of Hexanitrometalates 

BY KEXNETH G. CAULTOK1 AND RICHARD F. FENSKE 

Received Septenzbei 9,  1566 

The charge-transfer spectra of the hexanitro complexes of Co3+, Rh3+, Fez+, CozC, Xi2+, and Cu2+ are reported. Coiitrary 
to  a previous interpretation, an analysis of the solid-state infrared spectra of the various C O ( N O ~ ) ~ ~ -  salts indicates that  the 
principal deviation from T h  symmetry involves a rotation of the nitro groups about the Co-N axis. A molecular orbital 
energy level diagram which accounts for the charge-transfer spectra of the hexanitrometalates is presented. By means of 
this diagram the weak band a t  21.5 kK in C O ( P \ ’ O ~ ) ~ ~ -  is shown to be an orbitally forbidden charge-transfer transition from a 
nonbonding oxygen orbital to  the predominantly metal eg orbital. Proper assignment of this transition obviates anomalous 
spectroscopic properties previously attributed to  the nitro group. 

Although the nitro group is taken as a classic example 
of a x-acceptor ligand2 and the prevailing theory of the 
trans effect is based upon its back-bonding ability, 
recent evidence from the Mossbauer effect4 attributes 
equal x-bonding ability to NOz- and NH3. Electronic 
spectra also provide evidence which is seemingly con- 
tradictory in nature. Since d-to-d spectra are blue 
shifted from C O ( N H ~ ) ~ ~ +  to C O ( N H ~ ) ~ N O ~ ~ + ,  it has been 
concluded that the nitrite ion provides a stronger field 
than NH3.j However, the first band of C O ( N H ~ ) ~ ~ +  
red shifts on passing to C O ( N O ~ ) ~ ~ - . ~  This anomaly 
has been interpreted as indicating coordination through 
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oxygen in C O ( N O J ~ ~ - , ~  but the absence of a metal- 
oxygen stretching fundamental a t  1050 cin-’ makes 
such an explanation highly doubtful. The red shift 
of the first band on going from R ~ ( N H s ) ~ ~ +  to Rh- 
(N02)e3- only serves to compound the c~nfus ion .~  

Recently Krause, Wickenden, and Ruggles (KWR)* 
have shown, in agreement with othersJg that the infra- 
red spectra of h18Co(N02), are dependent upon the 
cation &I+. They claim that the visible spectra show 
a similar dependence. The spectra of the Na+ and K +  
salts are interpreted by KWR as arising from an axial 
elongation along tm-o Co-N bonds. However, KUrR 
conclude the cesium salt, CsaCo(NO~)6, has all C0-N 
bond lengths equal and derive values of the ligand field 
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