
NOTES Inorganic Chemistry, Vol. 10, No. 10, 1971 2333 

CONTRIBUTION FROM BELL TELEPHONE LABORATORIES, INC., 
MURRAY HILL, NEW JERSEY 07974 

0 ... .. 

i i 

oHg oo aN 0 1....,....,...5 
Figure 1,-The crystal structure of mercury(I1) cyanonitrate. 

nitrate occupying the same position in both layers. 
One nitrate group is dotted in on the alternate position. 

The main feature of the structure is the infinite chains 
of sp hybridized Hg atoms linked by bridging CN 
groups paralleling the c axis, comparable to the struc- 
tures of AuCNl and AgCN.2 The apparent C-N bond 
length, 1.13 (1) A, is within the range of normal C-N 
bond lengths, 1.13-1.20 The Hg-CN(av) dis- 
tance, 2.06 (1) A, may be compared with Hg-C dis- 
tances to bridging cyanide of 2.04 (8) A (av) in Hg- 
(CN)2.AgN03.2H204 and 2.06 (3) A in Zn(NOa)p. 
2Hg(CN)z. 7H20.*9 Reported Hg-N distances range 
from 2.05 to 2.09 A,za-24 but all involve sp3, rather than 
sp, hybridized N atoms. In the basal plane the Hg 
atom interacts with six 0 atoms in three NO3 groups. 
The geometry and Hg-0 distance, 2.73 (2) A, are not 
unusual. 4 1 2 5  

The anisotropic thermal parameters of the Hg and 
CN group atoms show that they are more constrained 
in the chain direction, as expected. The nitrate 0 
atoms are vibrating strongly normal to the basal plane 
since their bonds are all in the plane. The abnormally 
large vibrations are presumably a consequence of the 
lack of any contacts between the 0 and other atoms in 
the c direction. 

One final noteworthy feature of the structure of 
Hg(CN)(NO3) is the large amount of empty space in it. 
If closely packed, the atoms would occupy about 70% 
of the volume that they occupy here. 
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As noted some time ago by Vaska,' the trans-bis- 
(tripheny1phosphine)iridium carbonyl chloride mole- 
cule, IrCl(C0) ((CaH&P)z (hereafter denoted Cl-VA), 
has the property of forming adducts with a number of 
small molecules such as H2, 0 2 ,  C12, etc. Further stud- 
ies have indicated that variations in chemical or physi- 
cal properties of the adducts may be interpreted as evi- 
dence for changes in the relative oxidation state of the 
central iridium atom.2 Primarily on the basis of car- 
bonyl stretching frequencies, the parent, planar com- 
pound C1-VA has been assigned an oxidation state of 
1 +, 5d8, while the most oxidized derivative, Cl-VA-Cl2, 
has the 3+ valence, 5d6. The iridium in other deriva- 
tives has been assigned intermediate, nonintegral 
valences. This classification is, of course, subject to 
several reservations, some of which are discussed by 
Vaska.2 The Mossbauer effect (ME) in iridium iso- 
topes offers another convenient probe of the electronic 
state of iridium, and in the following discussion we de- 
scribe results of such an investigation employing the 
73-keV level of iridium-193. The species chosen for 
study include those characteristic of the extreme cases 
of carbonyl stretching frequencies, together with certain 
intermediate species of particular interest such as the 
oxygenated and hydrogenated adducts. 

The ground-state spin of iridium-193 is 3/2, and the 
spin of the 73-keV level is 1/2.3 The parameters de- 
scribing the Mossbauer ______. data are the quadrupole split- 
ting, AE = i ( e 2 q Q / 2 ) d 1  + 72/31, and the isomer shift, 
6E. These data, with isomer shift referred to an 
iridium in osmium metal source, are given in Table I. 
Also given in Table I are the YCO frequencies of the ad- 
ducts. As discussed below, it is convenient to plot 
isomer shift vs,  VCO,  and this is shown in Figure 1. The 
nuclear charge radius parameter 6R/R is taken as posi- 
t i ~ e , ~ ? ~  so increases in / + ( 0 ) ( 2  correspond to more posi- 
tive isomer shifts. We note that the signs of the efg's 
have not been explicitly determined in these experi- 
ments. Owing to admixtures of E2 and M1 radiation 
in the 73-keV transition, the quadrupole splitting pat- 
tern is perturbed by an axial magnetic field in an effec- 
tively symmetric fashion ; e.g., an experiment with 
C1-VA-Cl2 in an axial field of 65 kOe proved inconclusive 
with 0.5% statisticsS6 A minor complication is the 
source splitting of 0.052 cm/sec, which is due to the 
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TABLE I 
ISOMER SHIFTS AND QUADRUPOLE INTERACTIONS IN VASKA-TYPE IRIDIUM COMPOUNDSQ 

Square Planar Homologs 

Carbonyl freq; cm-1 A E ?  crn/sec 6E,b cm/sec 

(i) I ~ C ~ ( C O ) ( ( C ~ H ~ ~ ) Z  0.774 * 0.003 -0,049 i 0.0015 1967 
(ii) I~B~(CO)((CGHS)BP)Z 0.692 -0.053 1972 

Molecular Adducts of (i) 
TypeC 

0 2  I1 0.275 -0.083 2015 

HC1 I 0.144 -0,030 2046 
CH3I I 0.103 -0.054 2047 
I2 I 0.282 -0.093 2067 
Clr I 0.310 -0.102 2075 

Hz I 0.476 -0.019 2034 (D-D) 

a The source was prepared by neutron irradiation of enriched osmium-192.a Data analysis employed a nonlinear least-squares fitting 
routine based on an algorithm of D. W. Marquardt, J .  SOC. Ind. dppl. Math., 11, 431 (1963) (SHARE distribution 3094), and adapted for 
Mossbauer data analysis by W. A. Burnette, C. S. Roberts, and D. S. E. Buchanan of Bell Laboratories. Owing to the source split- 
ting each spectrum consisted of four lines, typical line widths being 0.048 cm/sec. * Isomer shifts are relative to iridium-193 in Os 
metal source. Subtract 0,054 mm/sec to obtain the shifts relative to iridium metal. 

Reference 2. 
Source and absorber temperatures were 20.2"K. 
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Figure 1.-Plot of isomer shifts us. carbonyl frequencies in several 
iridium compounds. 

hexagonal environment of iridium in osmium metal. 
The C1-VA-Hz, -HCl, -Clz, and -12 complexes were 

prepared by the method of Vaska and DiLazio.' The 
Cl-VA-02 complex was prepared by the method of ref 
1. The C1-VA-CHJ complex was prepared by the 
method of Heck.8 Cl-VA and Br-VA were purchased 
from Strem Chemicals, Inc., Danvers, Mass. All com- 
pounds were characterized by infrared spectroscopy. 
The Mossbauer patterns in all cases showed a clean 
quadrupole doublet (neglecting source splitting), indica- 
tive of a single molecular species. 

The presence of covalent bonding in the iridium com- 
plexes implies that the changes resulting from molecular 
substitution ideally require for their interpretation 
knowledge of the molecular orbitals involving metal 
and ligand states. In a given bond, a relative increase 
of 6s character, or decrease of 5d character, can result 
in a larger value of 1$(0)12, the net s-electron density a t  
the nucleus. The former process is direct, while the 
latter results from shielding effects. The quadrupole 
splitting in noncubic complexes consists of a large (non- 

S-state atoms) ionic contribution, together with a con- 
tribution from ligands and lattice. In complexes with 
unfilled strong-octahedral-field shells (t2g or e,), the 
ionic contribution generally dominates lattice sources. 
There are also Sternheimer shielding and antishielding 
factors which affect the net efg, but these will be as- 
sumed constant in the present discussion. 

Recent ME investigations by Wagner and coworkers 
have shown that in numerous octahedral complexes, in 
which the formal oxidation state of iridium varies be- 
tween I11 (d6) and IX  (do), the isomer shift changes may 
be readily interpreted in terms of a loss of d elec- 
trons.lOJ1 That is, the isomer shift exhibited a nearly 
linear increase with formal oxidation state of the metal 
ion, loss of one d electron corresponding to an increase 
in the isomer shift of roughly 1 mm/sec. I t  should be 
noted, however, that these authors also indicate the 
possible, though presently indeterminant, complication 
of u-bonding changes among the compounds showing 
the monotonic variation in isomer shift and formal oxi- 
dation state.1° 

The substituted C1-VA complexes, denoted Cl-VA- 
(XU), are qualitatively of two types. When the XY 
group is the O2 molecule, it  is found that a partial bond 
between oxygen atoms is retained.12 In the other com- 
pounds studied the XY bond is broken, and the con- 
stituent species form bonds only with the central iridium 
atom. The former group is called type I1 and the latter 
type I .  

Figure 1 shows that a correlation between isomer 
shift and vco appears in type I compounds. The trend 
is of some interest since the change in isomer shift on 
going from the Hz to the C12 adduct indicates a decrease 
in s-electron density at the iridium nucleus. This is 
opposite to the shielding effect expected from simple d- 
electron loss. Since there is no direct way of determin- 
ing the origin of this result, we only note here a plausible 
starting point for an interpretation of the data. All of 
the type I compounds are formally Ir(II1) systems. 
It is therefore simplest to consider them as t 2 , 6  con- 
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figurations and ascribe variations in isomer shift to 
bonding changes in the t z g  orbitals and variations in 
d2sp3 hybrid populations owing to u bonding. This 
procedure is consistent with experience in low-spin 
Fe(I1) c o m p l e ~ e s . ~ ~  

Changes in the iridium-ligand wave function will 
mainly depend on the surrounding neighbor ligands. 
When T acceptors are present, back-donation from the 
metal to the ligand may occur. Likewise, when u 
donors are present, a ligand donation to  the metal is a 
possibility. In  both cases the effect is to increase the 
net s-electron density at the iridium nucleus: in the 
former process because of shielding and in the latter by 
direct s donation into d2sp3 type orbitals. Perhaps the 
best example of such a situation involves metal cyanide 
ligands.14 The K3[Ir111C16] complex fits in nicely with 
the trends of Wagner, et ~ 1 . ~ ' ~ ~ ~ ~  but these authors note 
that K3 [Ir1'I(CN)6] shows rather different behavior, 
owing to the rr-acceptor nature of the cyanides. For 
K3[IrC16] the shift is -0.17 cm/sec and for K3[Ir(CN)6] 
i t  is +0.082 cm/sec. The difference is 0.25 cm/sec and 
for two such acceptor adducts an approximate shift of 
+0.08 cm/sec is implied. 

There are no cyano adducts among the compounds re- 
ported here, but it is empirically observed that the H- 
ligand acts as a u donor and produces shifts in 3ds low- 
spin Fe(I1) compounds that are a t  least as large as those 
due to CN-.'3 This implies an approximate range of 
0.1 cm/sec for the effects of ligand donor or acceptor 
properties in Vaska adducts. The data in Figure 1 are 
in agreement with this estimate. The loss of an elec- 
tron density on going from C1-VA-H2 to Cl-VA-CI2 
therefore becomes explicable in terms of the fact that 
the H- ligand represents a much stronger u donor than 
C1-. The intermediate adducts are also consistent 
with their relative powers as u  donor^.^^^^^ 

The implication of u donation for variations in the 
carbonyl stretch frequencies is less direct. The data 
show a decrease in vco as the s-electron density in- 
creases. This suggests that increased shielding of t a g  
electrons by s electrons can allow an expansion of the 
former into carbonyl rr* orbitals. This would result in 
decreased stretching frequencies. 

The complication of Q and a effects is further illus- 
trated by the C1-VA-02 compound. Here a relatively 
small isomer shift is observed, though a substantial de- 
crease in vco occurs (both shifts relative to C1-Vask-ClJ. 
Finally we note that the two planar systems C1-VA and 
Br-VA, formally tZg6eg2 configurations, do not show sub- 
stantially decreased s-electron densities relative to C1- 
VA-Cl2. It seems likely that the presence of the 5d 
electrons in axial orbitals produces a relatively weak 
screening of the bonding s-type electrons which reside 
primarily in planar orbitals. 
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Previous work with phthalocyaninogermanium com- 
plexes has included germanium(1V) compounds, 4 but 
the germanium(I1) compound has not been described 
in the literature. Both phthalocyaninotin(1V) and 
phthalocyaninotin(I1) compounds have been known for 
some time, and phthalocyaninolead(I1) is the only lead 
phthalocyanine k n o ~ n . ~ ~ ~  This report concerns the 
synthesis and characterization of phthalocyaninoger- 
manium(I1). 

An analytical method developed by Elvidge* was 
used to confirm the oxidation state of germanium. In 
this method a metal phthalocyanine consumes 2 equiv 
of oxidizing agent/mol if the central metal is not also 
oxidized. Additional ozidizing agent is needed if the 
central metal is in a low oxidation state and can be 
oxidized to a higher state. 

Experimental Section 
Reduction of Dichloro(phthalocyanino)germanium(IV)(PcGe- 

Clz)9 with Sodium Borohydride.-A mixture of 0.80 g of 
PcGeC1, (0.0012 mol) and 0.14 g of sodium borohydride (0.0037 
mol) was stirred a t  reflux (164-166') in a mixture of 20 ml of 
benzyl alcohol and 10 ml of anisole for 1 hr. The mixture was 
filtered hot (medium-fritted glass Biichner), and the filtrate was 
allowed to stand for 2 days a t  room temperature. The cooled 
filtrate was again filtered (medium-fritted glass Biichner), and 
the solid residue was successively washed with water, dilute 
hydrochloric acid, water, and acetone. The oven-dried (110') 
product weighed 0.55 g for a 78% yield of PcGe based on PcGeCln. 

Purification was effected by heating a 490-mg sample in a 
vacuum sublimator a t  450' for 30 min, under a pressure of 1-2 p .  
The collecting finger of the sublimator was maintained a t  357' 
by boiling mercury. A yield of 164 mg of p-PcGe crystals was 
obtained. The crystals were blue-green by transmitted light 
and had a reddish reflex. Anal. Calcd for C32HIeNaGe: C, 
65.69; H, 2.76; Ge, 12.41. Found: C, 65.86; H ,  2.91; Ge, 
12.63."' 

Reduction of PcGeClz with Sodium Borodeuteride .-Reaction 
of PcGeClz with NaBD4 in dry quinoline followed by sublima- 
tion gave a compound with an infrared spectrum identical with 
that of p-PcGe. 

Reduction of PcGeClz with Anhydrous Stannous Chloride.- 
A mixture of 3.0 g of PcGeClz (0.0046 mol) and 3.0 g of SnClz 
(0.016 mol) in 100 ml of dry quinoline was refluxed under nitro- 
gen for 4 hr. The resulting mixture was allowed to cool and then 
filtered (medium-fritted glass Biichner) and washed with ben- 
zene, methanol, and ether. After air-drying, the product 
weighed 0.93 g. A second batch of product weighing 0.40 g for 
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