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For the series of cubic metal cyanide polymers studied here a knowledge of starting materials, coupled with measurement of 
cyanide stretching frequencies, X-ray powder patterns, magnetic susceptibilities, optical spectra, and 67Fe Mossbauer spec- 
tra, has permitted structural assignments. One of these, Fer [Mn- 
(CN)6I2, initially contains Fe-N and Mn-C bonds, which rearrange to give a material containing Fe-C bonds. A second 
compound of approximate composition Coa [Cr( CN)e] 2 appears to undergo isomerization on heating in an inert atmosphere 
to a product containing Co(I1)-C bonds. Air oxidation then leads to a material containing Cr$+-N and Co(II1)-C linkages. 

Two systems appear to undergo solid-state reactions. 

Introduction 
Although Prussian blue has been known for over 

260 years, its structure has only recently been eluci- 
dated. Studies of infrared, visible-~ltraviolet,~ and 
Mossbauer spectra, 4-6 in conjunction with earlier 
X-ray powder diffraction data,7 show that the framework 
of Prussian blue is adequately described as shown in 
Figure l.4 Furthermore] X-ray powder diffraction 
data indicate that the face-centered-cubic lattice of 
Prussian blue is characteristic of many other transition 
metal cyanide compounds. This structure incor- 
porates metal ions in three types of sites: carbon 
“holes,” in which a metal is octahedrally coordinated 
by the carbon end of cyanide, nitrogen holes in which a 
metal is octahedrally coordinated by the nitrogen end 
of cyanide, and large interstitial sites.8 These inter- 
stitial sites will accommodate a variety of ions which are 
required to maintain electroneutrality. When more 
than one type of metal is present, the problem in char- 
acterizing these complexes is to  determine the identity 
of metal ions in each of the three types of sites, and the 
oxidation state of the metal in a given site. With the 
exception of recent s t u d i e ~ , ~ ~ ~ * ’ ~  most literature reports 
present a single measurement (e.g., infrared spectrum, 
powder pattern, or magnetic susceptibility) for a series 
of complexes. Unfortunately, such limited data usu- 
ally do not afford an unambiguous determination of 
the sites occupied by the metal ions. 

When a Prussian blue analog is generated by the 
reaction of a substitution-inert hexacyanometalate with 
a labile hexaaquo transition metal ion, i t  is reason- 
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Figure 1.-The unit cell of Prussian blue. Four potassium ions 
and a number of CN groups have been omitted for clarity. 

able to assume that the initial product will retain the 
metal-carbon bonding of the original hexacyanometal- 
ate.ll Neglecting interstitial ions, we may represent 
this by12 

M(aq)n+ + M‘(CN)e(aq)m- + M ( N C ) G M ’ ( S ) ~ - ~  

However, with certain combinations of M and M‘, 
this initial product may be metastable with respect to 
an interchange of metal ions between the various 
sites. g,ll For example, interchange may occur be- 
tween the carbon and nitrogen sites 

M(NC)eM’(s) + M’(NC)&l(s) 

(Alternatively, this type of reaction may be described 
formally as linkage isomerism of the CN group.) Metal 
ion interchange with the interstitial sites is also pos- 
sible. 9 

Previously we have studied the interchange reactions 
(11) D. F. Shriver, S. A. Shriver, and S. E. Anderson, Inovg. Chem., 4, 725  

(1965). 
(12) Two types of formulas are employed in the text. A conventional one 

like Fes[Cr(CN)slz is often used to indicate the empirical composition. T o  
place emphasis on the nitrogen-coordinated (Fez +) and carbon-coordinated 
(era+) metals, these structural aspects are often indicated by formulas like 
Fe~+(NC)6Cr111. This notation also stresses the high-spin “ionic” nature of 
the metal-nitrogen interaction by means of the plus charge, while the Roman 
numeral oxidation state implies the more covalent nature of metal-carbon 
bonds. (These descriptive formulas were originally suggested to us by C. K. 
J@rgensen.) 
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of Fea[Cr(CN)e]z.g The present work was designed to 
find new examples of site-interchange reactions in 
Prussian blue analogs and to characterize these reac- 
tions by the use of several physical measurements. 

Experimental Section 
All complexes were prepared by the slow addition of the potas- 

sium hexacyanometalate to a solution containing an excess of the 
appropriate metal salt. K8Cr(CN)s, purchased from X. D .  
McKay, Inc., was recrystallized once from water and ethanol; 
&Fe(CN)6 and KdFe(CI\’)G were the commercial salts; K8Co- 
(CN)6 was prepared by the method of Bigelow,13 and &Mn(CN)C 
was prepared following the method of Lower and Ferne1i~s.l~ 
Since Cr3+ is substitution inert, chromium complexes were made 
by the addition of the appropriate hexacyanometalate to a solu- 
tion of CrZ+ (prepared by Deyrup’s methodI6), followed by air 
oxidation. All other metal salts used were the commercial 
products. 

Depending upon their ease of filtration, complexes were col- 
lected by either filtration or centrifugation. The complexes were 
washed with water, alcohol, and ether and then dried under 
vacuum a t  room temperature for approximately 12 hr. This 
drying procedure eliminated most of the organic solvents, but 
the materials retained significant quantities of absorbed water. 

Carbon, hydrogen, and nitrogen analyses were performed by 
Miss Hilda Beck of this department for all complexes. Owing 
to the variable degrees of hydration, as well as the possibility of 
different polymer compositions, the absolute values of these 
analytical results are not significant unless combined with metal 
analyses. The relative carbon and nitrogen values, which 
should have a ratio of 1: 1, are significant. This ratio was al- 
ways close to l : l .  Metal analyses, performed by Schwarzkopf 
Microanalytical Laboratory and/or Alfred Bernhardt Mikro- 
analytisches Laboratorium, were obtained for several complexes 
where this information was judged essential and these results 
will be presented in the discussion 

Reduction with hydrazine and oxidation with both hydrogen 
peroxide and nitrogen dioxide were attempted on alcohol slurries 
of several of the complexes. As noted previously,Q there was, in 
some cases, a marked instability of the reduction products. 

Infrared spectra of the samples were measured on Sujol mulls 
in the region 800-4000 cm-l using a Beckman IR-10 and in the 
cyanide stretching frequency region using the more accurate 
Beckman IR-9. Spectra of Nujol mulls of some of these ma- 
terials in the visible region were obtained using a Cary 14 spec- 
trometer. Magnetic susceptibilities were measured by the 
Faraday m e t h ~ d . ~  Standard diamagnetic corrections were ap- 
plied for C=N and water. X-Ray powder patterns were ob- 
tained using a 57.3-mm Debye-Scherrer camera and vanadium- 
filtered Cr radiation. In most cases, reflections assignable to  
both Cr Ka (X 2.2909 b)  and Cr KP (X 2.0848 b) were observed, 
and the lattice parameters were obtained using both sets of lines. 
No correction was made for film shrinkage. Iron-57 Mossbauer 
spectra were obtained using an h-SEC constant-acceleration in- 
strument with approximately 1-mCi j7C0 in Pd  as the source. 
The instrument was calibrated using Xa~Fe(CS)&TO .2HzO, 
which is also the reference (6  = 0) for isomer shifts reported in 
this work. All values taken from the literature have also been 
corrected to this standard. All parameters were estimated 
visually from recorded tracings of the 512 channel analyzer 
memory. 

Results and Discussion 
Lattice Parameters and Radii of Hexacyanometal- 

ates.-Systematics of the lattice parameters for the 
Prussian blue analogs have been discussed previously. 
However, a more detailed survey is given here to pro- 

(13) J. H. Bigelow, Inorg. S y n . ,  2, 225 (1946). 
(14) J. A.  Lower and W. C. Fernelius, ibid. ,  2,  213 (1946) 
(15) A. J. Deyrup, Inorg. Chem.,  3, 1645 (1964). 

vide the basis for an interpretation of lattice parameters 
determined in this work. 

From the magnetic and spectral properties of metal 
ions in the N-coordinated sites i t  is known that the 
metal is generally in its high-spin state (Co(II1) may 
be an exception), and therefore i t  is reasonable to utilize 
conventional ionic radii for these ions. Half of the 
lattice parameter, which represents the sum of the 
YE-NCM’ bond lengths, minus the ionic radius of M 
yields the effective radius of M’(CN)6n- in the crystal. 
Considerable scatter is observed for M3+ salts of ferro- 
cyanide. This is demonstrated by the Fe(CN)e4- 
radii obtained from the following M3+ salts: Fe3+, 
4.57 Cr3+, 4.48 A13+, 4.44 8.16 The method 
appears to be much more reliable for the &I2+ salts, 
and they will be used here. 

In the case of the M2+ ferrocyanides, there are in 
general several different complexes available with the 
same M2+ (e.g., CuaFe(CN)6, KzCuFe(CN)e, KzCu3- 
[Fe(CN)6]z, etc.). The variations for a given &I2+ 
are small; we report here the average values obtained 
from all available complexes. The combination of 
the AI2+ Goldschmidt ionic radiil7,IS and the pub- 
lished7~16~19 lattice parameters €or the complexes give 
the following values for the effective radius of Fe- 
(CN)64- derived from the corresponding M2+ salts : 
Cu2+, 4.34 8; Co2+, 4.36 A ;  Fez+, 4.34 A; Xi2+, 
4.32 A; Zn2+, 4.31 The average value is 4.33 
=k 0.02 A. In the case of the M2+ ferricyanides of 
general formula 3 1 3  [Fe(CN)e]z combination of the 
;LIZ+ ionic radii and the measured lattice parameters for 
the complexesz1 gives the following values for the effec- 
tive radius of Fe(Cr\T)63-: cu2+ ,  4.40 8; Ni2+, 4.44 
8; CoZ+, 4.47 A; Zn2+, 4.51 8; Mn2+, 4.44 A; Cd2+, 
4.42 8. The average value is 4.45 f 0.04 A. It thus 
appears that the effective radius of ferrocyanide is 
smaller than that of ferricyanide by about 0.12 8. 

For a series of M 2 +  hexacyanocobaltate(II1) saltsz2 
the effective Co(CN)e3- radius is calculated to be 4.44 
i 0.02 A. From the lattice parameter of Coz[co- 
( C N ) 6 ] i . e . ,  C O ( C N ) ~ ~ ~ - ~ ~  effective radius of 4.38 
is calculated for Co(CN)04-. However, i t  is possible 
that the measurement was taken on an oxidized prod- 
uct and other complications associated with this type 
of compound are mentioned later. For the manganese, 
zinc, and nickel hexacyanochromate(II1) saltsz4 a radius 
of 4.66 f 0.05 8 is calculated. For hexacyanochro- 
mate(I1) a single lattice parameter of 10.24 8 is avail- 
able for the Cu2+ salt,Ig and this yields an effective 
radius of 4.45 ;f for Cr(CN)64-. Finally, six M2+ 
hexacyanomanganates(II1) yield a radius of 4.52 f 

(16) R. Rigamonti, Gaze. Chim.  Itel., 68, 803 (1938). 
(17) F. A. Cotton and G. Wilkinson, “Advanced Inorganic Chemistry,” 

(18) K. Knox, Acta Cuyst., 14, 583 (1961). 
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(20) P.  A. Rock and R. E. Powell, I n o v g .  Che?n., 3, 1593 (19641, have 
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( 2 2 )  A. Ferrari, M. E. Tani, and G. Magnano, Gazz. Chinz. Itel., 89, 2512 

(23) A. Weiss and W. Rothcrstein, Angew. Ckem.  I n l e v n .  Ed.  Ensl . ,  2, 

(24) A.  Ferrari, XI, E. Tani, and E. Xorisi, Acta Cryst . ,  15, 90 (1962). 
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shown tha t  the  zinc system is not cubic. 

(1959). 

396 (1963). 
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Complex 
no. 

1-1 
1-2 
1-3 
1-4 

I- 5 
1-6 
11-1 
11-2 
111-1 

111-2 
111-3 
111-4 

IV-1 

IV-2 
IV-3 
IV-4 
IV-5 

IV-6 
IV-7 
IV-8 

IV-9 
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TABLE I 
EXPERIMENTAL DATA AND PROBABLE FRAMEWORK STRUCTURES FOR SOME PRUSSIAN BLUE ANALOGS 

Prepn 

Cr2+ + K3Mn(CN)s 4- air 

1-1 + heat 
Mn(OAc)2 + K&r(CN)@ 

1-1 + NzH4 

IV-1 + heat 

IV-3 + air 
Cos04 + K4Fe(CN)6 

IV-1 + NzH4 

IV-5 + NO2 
IV-5 + H202 

FeS04 + K~CO(CN)G 

Cos04 + K ~ C O ( C N ) ~  

Color 

Light brown 
Dark brown 
Brown 
Light green 

Brown 
Brown 
Tan 
Brown 
Light brown 

Brown 
Dull blue 
White 

Dark red 

Brown 
Tan 
Green 
Green 

Purple 
Blue 
Yellow 

Pink (moist) 
Blue (dry) 

V C N ,  cm-1 

2163 
2067 

2163 

2167 
2167 
2151 
2071 
2173 

2 159a 

Ignited upon drying 
2171 
216% 
2161 
21606 
2126, 2085 
2096 
2097 
2091 
2082~ 
2100 
2090 
2170 
2175O 
2177 

Lattice 
parameter, A 
10.63 
10.61 

10.71 
10. 84b 
10.72 

10.63 
n'ot cubic 
10.30 
1 0 . 2 3 ~  

10.39 
10.41d 
10.22 
10.23f 

10.10 
10.12,lO. 08h 
10.04 
10.09 
10.25 
10.30d 
10.17 
10.20k 

Probable structure 

Cr3+(NC)&h1I1 
Cra+(NC)&hI1 
Decomposed 
Mn +( NC)6Cr111 

Mn2+(r\;C)&!r111( ?) 
Mn2 +( XC)6Cr1I1 
Mn2+(NC)6Mn1IT 
Mn2+(NC)sMn1I( ? )  
C O ~ + ( N C ) ~ M ~ I ~ ~  

Decomposed 

Mn2+(NC)sCo111 
Co2+(NC)6Mn"(?) 

a Reference 11. Reference 24. C Reference 25. Reference 22. e Reference 3. Reference 21. g Mossbauer parameters deter- 
mined in this work were 6 = 0.09 mm/sec and AE = 0.47 mm/sec. Reference 29 reported 6 = 0.05 mm/sec and AE = 0.45 mm/sec 
for this complex. Reference 29 reported an isomer shift of 6 = 0.15 mm/sec, with no quadrupole splitting. 
J. Richardson and N. Elliott, J .  Am. Chem. Soc., 62, 3182 (1940), reported a magnetic moment of 4.90 BM for K&oFe(CN)s. i A4 
Mossbauer spectrum of very poor quality, obtained in these laboratories, indicated 6 = 1.36 mm/sec and AE = 1.75 mm/sec for this 
material, indicative of high-spin Fez+. P. G. Salvadeo, Gass. Chim. Ital., 89, 2184 (1959), reported a magnetic moment of 5.33 BM for 
Fes[CO(CN)6]z.l2HzO. Reference 22; A. Vaciago and A. Mugnoli, Atti Accad. ATasZ. Lincei, Rend. Classe Sci. Fis. Mat. Nat., 25,  531 

References 16 and 19. 

(1958); Chem. Abstr., 55,  5080g (1961). 

0.08 k for this anion.25 This can be compared to a 
radius of 4.41 A for h ! k ~ ( c N ) ~ ~ - ,  calculated from the 
lattice parameter for CUZ [ M ~ ( C N ) G ] . ~ ~  

Some of the data used above are not of high quality. 
However, i t  will be noted that a consistent result is 
found; that is, M11(CN)64- ions have smaller effective 
radii than their M111(CN)63- counterparts. This ob- 
servation and the specific hexacyanometalate radii 
deduced here are used to infer structures from lattice 
parameters. 

The origin of the unusual order for the effective 
radii, M11(CN)e4- < M111(CN)63-, probably resides in 
metal-carbon or metal-nitrogen distances because 
C=N bond distances are quite insensitive to variations 
in the chemical envir~nment.~' It is possible that the 
MI1-C linkages are shorter than MI'I-C owing to 
back-.rr-bonding. However, a definitive answer must 
await complete X-ray structure determinations. 

Infrared Spectra.-The infrared stretching frequency 
of a bridging cyanide ion is indicative of the oxidation 
state of the metal to which the carbon end of cyanide is 
b ~ n d e d . ~ ~ ~ ~ ~ ~ ~  In the case of Prussian blue analogs, 

( 2 5 )  A. Ferrari, E. Morisi, and M. E. Tani, Acta Crys t . ,  17, 311 (1964). 
(26) M. A. Rollier and G. Cesoni, Gam.  Chim. ItaZ., 69, 674 (1939). 
(27) D. Britton, Pevspecliwes Stvuct. Chem., 1, 109 (1967). 
(28) D. A. Dows, A. Haim, and W. K. Wilmarth, J .  Iizovg. Nucl. Chem., 

a i ,  33 (1961). 

compounds with M (11)-C bonds should absorb around 
2100 cm-l, while those with M(II1)-C bonds absorb 
near 2170 cm-l. However, it is difficult if not impos- 
sible to identify further the metal by means of the CN 
stretching frequencies. 

Stable Prussian Blue Analogs.-Of the ten possible 
combinations for the metal ions under consideration, 
two, the Fe-Cr and Fe-Fe systems, have been treated 
adequately in the past and will not be discussed 
In addition, the Cr-Cr system was omitted; this leaves 
seven combinations which were investigated. Infrared 
spectra and lattice constants along with lack of change 
upon standing indicate that most of these compounds 
are directly related to the starting materials and do not 
involve ion-interchange reactions. Table I may be 
consulted for experimental results and probable struc- 
tures. By contrast, two systems (Mn-Fe and Co- 
Cr) exhibit site-interchange reactions and will be dis- 
cussed in detail. 

Addition of a K3Fe(CN)6 solution to an 
excess of Mn2 f gives a brown precipitate of approximate 
composition Mn3 [Fe(CN)6]z. The analytical ratio of 
Mn to Fe is 1.6 (calcd for Mn3[Fe(CN)6jz, 1.5). The 
infrared spectrum contains an intense band at  2168 
cm-l and the lattice parameter is 10.48 A (van BeverZ1 

Mn-Fe. 
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reports 10.48). All of these observations are consistent 
with an Mn2+(NC)6Fe111 framework. The sample is 
unaffected by heating for 1 hr a t  100" in air. This 
brown solid can be reduced by NzH4 to give an off-white 
solid which appears to have the Mn2+(NC)6Fe1' frame- 
work, since the color, infrared spectrum ( Y C X  2060 
cm-I), and lattice parameter (10.02 A) are similar to 
those of a sample prepared from Mn2+ and Fe(CN)64-. 
Previously Chandra and coworkers have shown from 
Mossbauer spectra that this compound contains Fe(I1) 
in the carbon sites29 

The reaction of FeS04 and K , M ~ L ( C N ) ~  gives a deep 
blue precipitate similar in color to Prussian blue. Anal- 
yses show iron to manganese ratios of 1.95 (Bernhardt) 
and 1.89 (Schwarzkopf) and an average nitrogen to 
manganese ratio of 6.02. Thus, the composition, 
exclusive of water, is FezMn(CN)6. An infrared spec- 
trum of the fresh product exhibited a band a t  2149 
cm-I and a weaker band at  2079 cm-l. The presence 
of these two bands indicates a mixture of M(I1) and 
M(II1) metals in carbon holes. The relative intensities 
of these bands change with time, until the low-fre- 
quency absorption predominates. Upon heating the 
sample in air, a very dark green material is obtained 
which has a strong absorption a t  2082 em-', indicating 
M(I1)-C coordination, while the presence of some 
M(II1)-C bonding is indicated by a shoulder a t  ca. 
2140 cm-l. 

If the blue material is treated with N2H4, a second 
dark green complex results which has a single C=N 
stretch a t  2077 cm-', indicating M(I1)-C coordination 
exclusively. The Mossbauer spectrum (Figure 2) 
contains two symmetric bands a t  0.17 and 0.92 mm/sec. 
A reasonable assignment is Fe11(CN)6 a t  0.17 mm/sec 
and high-spin Fe3+ a t  0.92 mm/sec. These data and 
the lattice parameter, 10.16 f i ,  are consistent with a 
structure containing Fe(I1) in carbon holes and Mn2+ 
and Fe3+ in interstitial and nitrogen holes. 

The Mossbauer spectrum of the original blue material 
(Figure 3) is similar to that of the green reduction 
product but may be distinguished from i t  by two prop- 
erties. First, the low-velocity absorption is not sym- 
metrical, so that i t  appears that low-spin iron in this 
complex exists as a mixture of Fe"(CN)e and Fe"'(CN)6. 
This agrees with the infrared data which showed that 
even after heating some M(II1) remains in carbon 
holes. Apparently some of the iron which goes into 
carbon holes is oxidized by the Mn3+ which is expelled 
from these sites. Also, there is a small absorption 
in the region of 2-3 mm/sec indicative of a small quan- 
tity of high-spin Fez+. This low intensity is in keeping 
with the infrared data which indicated isomerization 
should be fairly complete in the time i t  took to mount 
the sample and run its Mossbauer spectrum. The 
lattice parameter, measured shortly after preparation, 
10.41 8, is smaller than the predicted value, 10.56 A. 
The smaller value may be due to partial isomerism 
which will produce a dramatic decrease in the lattice 
parameter. 

(29) K. Chandra, D. Ilaj, and S. P. Puri, J .  Ckeiiz. P h y s . ,  46, 1466 (1967). 
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Figure 2.--Mossbauer spectrum of the complex formed by the 
reaction of FeS04 + K ~ M ~ I ( C S ) ~  in air, followed by reaction 
with hydrazine. 

. 4.. . .  
c ... 

I 1 I , t 
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Figure 3.--Mossbauer spectrum of the complex formed by the  
reaction of FeS04 with K3Mn(CN)6. 

In  summary, the results for the Fe2+-Mn(CN)63- 
system indicate that the principal reactions are 
Fe(aq)2+ + Mn(CN)&(aq)3- + F e 2 +  (NC)&fn1I1 + 

Mn2+ or Fe3+(XC)6Fer1 

Co-Cr.-The cobalt-chromium system appears to 
involve a clear case of linkage isomerism. The reaction 
of Cr2+ with Ka(Co(CN)6) gave an aqua-colored precipi- 
tate which rapidly became gray upon exposure to air, 
presumably owing to oxidation of CrZ+ to Cr3+. Ana- 
lytical data (Schwarzkopf) for this complex indicated 
18.33% Cr, 15.10% Co, and 18.05% N. The observed 
ratios are N:Cr  = 5.6, N:Co = 7.7, and Cr:Co = 
1.37. These results do not fit a simple formula. For 
example, Cr[Co(CN)6] requires N:Cr  = 6, N:Co 
= 6, and Cr : Co = 1.0. The infrared spectrum of this 
compounds exhibits a sharp absorption a t  2207 cm-', 
unique in that i t  lies about 25 cm-l higher than the 
cyanide stretching frequency of any other complex 
observed in this work but in agreement with M(II1)-C 
bonding. The basic structure is undoubtedly Cr3+- 
(NC)6Co'1r. The lattice parameter of 10.05 A i s  
reasonable for this structure. This complex is inert 
to hydrazine and is unaffected by extensive heating. 
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The reaction of CoSOe and KaCr(CN)6 gives a peach- 
colored precipitate which is light purple when dry. 
This color change is very similar to that observed in 
the Co-Co system, and this complex is then presumably 
COS [Cr(CN),12. The analytical data in general support 
this formulation. Results obtained were 18.32y0 N 
(average of three values), 20.81% Co, and 10.60% 
Cr (Schwarzkopf) ; X-ray fluorescence analyses indi- 
cate 18.1% Co and 11.8% Cr. The averages of these 
two analytical data sets lead to a Co: Cr ratio of 1.53 : 1, 
which indicates the formula Cos [Cr(CN)6]2. The 
infrared spectrum exhibits a band a t  2175 ern-', in- 
dicative of M (111)-C coordination. The lattice param- 
eters of two separate samples were 10.51 and 10.40 A. 
Ferrari and coworkersz4 reported 10.36 A for CO3[Cr- 
(CN)6]2*6HzO. As will become clear later, it is likely 
that some isomerization has taken place in all of these 
samples, so that the actual lattice parameter for 
C O ~ + ( N C ) ~ C ~ " '  is probably greater than or equal to 
10.51 A. The lattice parameter predicted from Co2+ 
and C ~ ( C N ) G ~ -  radii is 10.50 A. 

If this peach (or purple) complex is heated while 
exposed to air, i t  becomes gray, changing to tan upon 
cooling in atmospheric moisture. The infrared spec- 
trum of the resulting material contains a band a t  2206 
cm-l, coincident with that found for Cr3+(NC)sCo111. 
Apparently, linkage isomerization has taken place, 
followed by (or accompanied by) oxidation of cobalt 
in the carbon holes to Co3+. As further verification 
of this formulation, the lattice parameter of the material 
which was heated in air is 10.08 A, nearly identical 
with that reported above for Cra+(NC)6C0111. This 
ion interchange plus oxidation apparently was observed 
by Cruser and Miller,30 although they did not recognize 
i t  as such. These authors stated that Co3[Cr(CN)6]~ 
is a light rose-colored precipitate which is yellowish 
brown when dried. 

The magnetic susceptibilities for this system sub- 
stantiate the conclusion that linkage isomerization is 
taking place, and allow the suggestion of a possible 
reaction sequence. The susceptibility for a freshly 
prepared, unisomerized sample was found to be xg 
= 13.72 X 10-3/(T - 8) cgsu. In order to draw 
structural conclusions, the susceptibility expected for 
the various possible structures has to be compared with 
this experimental value by a method which has been 
described previously9 and is summarized below. 

It is established that the magnetic moment of Cr(II1) 
in a wide variety of octahedral complexes is very close 
to 3.8 BM. Using this value and a specific tempera- 
ture (300°K was used in all cases), along with the ana- 
lytical data for chromium in the complex, i t  is possible 
to calculate the contribution made by chromium to the 
total gram-susceptibility. Subtracting this value from 
the observed susceptibility (at 300°K) gives the sus- 
ceptibility due to cobalt. Some assumption is then 
made about the distribution of different cobalt species 
in the system and, using the analytical data for cobalt, 
the magnetic moment is calculated. This moment 

(30) F. Cruser and E. H. Miller, J .  Am. Chem. SOC., 28, 1132 (1906). 

can be compared to the expected moments for various 
possible structures. This treatment leads to a contri- 
bution due to cobalt of 34.45 X 10+ cgsu. Coupling 
this value with the percentage of cobalt and treating 
all cobalt as equivalent yields a magnetic moment of 
5.00 BM which is the value expected for high-spin 
octahedral Co2+ complexes. Thus, the initial product 
appears to contain Co2 + in interstitial and nitrogen- 
coordinated sites. 

If this unisomerized complex is heated for several 
hours in an inert atmosphere, the susceptibility drops. 
After i t  has completely leveled off, the susceptibility 
has the temperature dependence xg = 9.07 X loF3/ 
(T  + 32). In  view of our previous work on the iron- 
chromium-cyanide systemg it  was reasonable to pos- 
tulate a structure for this new complex generated by an 
interchange of Co2+ and Cr3+ between the interstitial 
sites and carbon holes. If this is the case, then two- 
thirds of the cobalt should be unchanged and have 
the same susceptibility as i t  did in the unisomerized 
complex. However, this structure is untenable, since 
the remaining one-third of the cobalt, presumably in 
carbon holes, would have to possess a large negative 
susceptibility to account for the observed susceptibility. 
Assuming that complete isomerization has occurred, 
cobalt will occupy all carbon holes and the remaining 
Co (one-third of the total cobalt) will occupy interstitial 
sites and thus its moment will be unchanged from the 
value in the unisomerized complex. With this assumed 
structure the magnetic moment for the cobalt in the 
carbon holes is found to be 1.82 BM. This value is very 
close to that expected for low-spin Co2+ and substanti- 
ates the contention that in the absence of air a complete 
linkage isomerism occurs, as illustrated by 

A 
CoZf(NC)&r1I1 ----f Cr3+(NC)&o11 

or p o s ~ i b l y ~ ~ ~ ~ ~  
A 

Co2+(NC)6Cr111 ----f C r 3 + ( C N ) ( N C ) & o I I  

It is interesting that upon heating in the absence of air 
this linkage isomerization reaction goes to completion. 
In our previous work on Fe3 [Cr(CN)6]z similar treat- 
ment led to interchange of interstitial Fez+ with C- 
coordinated Cr3+, rather than interchange of the N- 
and C-coordinated metal ions. 

If, a t  this point in the reaction, the sample is exposed 
to the atmosphere, i t  very rapidly changes color from a 
dull blue to tan, and this is undoubtedly due to oxida- 
tion. The susceptibility measured for this oxidized 
form is xg = 7.69 X 10-3/(T + 23) cgsu. The logical 
assumption that the cobalt in carbon holes is oxidized 
results in two-thirds of the cobalt being low-spin C03* 
and therefore diamagnetic. On this basis, the remain- 

(31) One problem with structures containing CoII(CN)&- groups is the 
lack of evidence for this ion in aqueous solution along with the theoretical 
reasons for its instability. However, a pentacyanoisocyanide complex, 
CoI1(CN)s(NC)4-, would be expected to be more stable than the hexacyano 
complex. 

(32) The magnetic data also allow some occupation of nitrogen holes by 
Co2+ and interstitial sites by era+. However, stoichiometric considerations 
make i t  clear tha t  a t  least 50% of the nitrogen holes will be filled by Cr3+ 
and the observed structure for the oxidized product, Cra+(NC)sCo'I', makes 
i t  likely tha t  all of the nitrogen holes are occupied by Crs *. 
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ing one-third of the cobalt (either in interstitial sites or 
nitrogen holes) has a calculated magnetic moment of 
4.90 Bill. This is close to the value calculated for the 
high-spin cobalt in the unisomerized material, as it 
should be. Accordingly, we write 

A, 0 2  

Co2+(NC)&rIII + Cr3+(NC)~C0111 

for the over-all reaction. 
In  previous work on the site-interchange reactions 

of F e [ c r ( C N ) ~ l ~ , ~  i t  was found that the reaction pro- 
ceeded in a stepwise fashion, and it may be inferred 
that the isomerization mechanism involves a movement 
of metal ions between carbon-coordinated, interstitial, 
and nitrogen-coordinated sites. In the present study 

no evidence for intermediates was found. This leaves 
open the question of the mechanism; however, one 
simple explanation of the present results is that this 
reaction occurs by an end-for-end flip of the C r N  
groups. 
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Magnetic data indicate that interstitial CoZf is present as a high-spin octahedral complex in the pink solid Co3[CO(CN)6]2* 
wHzO. Visible and infrared spectra of this pink hydrate, along with changes in these spectra and of magnetic moments 
upon dehydration, indicate the octahedral interstitial complex is C O ( H ~ O ) ~ ~  +. Previous pressure-composition studies on 
similar Prussian blue analogs are discussed. Contrary to an earlier interpretation, a smooth decrease in pressure with de- 
creasing water content does not imply the absence of discrete species such as M(H2O)s2-. Since NH3 should form a stronger 
complex than water and adsorb less readily, a study was carried out on the system NH~-CO~[CO(C~\’ )~]Z.  The absorption 
isotherms demonstrate the existence of COP [co(cs)6]2 6KH3, for which stoichiometry and infrared data indicate the presence 
of C0(”3)62 + interstitial complexes. 

Introduction 
In Prussian blue and its numerous analogs, nitrogen- 

coordinated and carbon-coordinated metal ions occur 
in a 1 : 1 ratio. X-Ray powder diffraction and, to some 
extent, spectroscopic data show that the nitrogen- and 
carbon-coordinated metals are in regular octahedral 
environments. 3-10 

A third type of metal ion (which we call interstitial) 
is generally present to maintain electroneutrality of 
the Prussian blue analog. For example, the compound 
co3 [Co(CN)e]z contains two nitrogen-coordinated, two 
carbon-coordinated, and one interstitial cobalt atoms. 
By contrast to the N- and C-coordinated metal ions, 
the first coordination sphere for interstitial ions is quite 
uncertain. 
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From the X-ray powder diffractiori studies of Wei- 
ser, Milligan, and Bates6 and of subsequent workers, 
it appears that the interstitial ions are distributed in a 
random fashion over the eight sites of 43m ( T d )  sym- 
metry in the unit cell (space group Fm3m). This site 
is illustrated in Figure 1 where it may be seen that there 
are no groups within bonding distance of the inter- 
stitial metal ion. The shortest distance is ca. 3.5 A 
from the ion to one edge of the octant, that is, to the axis 
of the C=N group. Individual C and N atoms are 
even further removed. Actually, this energetically 
unfavorable situation may not exist because water 
which is generally present in these compounds con- 
ceivably may be coordinated to the metal ions. In- 
deed, coordination by water was proposed in a number 
of early However, somewhat more recent 
studies of the partial pressure of water vs. composition 
were interpreted in terms of adsorption with no specific 
chemical interaction . I 2  

The present detailed investigation of COQ [Co(CN)6]2 
was designed to clarify the nature of the interstitial 
species in a typical Prussian blue analog. This par- 

(11) A. K. van Bever, Rec.  I r a v .  Chin&., 67, 1269 (1938). 
(12) H. B. Weiser, W. 0. Xlligan, and J. B. Bates, J .  Phys.  Chem., 46, 

401 (1941); see also K. Maer, Jr., M. L. Beasley, R. L. Collins, and W. 0. 
Milligan, J .  A m .  C h e w  Soc., 90, 3201 (1968). 


