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Abstract 

Structural and infrared and electronic spectroscopic studies of the coordina- 
tion polymers corresponding to the compounds of simplest formulas 
M~[Mn(CN)sNO]a'nH20 (M = Mn, Co, Ni, Cu, Zn, and n = 8-16) are 
reported and discussed in comparison with the corresponding nitroprussides. 
These polymers have a typical face centered cubic unit cell containing 11 for- 
mula units, except for M = Mn where the crystal system is orthorhombic. 

Introduction 

Beginning with the structural work on Prussian Blue and its analogs per- 
formed by Keggin and Miles (1936), a great deal of research has been devoted 
to coordination polymers containing cyanide ligands as bridging groups. A broad 
range of compounds having the general composition MA[MB(CN)6]L.nH20 
crystallize in the cubic system (Ludi and Gudel, 1968; Ludi et al., 1970, 1973). 
Until recently, the structural work performed using x-ray diffraction powder 
methods was based on the model proposed by Keggin and Miles (1936). 
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According to it, the polynuclear cyanides with K = 3 and L = 2 should contain 
two formula units in the cubic unit cell. However, Ludi and Gudel (1968), 
based on single crystal studies on Co3 [Co(CN)6]2"nH20, proposed that the unit 
cell contains 1�89 formula units instead. 

Densities predicted by the new model should therefore be distinctly lower 
than densities corresponding to the Keggin and Miles model as found for 
Co 3 [Co(CN)612 �9 nH20. 

The substances studied in this work are also of polymeric nature and have 
been obtained only as powders due to their extremely low solubilities. These 
powders show, in general, simple, identical, x-ray diffraction patterns compat- 
ible with a cubic face centered unit cell. Mn3[Mn(CN)sNO]2-nH20 is an excep- 
tion because it seems to crystallize in the orthorhombic system. Divalent 
transition metal nitroprussides are also cubic except the Cu 2 + salt which seems 
to be tetragonal (Inoue et al . ,  1973; Gentil et al . ,  1976). 

The purpose of the present report is to describe the structure and bonding 
of MII[Mn(CN)sNO]2.nH20 salts on the basis of x-ray diffraction patterns, 
densities, and infrared and electronic spectra. 

E x p e r i m e n t a l  

The compounds of general formula M~I[Mn(CN)sNO]2-nH20 were 
obtained from potassium pentacyanonitrosylmanganate(I) dihydrate which was 
prepared from potassium hexacyanomanganate(III), hydroxylamine, and potas- 
sium cyanide. The compounds were purified according to the published method 
(Cotton et al . ,  1959). To aqueous 0.1 M solutions of this salt, 0.1 M solutions 
of  the chlorides or sulfates of first row transition metal divalent cations were 
slowly added with continuous stirring. The finely divided solids obtained were 
filtered, washed thoroughly with distilled water, and air dried. 

The solid obtained from Fe 2+ and [Mn(CN)sNO] 3- proved to be extremely 
sensitive to oxidation, changing color from gray to green. This solid and the 
product of  the reaction between Fe 2 + and pentacyanonitrosylmanganate(II) will 
be the subject of a separate report. 

Water contents were determined by thermogravimetry, both dynamic 
(TGA), under flowing nitrogen, and static, by dehydration at 100~ under high 
vacuum in a drying pistol in the presence of P4Olo. 

The x-ray diffraction patterns were recorded with a Philips PW1010 dif- 
fractometer using Cu Kc~ radiation. 

Densities were determined pycnometrically at 25 ~ Considering the zeo- 
litic (labile) character of part of the water content of the compounds, benzene 
equilibrated with them was first used as the working fluid, and later water and 
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carbon tetrachloride (in equilibrium with the atmosphere) were tried. In all cases 
the results were the same. 

The infrared spectra of  the samples between 4000 and 200 c m -  1 were run 
in thin KBr disks with a Perkin-Elmer 580B spectrophotometer and attached 
infrared data station. The anhydrous substances were handled in a glove bag 
under dry nitrogen. 

Electronic reflectance spectra between 300 and 700 nm were obtained with 
the integrating sphere attachment of  a Shimadzu UV-300 Spectrophotometer. 

Results  and discuss ion 

Hydration water contents, densities, and unit cell constants of  the cubic 
compounds are presented in Table 1. Densities calculated from the two struc- 
tural models (Keggin and Miles, 1936; Ludi et al . ,  1973) are also included 
therein. 

It must be pointed out that these sustances and the manganese salt as well 
show a variable degree of  hydration due to the zeolitic nature of  part of  the 
water (cf. Ludi et al . ,  1973). 

The x-ray diffraction patterns suggest that these compounds have the f.c.c. 
unit cell typical of  Prussian Blue and its analogs, and the measured densities 
are in good agreement with the structural model of  Ludi et al. (1973) belonging 
to the F m 3 m  space group. In this model, the unit cell of  compounds of  general 
formula M~[MB(CN)6]L-nHzO (K > L) is composed of  eight small cubes with 
alternate corners occupied by M A metal ions and L / K  corners by M B. The CN 

Table 1. Hydration degrees, lattice constants, ionic radius, and densities of cubic divalent first series 
transition metal pentacyanonitrosylmanganates(I) ~ 

a r c dex p 
Compound n (ik) (~)b (g cm-3) 

dcalc (g c m  3) 

Ludi and 
Gudel, 

1968, 1973; 
Ludi et al., 

1970 

Keggin and 
Miles 
(1936) 

Co3[Mn(CN)sNO]2"nHzO 14-16 10.32 0.74 1.73 
Ni3[Mn(CN)sNO]2" nH20 14-17 10.24 0.72 1.80 
Cu3[Mn(CN)sNO]2"nH20 16-18 10.22 0.69 1.87 
Zn3[Mn(CN)sNO]2 �9 nH20 8-9 10.28 0.74 1.64 

1.73-1.80 
1.76-1.88 
1.88-1.94 
1.57-1.61 

2.59-2.70 
2.64-2.83 
2.82-2.91 
2.36-2.42 

~For Mn3[Mn(CN)sNO]2-nH20 see text 
bGreenwood, 1968. 
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groups are situated on the edges of these cubes. Water molecules are of two 
distinct crystallographic kinds (Herren et al., 1980). Molecules of one type are 
located in lattice holes due to the anion vacancies and are coordinated to M A 
ions. The water molecules of the other type are randomly distributed in the holes 
of the relatively open crystal framework and behave as zeolitic H20. 

In the structural model of Keggin and Miles all corners of the small cubes 
are occupied alternatively by M A and M B metal ions, and the (K-L) M B cations 
in excess are located inside the small cubes. Hydration water is partly coordi- 
nated to these cations and partly has a zeolitic nature. 

When K = L = 1, there is no alternative and the structure consists of the 
three-dimensional {MB[MA(CN)6]} framework, without voids or cations in 
excess and with the water molecules located inside the small cubes. Inoue et 
al. (1973) and Gentil et al. (1976) have dealt with the nitroprussides of divalent 
transition metals which have the general formula Mn[Fe(CN)sNO].nH20 and 
shown the expected structural behavior, with the exception of the Cu 2 + salt 
which seems to be tetragonal in the hydrated form (Gentil et al., 1976) but 
cubic when anhydrous. 

The thermograms of these nitroprussides suggest that water is lost in a 
single step, as expected from the identical crystallographic nature of all water 
molecules. On the contrary, in the present cases, including M = Mn, two DTA 
features corresponding to water evolution can be detected more or less distinctly 
as shown by Fig. 1 which shows TGA and DTA results for 
Cu3[Mn(CN)sNO]2.18H20. The thermograms of the other compounds are sim- 
ilar although the relative heights of the two DTA features are not the same. This 
fact confirms the existence of two different types of  water molecules in these 
compounds. 

The powder x-ray diffraction pattern of Mn3[Mn(CN)sNO]2.8H20 differs 
from the common pattern shown by the other salts and can be indexed in the 
orthorhombic system. The cell parameters are a = 9.85 A,  b = 10.2 A,  c = 
8.22 .~; and Z = 1. The calculated density is 1.40 g cm -3 and the observed 
value is 1.42 g cm -3. It is interesting to note that Mn[Fe(CN)sNO].2H20 is 
cubic (Gentil et al., 1976) (see, however, Inoue et al., 1973), while the hexa- 
cyanometallates Mn3[M(CN)6]2.8H20 (M = Fe, Ru, Os) are monoclinic (Ludi 
et al., 1973). Such a diverse behavior of Mn 2+ has been ascribed to its high 
spin d 5 configuration and concomitant relatively large ionic radius (Inoue et al., 
1973). 

Infrared spectra 

The infrared spectra of M~I[Mn(CN)sNO]2"nH20 compounds are shown 
in Fig. 2, where the spectrum of K3[Mn(CN)sNO]'2H20 is also included for 
comparison. Table 2 gives the wavenumbers and assignments of bands found 
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Fig. 1. Thermogram (TGA-DTA) of Cu3[Mn(CN)sNO]2" 18H20. 
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Fig. 2. Infrared spectra of  pentacyanonitrosylmanganate(I) salts: (a) K+; (b) Mn2+; (c) Co2+; (d) 
Ni2+; (e) Cu2+; (f) Zn 2+. 

in the room-temperature spectra. It is to be noted that only in the case of the 
zinc salt was a feature assignable to the M-N stretch found, i.e., a slight shoul- 
der at about 663 cm- 1. Cooling of the samples at boiling liquid nitrogen tem- 
perature in an RIIC VLT-2 cell did not introduce significant changes in the 
spectra. They look like type I spectra of M(II) nitroprussides (M = Fe, Co, 
Ni, Cu) (Gentil et al . ,  1976). Interestingly, manganese and zinc nitroprusside 
belong to type II. Recall that there are clear differences between both types of 
spectra, especially in the water bands (Gentil et al. ,  1976). These differences 
are still unexplained. In spite of the unsuccessful attempts to obtain single crys- 
tals of some of these nitroprussides (Co, Mn) to get a better insight into their 
structures, efforts in this direction are continuing. 

The anion and water bands are dealt with separately below. 
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Anion bands 

Assignments for the anion in Table 2 follow the same line of  reasoning 
given before (Gentil et al. ,  1976) due to the structural similarity between the 
[Mn(CN)sNO] 3- and [Fe(CN)~NO] ~- ions (Manoharan and Gray, 1966). The 
formation of the polymeric transition metal(II) nitroprussides brings about a 
blue shift of the bands assigned to CN and FeC stretches and FeCN deforma- 
tions, while the NO and FeN stretches and the FeNO deformation are not 
affected (Inoue et al. ,  1973; Gentil et al. ,  1976). The M~I[Mn(CN)sNO]2 �9 nH20 
salts show also a blue shift of most of the bands due to the anion, including the 
NO stretching band which shifts about 40 cm -~ in comparison with the potas- 
sium salt (Sofia et al . ,  1987). The CN stretch shifts are slightly higher than for 
nitroprusside. The differences could be due to the higher electron density on the 
ligands in [Mn(CN)sNO] 3- in comparison with [Fe(CN)sNO] 2- due to the lower 
formal oxidation state of  Mn in comparison with Fe (I vs. II) which allows a 
greater M ~ L (d r -~ 7r*) charge transfer (Manoharan and Gray, 1966; Fenske 
and DeKock, 1972; Folkesson, 1974; Wasieleswska, 1986). The formation of 
MBCNM A and M~NOM A bridges should therefore affect more the "sof ter"  
ligands of [Mn(CN)sNO] 3- than of [Fe(CN)sNO] 2-. 

The CN stretching wavenumbers in M~I[Mn(CN)sNO]2.nH2 O, from M = 
Co to Zn, follow the same trend as in the corresponding nitroprussides and 
reach a maximum for M = Cu. However, for M = Mn the situation is different 
because ~CN in the nitroprusside is at a maximum while in the pentacyanoni- 
trosylmanganate(I) it is at a minimum. The NO stretch in the pentacyanonitro- 
sylmanganates(I) also parallels the behavior in nitroprussides, including in the 
Mn 2§ salt. Surprisingly, uNO for M = Ni presents an anomalous low value. 
The peculiar behavior of the Cu 2+ salt among the cubic pentacyanonitrosyl- 
manganates(I) coincides with the fact that it has the smallest unit cell. As men- 
tioned above, Cu[Fe(CN)sNO]'2H20 is tetragonal and one of its unit cell 
parameters is the lowest found in the transition metal nitroprussides (Gentil et 
al.,  1968, 1976). Also, the smallest cell parameter of Mn3[Mn(CN)sNO] 2 �9 nH20 
(c = 8.22 A) is the shortest for the pentacyanonitrosylmanganates(I). Figure 
3 shows graphically correlations between ~CN, ~NO and the cell parameter a 
for the cubic pentacyanonitrosytmanganates(I). 

Water bands 

An important result of the neutron diffraction refinement studies performed 
by Herren et al. (1980) is the confirmation of the existence of two crystallo- 
graphically and chemically distinct kinds of water molecules in Prussian Blue. 
In one case, the water molecules are coordinated to Fe(III) ions at empty nitro- 
gen sites, and in the other case water molecules are uncoordinated. Part of  the 
latter molecules are isolated, located at the centers of the unit cell octants, and 
the rest are hydrogen bonded to the coordinated molecules. 
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Bands due to the stretches of free and hydrogen-bonded OH groups should 
be expected therefore in the infrared spectra of the compounds, and this is con- 
firmed by Fig. 2 and Table 2. 

For well-known reasons (Falk and Knop, 1973) peaks between 3634 and 
3601 cm-1 and the broad bands following them, in the region 3442-3396 cm -1 , 
should be assigned to free and hydrogen-bonded OH groups, respectively. Inter- 
estingly, the spectrum of the potassium salt shows also similar although nar- 
rower main features at slightly lower wavenumbers (3585-3572 and 3375-3351 
cm -1) (Sofia et al. ,  1987). In this substance, water molecules seem to be weakly 
hydrogen bonded to N atoms of CN groups. Also, nitroprussides of group I 
(Gentil et al . ,  1976) behave in a similar way because they show their OH bands 
in the intervals 3653-3644 and 3449-3380 cm- 1. The water molecules in those 
compounds were assumed to be weakly hydrogen bonded to the ~r electrons of 
CN and NO groups, although the latter should in fact not be prone to such a 
bonding if the positive charge assigned to them by Folkesson is correct (Folkes- 
son, 1974). This is precisely not the case for [Mn(CN)sNO] 3- because a neg- 
ative charge is always assigned to its NO group (Folkesson, 1974; 
Wasieleswska, 1986). 

The H20 deformation bands in the presently studied compounds are some- 
what shifted to lower wavenumbers in comparison with the corresponding bands 
in the transition metal nitroprussides. 

The crystallographic differences between the different types of water mol- 
ecules contained in the cubic transition metal pentacyanonitrosylmanganates 
(and by extension in the Mn 2§ salt) are therefore not big enough to produce a 
significantly different vibrational behavior. It seems that hydrogen bonding in 
these compounds is slightly weaker than in the potassium salt. 

In the spectra of the anhydrous Ni 2+ and Co 2+ salts (see Table 3) the NO 
stretching bands each split into two peaks of approximately the same intensity. 
Similar splitting was observed in the group I (Fe 2+, Co 2 +, Ni 2 +) nitroprussides 
(Gentil et al . ,  1976), and it has been suggested that its origin is due to some 
degree of ordering of the nitroprusside ions and therefore of the NO groupings 
in the crystal lattice (Gentil et al. ,  1976; cf. also Gonzfilez et al. ,  1984). Inter- 
estingly, the split bands are shifted toward higher wavenumbers, exactly the 
opposite behavior observed for the nitroprussides. On the contrary, the CN 
stretching bands move toward the far infrared, again in the opposite sense as in 
the nitroprussides (Gentil et al . ,  1976). 

Electronic  spectra 

The title compounds have a variety of colors, and the electronic spectra 
show absorptions due to the common anion and to the cations (except Mn 2+ 
and Zn2+). 
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Compound uCN vNO 6MnNO 3MnCN vMnC 

Mn3[Mn(CN)sNO]2 2154(m) 1836(sh) 666(m) 448(m) 330(w) 
2128(sh) 1800(vs) 
2110(vs) 1770(sh) 

Co3[Mn(CN)sNO]2 2158(s) 1887(s) 663(m) 449(m) 339(w) 
2121 (vs) 1787(vs) 

Ni3[Mn(CN)sNO]2 2158(s) 1881 (s) 660(m) 455(m) 342(w) 
2133 (vs) 1796(vs) 

Cu3[Mn(CN)sNO]2 2176(sh) 1901(s) 666(m) 467(m) 365(w) 
2139(vs) 1798(vs) 

Zn3[Mn(CN)sNO]2 2182(sh) 1845(sh) 666(m) 459(m) 339(w) 
2134(vs) 1807(vs) 
2026(m) 

aData in cm -~. vs, very strong; s, strong; m, medium; w, weak; sh, shoulder. 

D i s t i n c t  co lo r  c h a n g e s  o c c u r  in the  Co  2+ and  Ni  2+ sal ts  u p o n  d e h y d r a t i o n  

as in the  r e spec t ive  n i t rop rus s ides ,  t u r n i n g  in th is  case  f r o m  b r o w n  to g r e e n  and  

v io le t  to b r o w n ,  r e spec t ive ly .  

T a b l e  4 l is ts  da ta  and  a s s i g n m e n t s .  T h e  s p e c t r u m  o f  the  M n  2 + sal t  does  

no t  s h o w  the  ve ry  w e a k  d ~ d t r ans i t i on  e x p e c t e d  for  the  ca t ion  in the  v i s ib le  

Table 4. Electronic reflectance data 

Assignment 
Cations Wavelengths to cation ~ 

K a 405 
540 

Mn 2+ 340 b 
530 

Co 2 + (anhydrous) 390 
560 
600 4TI(P ) ~ 4A2C 

Ni 2§ 370 
560 
590 3A2g ~ 3Tig 

Cu z+ 372 
530 
560 2Eg ~ 2T2g 

Zn 2+ 370 
520 

aThe first two bands in each case are assigned to 1A~ ~ tAl (d ~ ~rN*o) and 
tA~ --* tE (d ~ 7rN*o) transitions of the anion, respectively (see text 
and Manoharan and Gray, 1966). 

bNo band due to the cation was observed (see text and Manoharan and Gray, 
1966). 

CCoordination considered as pseudotetrahedral. 
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part of the spectrum (Lever, 1984). Figure 4 shows the visible reflectance spec- 
tra both of the hydrated and anhydrous Co 2+ salt. The spectrum of the Zn 2+ 
salt is also included to show the anion contribution to the spectra. The spectrum 
of the hydrated Co 2+ salt presents two main bands at 400 and 550 nm, approx- 
imately, which are assigned to the lAl(2b2) ~ 1Al(7e) and IAl(6e) - '  IE(7e) 
transitions of the anion (cf. Manoharan and Gray, 1966). Also an additional 
band appears at 580 nm due to a d ~ d transition of the cation located in the 
pseudooctahedral (mean) environment N1o/308/3. This band corresponds to the 
4Tlg(F) --* 4T1g(P) transition of Co 2§ in a regular octahedral environment (Lever, 
1984). (If the anion were of the [M(CN)6] 3- type, the average coordination 
around the cations should be N402 (Ludi and Gudel, 1973) but here we are 
dealing with [Mn(CN)sNO] 3-.)  

fl 
R %  

I I l t 
~,00 500 600 700 

(rim) 

Fig. 4. Electronic reflectance spectra of  powdered pentacyanonitrosylmanganate(I) salts: (a) Zn z+ 
(hydrated); (b) Co 2+ (hydrated); (c) Co 2+ (anhydrous). 
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In the anhydrous salt this band shifts to 600 nm due to the reduction in the 
coordination number  of  the Co 2+ ions and perhaps also due to a change of  the 
l igand field strength of  the cyanide groups (and perhaps of  the NO groups as 
well) bonded to Co 2+ through their remote ends. 

Interestingly, the salts which show the smallest wavelengths for the 1Al(2b2) 
lE(7e) transition of  the anion (Cu 2+ and Zn 2+) have the largest wavenumbers 

for vNO. This is also the case for Mn 2§ Dehydration of  the Co 2+ salt brings 
about, together with the blue shift of  the electronic band, also a shift of  the IR 
band in the same direction. As the transitions responsible for these bands involve 
the NO 7r* orbitals,  the parallel  shifts that they show could be explained by a 
change in the energy of  those orbitals and the concomitant  variation in its elec- 
tronic population (cf. Manoharn and Gray,  1966; Fenske and DeKock,  1972; 
Wasieleswska,  1986). 
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