
2512 Inorganic Chemistry, Vol. 9, No. 11, 1970 

decomposition under vacuum. The prior work on the 
samples of Figures 4 and 5 could only indicate that 
substantial quantities of divalent europium were formed 
with increasing temperature but the X-ray patterns and 
Mossbauer spectra did not correlate with any known 
carbide, nitride, or cyanide of europium. Figures 1 
and 2 ,  however, clearly show that the decomposition 
in a nonoxidizing atmosphere is hydrolytic in nature 
whereby the trivalent europium ion reacts with the 
water of crystallization during the decomposition of the 
complex in the overall manner 
2EuFe(CN)~.5H20 -+ 2EuOOH + 2Fe(CN)z + (CN)Z 4- 

N H ~ E U F ~ ( C N ) G . ~ H ~ O  + EuOOH + Fe(CN)2 + NHg + 
6Hz0 + 6HCN (1) 

2H20 + 4HCN (2) 

The Fe(CN)2 decomposes at  higher temperatures to 
finally yield iron, carbon, and nitrogen as described 
previously. The EuOOH loses water over a fairly 
prolonged temperature range and the resulting oxide 
reacts with the carbon produced as indicated above to 
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form the lower oxide of europium and carbon monoxide. 
The lines of EuO are clearly discernible in the X-ray 
patterns shown in Figures 6 and 7 of the earlier work.2 

The infrared spectra in Figures 4 and 5 of this work 
also indicate the hydrolytic nature of the decomposition. 
The hydroxyl bands persist to around 650” consistent 
with the decomposition of EuOOH.~ 

Conclusions 
The decomposition of EuFe(CN)6*5H20 and NH4- 

EuFe(CN)6*4HzO under vacuum has been shown to be 
hydrolytic in nature with respect to europium. The 
iron intermediates during the decomposition are Fe- 
(CN)B + FeBC + Fe. Cyanogen is liberated during 
the reduction of hexacyanoferrate(II1). The europi- 
um ion reacts with the water of hydration to form 
EuOOH and evolve HCN. This EuOOH then loses 
water and the resulting oxide reacts with the carbon 
present a t  elevated temperature under vacuum to form 
EuO. 

(3) R. C. Rau and W. J. Glover, Jr., J .  Amer. Ceram. Soc., 47, 382 (1964). 
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Soluble and insoluble Prussian blues have been prepared and characterized by elemental analyses, magnetic susceptibility, 
infrared, and X-ray investigations. The magnetic susceptibility studies show that the Prussian blues obey a Curie-Weiss 
law with peff = 6.29 and 5.97 BM per Fe(II1) for soluble and insoluble Prussian blue, respectively. Infrared spectra of the 
Prussian blues and Turnbull’s blue were obtained in the region 70-4000 cm-’. Analysis of the infrared spectra supports the 
cubic supercomplex structure and indicates that insoluble Prussian blue contains interstitial hydrated Fe(II1). The in- 
frared spectra of Turnbull’s blue are identical with those of Prussian blue. 

Introduction 
There is gradually being acquired a large body of 

information on the “iron blues,” as they were called by 
H ~ l t z m a n . ~  The iron blues consist of “soluble” and 
“insoluble” Prussian blues4 (ferric ferrocyanides) and 
Turnbull’s blue (ferrous ferricyanide). Recent Moss- 
bauer s t ~ d i e s ~ - ~  have conclusviely shown that Prussian 
blue and Turnbull’s blue are identical-namely, ferric 
ferrocyanides. In  spite of a large number of powerful 
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physical methods such as X-ray analysis,10-12 visible- 
ultraviolet transmission and reflectance spectros- 
copy, l3  ’ l4 magnetic susceptibility studies, 15-16 and 
Mossbauer spectroscopy having been brought to bear 
on the structural problem of Prussian blue, there is still 
uncertainty as to the actual constitution of Prussian 
blue and the large number of Prussian blue analogs. 

The accepted chemical formulas for the two Prussian 
blues date back to  work by Muller and coworkers.” 
These formulas were arrived a t  indirectly, and all papers 
concerning the Prussian blues published since have been 
devoid of quantitative analytical data. With this in 
mind, we decided that i t  was necessary to establish 
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whether or not two Prussian blues actually do exist and, 
if they do, to  make physical measurements which would 
show the difference and thus would provide a criterion 
by which the two blues could be identified. 

Experimental Section 
Two different methods of preparation of Prussian blue and 

Turnbull’s blue were employed. To prepare soluble Prussian 
blue, 0.05 mol of reagent grade K4Fe(CN)a was mixed, by shak- 
ing, with 0.0125 mol of reagent grade anhydrous FeCla until 
the mixture was homogeneous. The mixture was then slowly 
sprinkled into 400 ml of rapidly stirred water; the Prussian blue 
sol formed immediately. The Prussian blue sol was allowed to 
settle for 12 hr. The solution above the sol was then removed 
with a pipet, and the sol was centrifuged. The Prussian blue 
centrifugate was then repeatedly washed with 50% ethanol by 
means of the centrifuge, the decantate changing color with each 
washing from yellow to yellow-green to  green to  blue-green to  
turbid blue. These color changes represent removal of the 
ferrocyanide and ferric ion impurities. It was assumed that a 
turbid blue wash solution indicates that the washing is com- 
plete. The sample was then washed with pure ethanol, air 
dried, ground into a fine powder, and then dried under vacuum 
for 24 hr. The soluble Turnbull’s blue was prepared in the 
same manner except for the use of FeClz and excess KsFe(CN)e. 

The preparation of insoluble Prussian blue was the same as 
that of the soluble except for use of a fourfold molar excess of 
FeClg. The washing procedure was slightly different, the cen- 
trifugate being washed alternately with 50Oj, ethanol and with 
pure ethanol until the ethanol decantate was blue. The insoluble 
Turnbull’s blue was prepared in the same manner except for the 
use of K3Fe(CN)s and excess FeC12. 

Samples of Prussian blue and Turnbull’s blue were also pre- 
pared by the standard methods of mixing 0.1 M solutions of the 
reactants.* Once the samples were prepared, they were washed 
as above. 

Infrared spectra were obtained with Beckman 1R-9 and IR-11 
spectrophotometers. All wave numbers were measured with an 
estimated probable error of 1 2  cm-l. At wave numbers less 
than 700 cm-l, all spectra were obtained with the samples dis- 
persed in Nujol on 2-mil high-density polyethylene. At wave 
numbers greater than 700 cm-’, the spectra were of samples 
brushed directly onto a slightly roughened KBr window. Some 
spectra of the samples incorporated into KBr or CsI pellets were 
obtained, but these spectra were inferior to the Nujol mull 
spectra. 

The infrared spectra (400-4000 cm-l) of Prussian blue and 
Turnbull’s blue brushed onto a KBr window and incorporated 
in KBr pellets were studied from room temperature to 4’K. 
The optical cryostat used in these studies was an Andonian modu- 
lar dewar.’* 

The magnetic susceptibilities were measured using the Fara- 
day method,l9 which consists of measuring the force exerted on a 
hypothetical point source of the magnetic material placed in a 
magnetic field gradient. The gradient field was produced by a 
Varian V-3700 15-cm electromagnet, V-FR2902 Fieldial regu- 
lated power supply, and a set of constant (H)dH/dz pole faces. 
The sample was contained in a 2-mm diameter Suprasil holder 
which in turn was suspended in the gradient field by a thin glass 
fiber which was connected to the lever arm of a Cahn RM auto- 
matic electrobalance. The electrobalance combined with a 
Hewlett-Packard 3400A digital voltmeter allowed a visual read- 
out to  the nearest 0.001 mg of mass change. The gradient 
field was calibrated, for all Fieldial settings, with Mohr’s salt 
Fe(NH4)2(S04)2.6Hz0. The temperatures were monitored with a 
copper-constantan thermocouple, placed in the proximity of the 
sample, and a Leeds and Northrup six-dial guarded poten- 
tiometer facility. The values of xg a t  300, 195, and 78°K were 

measured for stable temperatures maintained sufficiently long 
for the sample and thermocouple to reach an equilibrium tem- 
perature. 

The mass of the Suprasil holder and the sample were initially 
measured with a Mettler semimicrobalance. The sample, in 
the Suprasil container, was then placed in a vacuum jar and 
evacuated t o  a pressure of 1 p .  One end of the Suprasil holder 
was open so that water could leave the sample. The sample re- 
mained a t  this pressure for a t  least 1 week before the vacuum jar 
was filled with dry helium gas. It was then removed and its 
mass was remeasured in order to determine the water loss. The 
soluble Prussian blue sample lost 4% water, and the insoluble 
Prussian blue sample lost 10% water. The sample was then 
placed in the magnetic susceptibility cryostat, which was evacu- 
ated to a pressure of approximately 1 p .  Susceptibility studies 
were begun after it had remained under vacuum for 1 week. 

Standard susceptibility corrections were made for the Suprasil 
holder .a0 

X-Ray powder patterns were obtained with a Norelco wide- 
range goniometer and proportional counter using Cu K a  radia- 
tion with a Ni filter. The samples were mounted in a flat 
rotating specimen holder. 

The soluble and insoluble Prussian blue samples were an- 
alyzed in duplicate (Schwarzkopf Microanalytical Laboratory). 
The results of these analyses are given in Tables I and I1 and 
discussed in the next section. 

Results and Discussion 
Preparation of Prussian Blue.-The preparative 

procedure outlined above, whereby the dry, powdered 
reactants are premixed before addition to  water, was 
considered the best way to prepare the completely solu- 
ble and insoluble Prussian blues. The washings were 
repeated as described above until considerable Prussian 
blue remained in the wash solution as determined by 
the color of the solution. 

The analyses shown in Tables I and I1 were aided by 

TABLE I 
ANALYTICAL RESULTS FOR SOLUBLE PRUSSIAN BLUE 

Element 

C 
H 
N 
Fe 
K 
c1 
0 

Prussian 
blue 

wt % 
KFe- 
[Fe- 

(CN)6I 
15.31 

17.86 
23.74 
8.31 

----Impurities wt %-- 
K I F ~ -  
(CN)e Fer08 KC1 H r 0  

3.38 
1.13 

3.94 
2.62 2 .18  
7.89 1.70 

1.55 
0.94 8.95 

7 w t  
Total 

18.69 
1.13 

21.80 
28.54 
17.90 
1.55 
9.89 

%-- 
Found 

19.26 
1 .13  

21.81 
28.54 
17.90 
1.55 
9.89 

Total 65.22 17.89 3.12 3.25 10.08 99.50 100.08 

X-ray powder patterns21 which showed a 5-15% im- 
purity of a-FezOt in the insoluble Prussian blue. The 
quantitative analysis of the impurities from the ele- 
mental analyses presupposes a knowledge of the im- 
purities present. We believe that our interpretation is 
reasonable in view of the method of preparation. The 
carbon percentage in both cases was found to be slightly 
higher than calculated, probably because of residual 
ethanol. The effects of these impurities on the physical 

(20) B. J. Marshall, R. Johnson, D. Follstaedt, and J. Randorff, Rev. Sci. 

(21) These patterns were made available to us by Dr. W. 0. Milligan. 
Instrum., 40, 375 (1960). 

(18) Andonian Associates, Inc., Waltham, Mass. 
(19) P. W. Selwood, “Magnetochemistry,” Interscience, New York, N.  Y . ,  

1961, p 11. 
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TABLE I1 
ANALYTICAL RESULTS FOR INSOLUBLE PRUSSIAN BLUE 

Prus- 
sian 
blue 

wt % 
Fea- 
[Fe- --Impurities w t  %-- --Wt %-- 

Element (CN)sls FezOs KCl HC1 Hz0 Total Found 

C 16.28 16.28 16.76 
H 0.14 2.38 2.52 2.79 
N 19.00 19.00 19.00 
Fe 29.45 3.68 33.13 33.13 
K 1.52 1.52 1.52 
c1 1.37 5.07 6.44 6.44 
0 1.58 18.86 20.44 20.44 

Total 64.73 5.26 2.89 5.21 21.24 39.33 100.08 

$e 
90 i - 

measurements will be discussed in the appropriate para- 
graphs below. 

Magnetic Susceptibility Measurements.-The mag- 
netic susceptibility studies of Davidson and Welo15 and 
of Cambi22 indicate that the Fe(II1) ions are all high- 
spin species in both soluble and insoluble Prussian blue. 

After correcting for the d i amagne t i~m~~ of the sample 
and impurities and for the antiferromagnetism of the 
~r -FezO3,~*>~~ l/xm (xm is the molar susceptibility) was 
plotted against temperature for the three points a t  
which very careful measurements were made. This 
plot, shown in Figure 1, obeys a Curie-Weiss law, xm = 

721 Prussian Blue 

Figure 1 .-Temperature dependence of molar magnetic suscepti- 
bility for soluble and insoluble Prussian blues. 

C/(T + e), where C = 4.88, 0 = 2",  and peff  = 6.29 
BM per Fe(II1) for soluble Prussian blue and where 
C = 17.6, 0 = O " ,  and peff  = 5.97 BM per Fe(II1) for 
insoluble Prussian blue. In making these calculations, 
it was assumed that the soluble Prussian blue contained 
no water and that the insoluble Prussian blue had lost 
10% of its water with respect to the values reported in 
Table 11. Keeping 6% of the water in the soluble 
Prussian blue calculation does not change the interpreta- 
tion of high-spin Fe(III), but it does give an excep- 
tionally high value of peff  = 6.50 BM per Fe(II1). 
Before doing the magnetic susceptibility studies, the 

(22) L Cambi, GQZZ. Chzm. I t d ,  17,  575 (1947). 
(23) L. N. Mulay, "Magnetic Susceptibility," Reprint, Interscience, New 

(24) S. T.  Lin, Phys R e v ,  116, 1447 (1959). 
(25) A. K. Mukerjee, Indran J .  Phys . ,  43, 465 (1967). 

York, N. Y., 1963. 
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samples were ground to a very fine powder in a mortar, 
This grinding may have removed about 6% of the 
wa.ter from the soluble Prussian blue, since all indica- 
tions are that the soluble Prussian blue has less ten- 
dency to retain water than does the insoluble Prussian 
blue. All magnetic susceptibility measurements were 
repeated on different preparations of soluble and in- 
soluble Prussian blue with essentially the same results. 

Our magnetic susceptibility studies are in general 
agreement with those of Davidson and Welo16 in that 
both studies have shown that the Fe(II1) are all high- 
spin species. However, we have extended our studies 
to lower temperatures and have made measurements 
for samples whose impurity content is known. Our 
effective magnetic moments per Fe(II1) are higher 
than the 5.71 and 5.62 BM obtained by Davidson and 
W e l ~ ' ~  for soluble and insoluble Prussian blue, respec- 
tively. 

Infrared Measurements.-The far-infrared spectra 
of the Prussian blues are shown in Figure 2. The sam- 

Prussian Blue 
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590 390 190 
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Figure 2.-Far-infrared spectra of Prussian blue. 

ples whose spectra are shown in Figure 2 are the ones 
whose analyses are reported in Tables I and I1 and 
whioh were used for the effective magnetic moments 
reported above. These spectra differ significantly in 
many respects. The most striking difference occurs in 
the BOO-cm-l band, which is a strong band in the spec- 
trum of the soluble Prussian blue and a weak band in 
the spectrum of the insoluble compound. 

A band of medium intensity occurs a t  562 cm-' in 
the spectrum of the insoluble compound but does not 
appear in the soluble Prussian blue spectrum. 

Another difference occurs in the region of 500 cm-l, 
the 500- and 515-cm-I bands forming a strong doublet 
in the insoluble Prussian blue spectrum, whereas the 
514-cm-l band occurs only as a shoulder in the spec- 
trum of the soluble compound. The preparation of the 
soluble Prussian blue in 1 M HCl by conventional 
methods gives a much sharper spectrum (Figure 3) and 
shows distinctly the band a t  514 cm-l, which is also 
evident as a shoulder in the spectra of our second prep- 
aration of the Prussian blues in Figure 3. The bands 
a t  562 and 471 cm-l in the spectrum of insoluble Prus- 
sian blue might be the ~r-FezO3 impurity (Figure 4). 
The band a t  363 cm-' might also arise from an a-Fe20a 
band. 
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Prussian Blue 

-7 

640 440 240 
cm-1 

Figure 3.-Far-inffared spectra of a second Prussian blue 
preparation, a preparation by the conventional method (Litera- 
ture), and a preparation in l M HCl (HCl). 

There is apparently a very broad band in the region of 
300-450 cm-1 in the spectrum of insoluble Prussian 
blue, which does not appear in the soluble compound, 
since the spectrum of the soluble compound shows 
nearly 1 0 0 ~ o  transmittance in this region. This can- 
not be attributed to any known impurity. Nakagawa 
and ShimanouchiZ6 have done force constant calcula- 
tions on a number of aquo complexes of the first-row 
transition metals. They have assigned metal-oxygen 
stretching vibrational frequencies to broad bands ob- 
served in the 300-500-~m-~ region of the spectra of 
these complexes. 

The number of bands observed in the low-frequency 
region of the spectra of the Prussian blues and the 
differences between the spectra of the soluble and in- 
soluble blues indicate that the crystals are not ionic 
but that  they are supercomplexes in which the ferro- 
cyanide groups strongly interact with the Fe(II1). 
Thus, the bands in the region 450-650 cm-l can be 
associated with the Fe-CkN-Fe bending modes, 

(26) I. Nakagawa and T. Shimanouchi, Spectrochim. Acta, 20, 429 (1964). 

570 370 170 
cm-I 

Figure 4.-Far-infrared spectra of the possible impurities present 
in Prussian blue. 

while the broad band a t  250 cm-’ is to be associated 
with the stretching vibrations. The replacement of 
interstitial K+ with hydrated Fe(II1) affects the bend- 
ing modes more than the stretching modes, since the 
differetlces between the soluble and insoluble Prussian 
blue spectra are more pronounced in the bending region. 

Figure 5 shows the spectra of Turnbull’s blue pre- 
pared by premixing the dry reactants and adding them 
to water. The spectra indicate that the Turnbull’s 
blue converts to  either soluble or insoluble Prussian 
blue depending upon whether KaFe(CN)e or FeC12, 
respectively, is in excess. Comparison of the soluble 
Turnbull’s blue and soluble Prussian blue spectra with 
the spectra of KaFe(CN)e and KdFe(CN)6 reveals that 
not enough crystalline K3Fe(CN)6 and KdFe(CN)8 are 
present to  appear in the spectra. Since K*Fe(CN)6 is 
present in the soluble Prussian blue to the extent of 23 
mol yo of the soluble Prussian blue, adsorbed ferro- 
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Figure 5.-Far-infrared spectra of Turnbull’s blue. 

cyanide ion could make some contribution to the 596- 
cm-l band, but i t  is doubtful that i t  could account for 
all of the intensity observed in the 596-cm-1 band of 
the soluble Prussian blue spectrum. It should not be 
present in the soluble Turnbull’s blue spectrum unless 
the adsorbed ferricyanide ion is reduced to ferrocyanide. 

Shown in Figure 3 are spectra of the Prussian blues 
made by the conventional method and also by the con- 
ventional method in a 1 M HC1 solution. Comparison 
of these spectra with those of soluble and insoluble 
Prussian blue shows that preparation by the conven- 
tional literature method leads to a product which is 
primarily the desired Prussian blue but with some of the 
undesired Prussian blue present-perhaps as much as 

The spectra of soluble Prussian blue prepared in 1 M 
HC1 showed much narrower bands, indicating more 
homogeneity and longer range order. This is in agree- 
ment with the results of Weiser, et al.,12 who obtained 
sharper X-ray patterns for Prussian blue samples pre- 
pared in 12 M HCI. 

Spectra of Prussian blue and Turnbull’s blue were 
obtained a t  temperatures from room temperature to 
4°K. The spectra remained unchanged except for a 
sharpening of the bands a t  low temperatures. 

X-Ray Studies.-X-Ray powder patterns of both the 
soluble and insoluble Prussian blues were obtained. 

25%. 

Careful detailed studies were not attempted because of 
the unavailability of an iron source and the high back- 
ground present with the Cu source. Our results agree 
with those of Weiser, et al.,12 for the insoluble Prussian 
blue. The soluble Prussian blue pattern differs from 
the insoluble in that the line associated with the 400 
reflection is stronger than the line associated with the 
200 reflection. The reflection positions are the same 
for both blues, however. 

The X-ray and magnetic susceptibility studies have 
indicated that Prussian blue forms a face-centered- 
cubic structure with either potassium ions or ferric ions 
occupying the interstices in the lattice. However, 
there are other possible structures which might also be 
compatible with the X-ray and magnetic susceptibility 
data. Some of these have been discussed by David- 

If Fe(II1) is four-coordinate, i t  is possible to build up 
rings composed of eight Fe [Fe(CN)e] groups wherein 
octahedral and tetrahedral edges are shared. It is 
then possible for octahedral Fe(II1) to bridge three 
rings, giving rise to  a maximum Fe(II1) to Fe(I1) ratio 
of 4:3. This structure, which would possess only 
short-range order, should lead to two distinct C=N 
stretching frequencies, especially in the case of the 
soluble Prussian blue. Alternatively, helices can be 
formed. However, the overlap is poor and does not 
favor Fe-N bonding. 

Structures involving octahedral coordination to both 
cyanide and water have not been considered, although 
Ludi and GiideIz8 have recently advanced this structure 
to explain the X-ray powder patterns of Cos [Co(CN)o JZ 
and Cds[Co(CN)eIz. 

The observation of only one C=N stretching band a t  
2081 cm-I in the infrared spectra (resolution -1 cm-l) 
of the Prussian blues and the interpretation of the X-ray 
powder patterns as being diagnostic of a face-centered- 
cubic structure probably eliminate any structure in- 
volving Fe(II1) in tetrahedral coordination. We be- 
lieve that the correct structure is the one proposed by 
Keggin and Mileslo involving octahedral coordination 
a t  the octrahedral corners. 
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