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Abstract The ammonium, barium hexacyanoferrate(Il)
trihydrate, Ba(NH,4),[Fe(CN)¢]-3H,O, has been synthesized
for the first time, was characterized by thermogravimetric
and differential thermal analysis (TG-DTA), infrared (IR)
and Raman spectroscopy and chemical analysis, and its
crystal and molecular structures were determined by X-ray
diffraction methods. The chemical composition was deter-
mined by assaying Ba(Il) with EDTA, ammonia nitrogen
with Nessler’s reagent as indicator and Fe(Il) using spec-
trophotometry with ortho-phenanthroline method. The hy-
dration number was estimated by thermogravimetric
analysis. The compound crystallizes in the trigonal R-3c¢ s-
pace group. The ferrocyanide anion has an almost perfect
octahedral shape with its Fe(I) ion in a crystallographic
special position of point symmetry Sg [d(Fe-C) =
1.912(2) A, d(C-N) = 1.153(3) A]. The barium, ammoni-
um nitrogen and water oxygen atoms are also at lattice
special positions with site symmetries D3, C; and C,, re-
spectively. The thermal decomposition process was also
studied using TG-DTA, and the products of decomposition
were identified by IR spectroscopy. It proposes a mechanism
of decomposition.
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Introduction

The study of cyanocomplexes has received much attention
for a long time because they are important precursors for
the synthesis of perovskite-type oxides which have a va-
riety of applications such as chemical sensors and catalysts
[1-4]. It is also well known that it can be used in
organometallic and coordination chemistry for the synthe-
sis of various super-complexes or molecular assemblies
and also in the field of supramolecular chemistry to build
various 1D, 2D or 3D structures [5-9].

Most of their applications are based on the ability of the
cyano groups to bind several metal centers. Among their
many applications, these complexes can act as catalysts,
chemical sensors, molecular sieves for storing gases, photo-
sensitizers and prototypes of molecular magnets [10-13].

In previous researches, the hexacyano and pentacyano
nitrosyl complexes have been used as precursors to prepare
mixed oxides from the thermal decomposition in oxidative
atmosphere. It was shown that this method produced
compounds with a high superficial area, which determines
the potential catalytic activity of the products [14-17]. In
addition, the complexes and their decomposition products
have interesting solid state properties because they exhibit
the coexistence of ferroelectric and magnetic behavior
[18]. Recently, the magnetic properties of yttrium
hexacyanoferrate and the series of Y[Fe;_,Co(CN)g]-
4H,0 (0 < x < 1) solid solutions have been studied by Gil
et al. The obtained oxides from the thermal decomposition
of the complexes also have interesting electric and mag-
netocaloric properties [19-21].
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Fig. 1 TG and DTA curves for
Ba(NH,),[Fe(CN)g]-3H,0 in air 366 °C
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Table 1 Crystal data and structure refinement results for Ba(NH,),[Fe(CN)4]-3H,O
Empirical formula CeH4BaFeNgO;
Formula weight 439.44
Temperature 295(2) K
Wavelength 0.71073 A
Crystal system Trigonal
Space group R-3c (#167)
Unit cell dimensions a = 7.3744(2) A
b = 7.3744(2) A
¢ = 4.5758(2) A
Volume 2,155.0(1) A3
Z, Density (calculated) 6, 2.032 mg m™3
Absorption coefficient 3.751 mm™'
F(000) 1,272
Crystal size 0.14 x 0.12 x 0.08 mm’
Crystal shape/color Prism/light yellow
Y-range for data collection 3.31°-26.50°
Index ranges —-9<h<7,-5<k<9, -57<1<57
Reflections collected 2,728
Independent reflections 504 [R(int) = 0.022]
Observed reflections [/ > 20(1)] 451
Completeness to ¥ = 26.50° 99.8 %

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F>

Final R* indices [I > 2a(])]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

0.7535 and 0.6237

Full-matrix least-squares on F?
504/3/42

1.135

Ry = 0.0160, wR, = 0.0427
R; = 0.0187, wR, = 0.0442
0.00078(9)

0.488 and —0.443 e A™?

) 2 1/2
* R = Sl IF ] R = 2w 1FF) o) ]
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Fig. 2 Plot of Ba(NH,4),[Fe(CN)g]-3H,0 showing the labeling of the
independent non-H atoms and their displacement ellipsoids at the
50 % probability level. Unlabeled hatched ellipsoids around barium
are cyanide N atoms of neighboring, symmetry related, [Fe(CN)gl*~
complexes. H bonds are indicated by dashed lines. Iron, barium,
ammonium nitrogen, and water oxygen atoms are at crystallographic
special positions of point symmetries Sg, D3, C5 and C,, respectively

Table 2 Bond lengths [A] and angles [°] for Ba(NH,4),[Fe(CN)g]-3H,O

C-N 1.153(3) O(1W)-Ba-N#2 134.02(4)
C-Fe 1.912(2) O(1W)-Ba-N#3 74.16(4)
N-Ba 2.894(2) O(IW)-Ba-N 65.04(4)
Ba-O(1W) 2.880(3) N#3-Ba-N 74.66(7)
N-C-Fe 178.6(2) N-Ba-N#4 130.08(8)
C-N-Ba 146.3(2) N-Ba-N#5 148.33(8)
C#1-Fe-C 90.53(8) N-Ba-N#6 91.97(9)

Symmetry transformations used to generate equivalent atoms

#D) =y, x—y—1,z@#) —y+ 1, x—y z #) —x+y+1,
—x+ 1,z (#4) y+ 13, x — 13, —z+ 1/6; (#5) x — y + 1/3,
—y + 203, —z + 1/6; (#6) —x + 4/3, —x + y + 2/3, —z + 1/6

The crystal structures of some hexacyanoferrates and
mixed metal ferrocyanides have been reported previously.
In 1973, Bailey et al. [22] determined the crystal structure
of La[Fe(CN)¢]-5H,O by single-crystal X-ray diffraction
analysis, which was later confirmed by Kietaibl and Bonnet
[23-25]. Other authors determined the crystal structure of
yttrium hexacyanoferrate(Ill) and bismuth hexacyanofer-
rate(IlT) by Rietveld analysis of powder X-ray diffraction
data [20, 26-28].

In 1977, Raistrick et al. [29] determined the crystal
structure of some mixed metal hexacyanoferrates of the
type A;B[Fe(CN)g]-xH,O (where A = alkali metal, am-
monium and B = divalent metal). If A = ammonium and
B = Mg(Il), the crystal symmetry is cubic, while for
A = ammonium and B = Ca(Il), the symmetry reduces to
tetragonal.

We have already reported the crystal structure of am-
monium, strontium hexacyanoferrate(Il) dihydrate. It
crystallizes in the orthorhombic Pnma space group [30].

The thermal decomposition of hetero-nuclear complexes
was proposed by Gallagher [31] in 1968 to prepare LaFeO5
and LaCoOj; using hexacyanometallates as precursors. The
oxides obtained by this method were formed at shorter
times and lower temperatures than ceramic methods. In
addition, the use of soft chemical routes can yield homo-
geneous phases with small grain size, a feature which
improves the catalytic properties [16, 17, 20, 26, 28,
31-34].

In this work, we report the synthesis, thermal analysis,
spectroscopic properties and crystal structure of a new
ammonium, barium hexacyanoferrate(Il) trihydrate. The
techniques used were thermogravimetric and differential
thermal analysis (TG-DTA), infrared (IR) and Raman
spectroscopy and structural single-crystal X-ray diffraction
analysis.

Experimental
Synthesis

Ba(NH,4),[Fe(CN)g] was prepared by mixing equal vol-
umes of 20 mmol of sodium hexacyanoferrate(Il) decahy-
drate, 40 mmol ammonium chloride and 20 mmol barium
chloride in an inert atmosphere. The addition of BaCl,
was done in stages until the calculated amount was
reached [35].

The reaction that takes place can be represented by the
following equation:

[Fe(CN),]*™ + 2NHJ + Ba>* = Ba(NH,),[Fe (CN),] |
Light yellow
(1)

The obtained precipitate was filtered out from the so-
lution under vacuum and then stored in a dry box with
silica gel.

The chemical composition of the substance was deter-
mined by assaying Ba(Il) using EDTA, ammonia nitrogen
using Nessler’s reagent as indicator and Fe(II) using
spectrophotometry with o-phenanthroline method [36-38].
The water content was determined by thermogravimetric
analysis (TG) with a Shimadzu TG-50 equipment at
5° min~" under flowing air.

Characterization

Thermogravimetric and differential thermal analysis (TG—
DTA) measurements were performed with a Shimadzu TG/
DTA-50 from room temperature (RT) to 1,000 °C at a
heating rate of 5° min~' under flowing air.

Infrared absorption spectra (in the 4,000—400 cm ™' re-
gion) were recorded at RT on a FTIR Perkin-Elmer 1600
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Table 3 Steps for the thermal
[Fe(CN)g]-3H,0 and % of mass loss

decomposition of Ba(NHy),

Step Temperature Observed Theoretical
range/°C mass loss/% mass loss/%

1 20-140 12.29 12.30

2 180400 20.44 20.04

3 400-650 5.17 4.55

4 650-1,000 7.07 8.02

Total mass loss/% 44.96 4491

spectrophotometer in the transmission mode using
KBr pellets.

The measurements of X-ray diffraction were performed
on an Oxford Xcalibur Gemini, Eos CCD diffractometer
with graphite-monochromated MoKa (4 = 0.71073 10\)
radiation. X-ray diffraction intensities were collected (®
scans with ¢ and «x-offsets), integrated and scaled with
CrysAlisPro [39] suite of programs. The unit cell pa-
rameters were obtained by least-squares refinement (based
on the angular settings for all collected reflections with
intensities larger than seven times the standard deviation of
measurement errors). Data were corrected empirically for
absorption employing the multi-scan method implemented
in CrysAlisPro. The structure was solved by direct methods
with SHELXS-97 of the SHELX suite of programs [40]
and the molecular model refined by full-matrix least-
squares procedure with SHELXIL.-97 of the same package.

The ammonium and water hydrogen atoms were located
in a difference Fourier map phased on the heavier atoms
and refined at their found positions with isotropic dis-
placement parameters and the N-H and Ow-H bond dis-
tances constrained to a target value of 0.86(1) A.

Results and discussion
Chemical analysis

The crystals of ammonium barium hexacyanoferrate(Il)
have pinacoidal morphology [41]. Their mean size was in
the range from 7 to 12 mm.

Ba(Il), Fe(Il) and NH; were analyzed by analytical
techniques and the number of water molecules was calcu-
lated from TG measurements (see Fig. 1). The dehydration
process ends at 140 °C, and the mass loss was 12.29 %.
This corresponds to the elimination of three water mole-
cules (theoretical value 12.30 %).

Anal. Calcd. for Ba(NHy),[Fe(CN)g]-3H,O (%): Ba,
31.29; Fe, 12.67; NH{, 6.38; H,0, 12.30. Found: Ba,
30.76; Fe, 12.11; NH{, 6.06; H,0, 12.29.
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Fig. 3 IR spectra of Ba(NH4),[Fe(CN)g]-3H,O and its thermal
decomposition products: I RT, II 450 °C and 111 1,000 °C. Inset: IR
spectrum between 600 and 250 cm™" at 1,000 °C

Crystal structure

Ba(NH,),[Fe(CN)g]-3H,O crystallizes in the trigonal R-3¢
space group (in the hexagonal setting) with a =
b = 7.3744(2), c = 45.758(2) A and Z = 6 molecules per
unit cell. The ferrocyanide complex is center symmetric
with its Fe(I) ion sited on a special position with point
symmetry S¢ (3) in a nearly perfect octahedral environ-
ment. The metal is sixfold coordinated by the C atom of the
cyanide ligand [d(Fe-C) = 1.912(2) /ok, d(C-N) =
1.153(3) A and Fe-C-N angle of 178.6(2)°]. Cis C—Fe-C
bond angles depart from perfect perpendicularity in
0.53(8)°. The Ba(Il) ion is located on a crystallographic D5
point symmetry in a ninefold environment. It is coordinated
by six cyanide groups conforming an Archimedean trian-
gular anti-prism geometry where the metal is sandwiched
between two triangular basis with a cyanide N atom at each
vertex [d(Ba—-N) = 2.894(2) A], rotated in 14.12(7)° from
each other. The ninefold environment around barium is
completed by three symmetry-related water molecules
[d(Ba-O1w) = 2.880(3) 1&] entering equatorial coordina-
tion along the C, axes of the D5 point group. The ammo-
nium cation is sited on a crystallographic threefold rotation
axis (site symmetry Cz).

The lattice presents weak H bonds involving the am-
monium ion and the water molecule as donors and the
cyanide N atom as acceptor [N---N, distances of 3.039 and
3.308 A and N-H---N¢yan angles of 161.25° and 131.05°,
respectively, and d(Ow---Ncyan) = 3.240 A and angle
(Ow-H:N¢yan) = 149.18°].  Further details of the
H-bonding structure are provided as supplementary
information.
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Fig. 4 Raman spectrum of Ba(NH,),[Fe(CN)s]-3H,O
The crystal structure of Ba(NH,4),[Fe(CN)¢]-3H,O can

be compared with the related Sr(NH4),[Fe(CN)¢]-2H,O
compound [30]. The strontium complex crystallizes in the

orthorhombic space group Pnma with the ferrocyanide
complex on an inversion center and the Sr(II) ion sited on a
crystallographic mirror plane (Cs) in an eightfold Archi-
medean square anti-prism coordination. The corners across
the diagonals of each square basis are occupied by water
molecules (on Cs sites) and cyanide N atoms. The am-
monium molecule is at a crystal general position.

Crystal data and structure refinement results are sum-
marized in Table 1. Figure 2 shows an ORTEP [42] plot of
Ba(NH,),[Fe(CN)g]-3H,O, and distances and angles bond
are given in Table 2.

Thermal decomposition

The thermal behavior of Ba(NH,4),[Fe(CN)¢]-3H,O in air
was studied by TG and DTA (see Fig. 1). The first step in
TG curve ends at 140 °C with mass loss of 12.29 %, which
can be attributed to the elimination of three water mole-
cules per chemical formula. This corresponds with the
endothermic DTA peak observed at 113 °C. The second
step begins at 180 °C and ends at 400 °C with a mass loss

Table 4 Frequencies (cm™") and assignments of bands in the infrared (at different temperatures) and Raman (at RT) spectra of

Ba(NHy),[Fe(CN)g]-3H,0O

IR Raman (RT) Assignment Ref.
Room temperature 450 °C 1,000 °C
3,622 - - - viOH coordinate water (a)
3,545 - - - v30H coordinate water (b)
3,146-3,062 - - - vsNH, (c)
- - - 2,095 VviCN™
- - - 2,060 viCN™
2,041 - - - v;CN™ (d)
1,669 - - - v,NH,* (e)
1,607 - - - 8(HOH) coordinate water )
- 1,437 1,447 - vs [CO5>7] (&)
1,418 - - - SHNH (h)
- 1,086(vw) 1,078(vw) - vi [CO5°7] @)
998-941 - - - pH,O )
- 857 856 - 8 [CO5>7] k)
830 - - - oH,O )
- 686 661 - v [CO5>7] (m)
585 571 - - v [FeC] (n)
- 557 - - v [BaC] (1)
- - 571 - Fe, 05 (0)
_ - 500 - BaFeO, 5 ()
414 471 - 518 SFeCN @
416 v,CFeC
386 - - - dFeC (r)
- - 373-303 - d0FeO (s)
- - - 208 ?
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of 20.44 %, and it is assigned to the elimination of two
ammonium cyanide molecules and the formation of iron(IT)
cyanide and barium cyanide. In DTA are observed one
endothermic peak at 229 °C and three exothermic ones at
294, 338 and 366 °C. The third decomposition step occurs
in the 400-650 °C range and is attributed to the loss of NO
and elimination and oxidation (exothermic combustion) of
the CN groups with the simultaneous formation of barium
carbonate and ferric oxide [15, 26]. In DTA, this process
appears as an exothermic peak at 639 °C. Finally, for the
last stage of decomposition (650-1,000 °C range), it can be
assumed that part of barium carbonate is decomposed to
generate BaFeO, s mixed oxide leaving a small residue of
barium carbonate, as expected because the decomposition
temperature of BaCOj is 1,450 °C [43]. Other authors have
previously reported that very prolonged warming is re-
quired to obtain samples free of carbonates in the synthesis
of mixed oxides of strontium and barium [14, 15, 17,
26, 44]. In DTA is observed an exothermic peak at 962 °C.
The expected mass losses in each of the decomposition
steps are in good agreement with the experimental values.
These results are summarized in Table 3. The total mass
loss from RT to 1,000 °C is 44.96 %. This is in agreement
with the theoretical mass loss (44.91 %) for the formation
of BaFeO, 5 from the complex.

The sequence of decomposition steps could be ex-
pressed as:

Ba(NH,), [Fe(CN)y] - 3H,0() 0
= Ba(NH,),[Fe(CN)] ) + 3H, Oy (2)

Ba(NH,),[Fe (CN)g] ) 0 = Fe(CN),,+Ba(CN)y
+ 2NH4CN(g) (3)

11
Fe(CN),,)+Ba(CN), + 7 O 0

= BaCOs(,) + %FezOg(s) + %(CN)z(g) +NOyy, 4)
BaCOj3) + %Fe203(s) () = BaFeO, 5(5) + COyy) (5)

The complete reaction can be written as:
Ba(NH,),[Fe(CN),] - 3H2O() + 1—2102(g) 0

= BaFeO, 5(;) + 3H2O(y) + 2NH4CN(y

3
+ 3 (CN)y(g) + NO(g) + COy) (6)

Vibrational analysis
We analyzed the vibrational behavior of the complex by IR

spectroscopy and the results are shown in Fig. 3 (I). At RT,
the absorption bands observed at 2,045, 585 and 414 cm ™!

@ Springer

are assigned to the v3(CN) stretching, v(FeC) stretching
and d(FeCN) bending modes, respectively. Two IR bands
appear at 3,622 and 3,545 cm™' due to the H,O asym-
metric (vi) and symmetric (v3) stretching modes, respec-
tively, and a single and narrow band at 1,607 cm™ ! s
assigned to the (HOH) deformation [45]. It was also ob-
served the rocking mode p(H,O) at 998 and 941 cm ! and
wagging vibrations ®(H,O) at 830 cm~!. The bands lo-
cated between 3,146 and 3,062 cm ™! are due to ammonium
stretching modes v3(NHJ), while NH{ deformation mode
O(HNH) is observed at 1,418 cm™! [30, 45]. The Raman
dispersion spectrum (Fig. 4) of the complex shows two
strong CN bands in the region 2,000-2,200 cm™! [46]. The
band located at lower frequency is due to the CN sym-
metric stretching. In the IR spectrum, only one CN
stretching band was observed. This result is in agreement
with the selection rules showing that the vibration modes of
Ay, Eg and Ty, symmetry will be only Raman-active [47].

Figures 3 (I) and (IIT) show the IR spectra of the de-
composition products of Ba(NHy),[Fe(CN)g]-3H,O at
450 °C and 1,000 °C, respectively. The v3(CN) stretching
band located at 2,041 cm™' at RT disappeared in both
spectra, while at the same time, there appear bands corre-
sponding to the presence of barium carbonate at 1,437, 857
and 686 cm™ ! due to stretching of C=0 and the angular
deformations of the CO%‘, respectively [14, 15, 26, 45]
(see Table 4).

This behavior agrees with the plateaus appearing around
400 °C and the last plateau from 700 °C in the TG mea-
surement. The inset of Fig. 3 details the oxides spectral
region between 600 and 250 cm™'. The tentative assign-
ment of the IR and Raman spectra is collected in Table 4.

Conclusions

The ammonium, barium hexacyanoferrate(Il) trihydrate,
Ba(NH,4),[Fe(CN)g]-3H,0, has been synthesized for the first
time, was characterized by TG, IR and chemical analysis
and its crystal and molecular structures were determined by
X-ray diffraction methods. The compound crystallizes in the
trigonal R-3c¢ space group (in the hexagonal setting) with
a=>b="737442), c = 45.758(2) A and Z = 6 molecules
per unit cell. In the lattice, Fe(Il) ion is sited on a special
position with point symmetry Sg (3) in a nearly perfect oc-
tahedral environment. The Ba(Il) ion is located on a crys-
tallographic D3 point symmetry in a ninefold environment.
It is coordinated by six cyanide groups conforming an
Archimedean triangular anti-prism geometry, where the
metal is sandwiched between two triangular basis with a
cyanide N atom at each vertex [d(Ba-N) = 2.894(2) 1&],
rotated in 14.12(7)° from each other.



Ammonium, barium hexacyanoferrate(Il) trihydrate

1833

According to the thermal analysis, Ba(NH4),[Fe(CN)g]-
3H,0 decomposes in four steps. The first one corresponds
to the elimination of three water molecules (coordinated
water) per chemical formula, the second step is attributed
to the loss of two ammonium cyanide molecules and the
formation of iron(I) cyanide and barium cyanide. The third
decomposition step is attributed to the elimination and
oxidation of the CN groups with the simultaneous forma-
tion of barium carbonate and ferric oxide. Finally, in the
last stage, it can be assumed that part of barium carbonate
is decomposed to generate BaFeO, 5 mixed oxide.

Supplementary information

Tables of fractional coordinates and equivalent isotropic
displacement parameters of the non-H atoms (Table S5),
atomic anisotropic displacement parameters (Table S6),
Hydrogen coordinates and isotropic displacement pa-
rameters (Table S7) and H bond distances and angles
(Table S8). A CIF file with details of the crystal structure
reported in this paper has been deposited with the Cam-
bridge Crystallographic Data Centre under deposition
number CCDC 901579.
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