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Abstract—The complexes [Ni(Pn),],[Fe(CN)¢] - 3H,O (I), [Ni3(Pn)s][Fe(CN)¢]l, - 9H,O (II),
[Nis(Pn)g][Fe(CN)gls - 9H,O (III), and [Ni(Pn),]5[Fe(CN)¢], - 6H,O (IV) (Pn = 1,3-diaminopropane)
were obtained. Their thermolysis was studied in oxidative (air), reductive (hydrogen), and inert atmospheres
(argon) in a temperature range from 20 to 1000°C. Solid and gaseous products of the thermolysis were iden-
tified. In air thermolysis, the carbon of the ligands is eliminated as CO and CO,; the solid residues consist of
nickel oxide, iron oxides, and the intermetallide NisFe. In hydrogen thermolysis, the ligands are eliminated
partially unchanged and partially hydrogenated to ammonia and hydrocarbons. The solid residue at >550°C
consists of bimetallic phases with a small carbon impurity. In argon thermolysis, the ligands are eliminated
partially unchanged or as fragments of the Pn molecule. The solid residues produced by calcination contain

a mixture of metal and oxide phases and 10 to 20% of the initial carbon content.

DOI: 10.1134/S1070328414080090

INTRODUCTION

In the last two decades, the synthesis of heterome-
tallic molecular entities (HMESs) has been of growing
interest [1]. These compounds show attractive proper-
ties and can potentially be used in catalysis, medicine,
nanotechnology, and, specifically, as precursors to
nanosized bimetallic powders. Multiple HMEs with
various ligands have been made; among them, a group
of 3D HMEs with the CN ligands is of greatest inter-
est. The anions [Fe(CN)4]**®~ are often used as the
anion of these HMEs, and such HMEs are analogs of
Prussian blue [2, 3]. A number of combinations of 3d
metals have been investigated [1], including a few
papers concerned with the combination Ni + Fe [4—
7]. The air and hydrogen thermolysis of
[Ni(NH;)¢];[Fe(CN)¢], has been reported only [7].
This complex decomposes in air by eliminating two
NHj; molecules at 60—190°C and the rest of ammonia
at 190—250°C, leaving at 400°C a solid residue (3NiO
+ Fe,03). During hydrogen thermolysis, this complex
also loses ammonia stepwise. The N and C atoms of
the cyano groups are eliminated as ammonia and
hydrocarbons (mainly, methane). The solid residue
consists of the intermetallide Ni, ¢Fe 4; however, this
product even at 700°C contains 1/6 and 1/4 parts of
the initial carbon and nitrogen contents, respectively.
Therefore, the temperature required to remove all the
ligands from this complex in a hydrogen atmosphere is
appreciably higher than that in air. The thermolysis of
the cationic and anionic complexes making up
[Ni(NH;)¢];[Fe(CN)g], involves a wider temperature

range and follows a more complicated decomposition
pattern [8, 9] via the simple salts NiCl, (for the cation)
and KCN + Fe(CN), (for the anion) as intermediate
products.

The goal of the present work was to study the syn-
thesis and thermolysis of the complexes
[Ni(Pn),],[Fe(CN)g] - 3H,0 (I), [Niz(Pn)s][Fe(CN)g], -
9H,O (II), [Nis(Pn)e][Fe(CN)¢l; - 9H,O (III), and
[Ni(Pn),]5|Fe(CN)gl,- 6H,O (IV) (Pn = 1,3-diamino-
propane). The literature data for the thermolysis of
these complexes and for the synthesis of complexes I,
II, and IV are lacking. Complex III was obtained as
described in [5]. The same but somewhat modified
procedure was used for the synthesis of complexes I1
and IV. All the complexes under discussion seem to
have complicated 2D and 3D structures. Their proper-
ties as well as air, hydrogen, and argon thermolysis
were studied; the solid and gaseous products of the
thermolysis were identified.

EXPERIMENTAL

The following starting materials were used: NiCl, -
6H,0 (reagent grade), K;[Fe(CN)¢], K,[Fe(CN)(] -
3H,0 (reagent grade), and 1,3-diaminopropane (Pn)
(0.889 g/cm?, Vekton). For the synthesis of HMEs,
[Ni(Pn),]Cl,- 2H,0 was prepared as described in [10].

Synthesis of complex I. A weighed sample of
[Ni(Pn),]Cl,- 2H,0 (1.55 g, 5 mmol) was dissolved in
82% ethanol (7 mL) and water (7 mL) to give a bright
violet solution. Then K,[Fe(CN)¢] - 3H,0 (2 mmol) as
a 0.5 M solution (4 mL) and water (15 mL) were
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added. This immediately resulted in the formation of a
violet curdy precipitate. The reaction mixture was
cooled to ~0°C for 1 h. The precipitate was filtered off,
washed with ethanol, and dried in air. The yield of
complex I was 1.25 g (~85%), anisotropic violet tabu-

lar crystals; the refractive indices are N;, = 1.623,
N:g = 1.644.

For C13H52N1406Ni2l:e (I)
C, 29.46;
C, 29.25;

Ni, 16.01;
Ni, 16.08;

Fe, 7.61.
Fe, 7.25.

anal. calcd., %:
Found, %:

Synthesis of complex II. A weighed sample of NiCl, -
6H,O (14.4 g, 0.06 mol) was dissolved in ethanol
(65 mL), and a mixture of Pn (15 mL, 0.18 mol) and
water (75 mL) was added. Addition of K;[Fe(CN)]
(13.16 g, 0.04 mol) to the resulting solution immedi-
ately produced a bronze-colored precipitate. The
reaction mixture was cooled to ~0°C for 1 h. The pre-
cipitate was filtered off, washed with ethanol, and
dried in air. The yield of complex II was 22.33 g
(62.8%), anisotropic laminated crystals ranging in
color from light yellow to red-brown with N = 1.590—
1.606.

For C27H62N2206Ni3F62 (II)
C, 30.03;
C, 30.24;

Ni, 16.34;
Ni, 16.11;

Fe, 10.35.
Fe, 10.05.

anal. calcd., %:
Found, %:

Synthesis of complex III [5]. A weighed sample of
NiCl, - 6H,0 (9.52 g, 70 mmol) was dissolved in water
(100 mL), and a mixture of Pn (10 mL, 120 mmol) and
water (25 mL) was added. The resulting dark blue
solution was stirred, and K;[Fe(CN)4] (26.32 g,
80 mmol) in water (200 mL) was added for 5 min. This
immediately resulted in the formation of a golden-
brown precipitate. The reaction mixture was left for
24 h. The precipitate was centrifuged, suspended in
water with subsequent centrifugation (4 times),
washed with ethanol, and dried in air. The centrifuga-
tion was employed because of the poor filterability of
the precipitate consisting of thin tabular crystals. The
yield of complex III was 12.86 g (91.49%), anisotropic
laminated crystals ranging in color from light yellow to
red-brown with N = 1.590—1.606.

For C45H108N3609Ni5Fe3 (III)
C, 30.73;
C, 0.78;

Ni, 16.70;
Ni, 16.61;

Fe, 9.53.
Fe, 9.74.

anal. calcd., %:
Found, %:

Synthesis of complex IV. A weighed sample of
[Ni(Pn),|Cl, - 2H,0 (16.23 g, 52 mmol) was dissolved
in ethanol (63 mL) and water (63 mL) to give a bright
violet solution. Then K;[Fe(CN),] (9.18 g,
27.9 mmol) in water (140 mL) was added. The reac-
tion mixture was cooled to ~0°C for 1 h. The brown
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precipitate that formed was filtered off, washed with
ethanol, and dried in air. The yield of complex IV was
15.84 g (~98.67%), yellow anisotropic tabular forma-
tions. The pleochroism is yellow in N, and olive-col-

oredin N,; N, =1.598, N, = 1.609.

For C30H72N2406Ni3F62 (IV)
C, 31.26;
C. 31.36;

Ni, 15.29;
Ni, 15.38;

Fe, 9.69.
Fe, 9.63.

anal. calcd., %:
Found, %:

The elemental analysis data were averaged over sev-
eral measurements for different syntheses of the same
complex; the standard deviations fell within 0.5%.

The complexes obtained were identified using ele-
mental analysis, X-ray powder diffraction, IR spec-
troscopy, and crystal optics analysis. Analysis for met-
als was performed as follows. Weighed samples of the
complexes and their thermolysis products were cal-
cined at 700°C for 1.5 h to remove and then dissolved
in dilute H,SO,. The resulting solutions were analyzed
by atomic absorption spectroscopy on an AAnalyst
400 spectrometer. Analysis for carbon was carried out
by automated coulometric titration on a CS-2000
express analyzer; the nitrogen and hydrogen
contents were determined on a EURO EA-3000
instrument. X-ray powder diffraction was measured on
DRON-2 and DRF-2 diffractometers (CukK, radia-
tion, graphite monochromator). IR spectra were
recorded on a Nicolet 6700 FTIR spectrometer (in
KBr pellets). The complexes were identified by com-
paring their spectra with the literature data [5, 9, 11—
13]. Crystal optics was studied with a Leica DM 2500
microscope using a standard set of immersion fluids.
The densities of the complexes I-IV were measured
with a pycnometer in acetone at 25°C: p = 1.558 (I),
1.565 (II), 1.452 (III), and 1.523 g/cm? (IV).

The most intense reflections for complexes I-1V
include (interplanar spacings d/n, nm)/I: 0.74/100,
0.50/80, 0.43/61, 0.40/69, 0.37/56, 0.31/48, 0.29/39,
0.28/64, 0.24/57 (I); 1.09/88, 0.80/63, 0.69/100,
0.60/88, 0.50/96, 0.46/83, 0.41/48, 0.37/56, 0.28/40
(ID); 1.04/100, 0.78/33, 0.69/60, 0.66/70, 0.57/56,
0.54/62, 0.47/65, 0.45/69, 0.40/37, 0.37/44, 0.28/28
(III); 1.08/26, 0.96/18, 0.80/21, 0.69/43, 0.6/42,
0.50/100, 0.46/47, 0.38/21, 0.37/24 (IV).

The IR spectrum of complex I differs from those of
complexes II-IV, featuring the following absorption
bands (cm™!): 3569 v(OH); 3395 v(OH, H,0); 3323,
3272,3173 v(NH); 2885 v(CH); 2053, 2037 v(C=N for
Fe(Il)). The IR spectra of complexes II-IV are in
good agreement with each other (cm™!): 3424, 3451,
3332 v(OH,); 3315, 3267—3272 v(NH); 2933, 2885
v(CH); 2110 v(C=N for Fe(111)).

Multiple absorption bands at 1600—500 cm™! can-
not be assigned unambiguously; however, they are all
known to relate to inner-sphere propylenediamine
[11]. In the IR spectra of complexes II-IV, these
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bands coincide as well. In addition, their IR spectra
show not only the v(CN) bands due to the anion
[Fe(CN)¢]*~ (2110 cm™") but also weaker bands char-
acteristics of the anions [Fe(CN)4]+ (2053, 2037 cm™).
The IR spectra suggest the similarity of these com-
plexes, which is, however, not confirmed by data from
elemental analysis, X-ray powder diffraction, and
thermal analysis.

Thermal analysis was carried out on a Netzsch STA
409 PC/PG synchronous thermal analyzer by passing
air and argon at a flow rate of 20 mL/min. A weighed
sample (9—11 mg) was placed in a corundum crucible,
exposed to a gas flow for 1 h, and heated at a rate of
10°C/min from 25 to 1000°C. The air and argon ther-
molysis of complexes I-IV was also studied with a
MAG flow gas analyzer (OOO Monitoring, Russia).
The instrument is designed to determine CO, CO,,
and organic materials converted to methane in the gas
phase. A weighed sample (~0.2 g) was placed in a
quartz boat, which was transferred to a flow quartz
reaction tube placed in a SNOL-0.2/1250 tube fur-
nace. The furnace was heated at a rate of 5°C/min; the
gas flow rate was 1 L/min. The areas of the curves
recorded in coordinates ¢ (mol/L)—V (L) were used to
determine the yields of the components of the gas flow
as the percentages of the total carbon content.
The areas of the curves were calculated with the
MATHCAD-15 program.

We also examined the products corresponding to
separate points on the DTA and DTG curves (cut-off).
Weighed samples of the complexes were calcined in air
at fixed temperatures in a SNOL 7.2/1100 muffle fur-
nace. Hydrogen thermolysis of the complexes was car-
ried out on a flow setup manufactured as described in
[14] (a quartz tube placed ina SNOL 0.2/1250 electric
tube furnace). The time of exposure proper to the tem-
peratures above 200°C was 1 h (the time required to
attain this temperature level is ignored). In all the
experiments, the heating rate was 10°C/min; the flow
rate of hydrogen and argon was 10—15 L/h. A GVCh-
12K generator was used as a hydrogen source. Before
use, bottle argon was passed through an alkaline sus-
pension of Mn(OH), to remove an impurity of O, and
then dried by passing through concentrated H,SO,.
Thermolysis products were cooled under H, or Ar.
Solid reduction products were identified by X-ray
powder diffraction using the database [13]; all the
thermolysis products were analyzed for metal and car-
bon. Gaseous products were trapped in two Dreschel
bottles connected in series. The first one contained
1 M HCI, and the second, 1 M NaOH. Analysis of the
second adsorbing solution revealed the absence of
acidic products. Fixed temperatures for the study of
the thermolysis products were chosen so as to corre-
spond to the midpoints of the temperature ranges for
the most distinct decomposition steps. For hydrogen
thermolysis, the temperatures were higher by ~50°C
than those in air thermolysis because the complexes of
Row I transition metals decompose in the presence of
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hydrogen at higher temperatures than they do in air
[7]. Ammonia was identified among the gaseous ther-
molysis products, as in the thermal reduction of other
HMEs containing the anions [Fe(CN)(]*®~ [7, 15].
High-boiling organic substances evolved as well; they
condensed at the cold outlet of the reaction tube and
in a special condenser provided before the gas ana-
lyzer. The IR spectra of these compounds contain
absorption bands at 3000—2800 (CH stretches),
1700—1500 (NH, bends), and 1460—1360 cm~' (CH,
bends) [11], which is characteristic of Pn and products
of its thermal degradation. Averaged empirical formu-
las of solid thermolysis products were calculated from
the elemental analysis data for solid and gaseous prod-
ucts with powder diffraction data taken into account.

Thermal analysis in combination with evolved gas
analysis by mass spectrometry (EGA-MS) today
becomes increasingly popular. We employed EGA-
MS in the study of the air and argon thermolysis of

complexes I and II1 on an Aeolos QMS 403 mass
spectrometer coupled with a synchronous thermal
analyzer for a mass number range of 10—80 Da. Prod-
ucts with 17, 18, 44 and 57 Da were detected. The
results obtained are summarized in Tables 1—5 and
shown in Figs. 1 and 2.

RESULTS AND DISCUSSION

Complex I is very different from complexes II-1IV.
The latter show close analyses for metal and carbon
and very similar IR spectra. Distinctions between
them emerge only from their X-ray powder diffraction
patterns and thermal analysis data. Unfortunately, we
failed to grow single crystals suitable for X-ray diffrac-
tion. Structures I-IV were determined from previous
data for complex III [5]. However, when exactly fol-
lowing the procedure described in [5], we obtained a
complex containing nine rather than ten Pn
molecules and six rather than ten water molecules.
According to X-ray diffraction data for
[Ni"'(Pn),]s[Fe'(CN)l,[Fe"(CN)g] - 10H,0 [5], all
the cyano groups of [Fe(CN)¢]*~ and two cyano groups
of [Fe(CN)¢]*~ are coordinated to the adjacent Ni
ions. The asymmetric structural unit contains five
trans-[Ni"(Pn),]** cations, two [Fe(CN)¢]*~ anions, a
[Fe(CN)¢]* anion, and ten water molecules. The
[Fe(CN)4]*~ anion is linked with two cations and the
[Fe(CN)¢]*+ anion is linked with six cations to form a
3D framework containing the fragments Fe(III)—
CN-Ni(II) and Fe(I)-CN-—Ni(II). The complex
nickel cation is an oblate octahedron with a tetragonal
distortion, which is made up of four N atoms of the
amino ligand and two N atoms of the cyano groups.
The Fe(Ill) anion has a nearly perfect octahedral
geometry.

I'We are grateful to 1.V. Krivtsov (South Ural State University).
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Table 1. Air thermolysis of complexes I-1IV

PECHENYUK, GOSTEVA

o . .
C [Step TTG dz;[a, CT ?Z:fg; dfl{,l(;fl:%) Empirical formula of the residue (at 7, °C) Phases present
b ub m

I 1 40 | 100 | 130 4.1 95.9 | [Niy(C5N,H o)4][Fe(CN)4] - 4H,0 (90) Original

2 130 | 170 | 190 6.8 89.1

3 190 | 205 | 270 15.7 73.4 | [Niy(CsN,H p);][Fe(CN)4] (200) XA**

4 | 270 | 310 | 335 7.0 66.4

5 | 335 | 400 | 465 | 34.2 32.2 | Ni,FeO, ¢ (440) Ni;Fe, NiFe,04
Im| 1 45 | 128 | 190 9.0 91.0 |[Ni3(C5N,H;()sCNH,][Fe(CN)gl,- 3H,0 (105) | Original

2 190 | 210 | 270 14.5 76.5 | [Ni3(C3N,H();C; sNHs][Fe(CN)gl, (200) XA

3 | 270 | 310 | 335 7.8 68.7 | NizFe,Cy 0575 (320) Ni, Ni; 43Fe; ;04

4 | 335 | 390 | 415 18.1 50.6

S | 415 | 435 | 490 16.0 34.6 | NizFe,O,4 (500) Ni, NiO, Fe,03, Fe;0,
| 1 40 80 | 160 6.6 93.4 | [Nis(C3N,H )l [Fe(CN)gl5- H,O (125) XA

2 160 | 175 | 190 2.5 90.9

3 190 | 205 | 263 14.6 76.3

4 | 263 | 303 | 320 8.2 68.1 | NisFe;C, 10,03(320) NisFe, NiFe,0O4

5 | 320 | 420 | 470 | 34.1 34.0
Iv| 1 25 | 125 | 175 7.7 92.3 | [Ni3(C3N,H;)sCoNHg][Fe(CN)gl, - 2.5H,0 (120) | XA

2 175 | 210 | 265 15.7 76.6

3 | 265 | 305 | 340 7.8 68.8 | NizFe,C; sN3;0¢ (320) NiO, NiFe,0,, Fe;0,

4 | 340 | 400 | 415 15.1 53.7

5 | 415 | 430 | 475 13.5 40.2

6 | 475 | 495 | 520 5.9 34.3

* Ty and T, are the lower and upper bounds of the temperature range, respectively; 7y, is the temperature within this range at which

the weight loss is maximum.
** X-ray amorphous.

One can assume that structures I, II, and IV are
similar to structure III since two cyano groups of adja-
cent Fe atoms can also be involved in coordination.
However, it is not improbable that the resulting “islet”
crystal structure is made up of the discrete, slightly dis-
torted square cations [Ni''(Pn),]?* and the octahedral
anions [Fe(CN)q]*~ (I) and [Fe(CN)¢]*~ (IV). Appar-
ently, the ligands from the “islet” structures I and IV
should be removed more easily than those from 3D
structures. The bridging Pn molecule, which seems to
be present in complex II, links two of three Ni atoms
and hence already gives rise to a 3D structure, not to
mention the formation of the bridges Fe(I1I)-—CN—
Ni(II).

Thermolysis in air. The TGA data for complexes I—
IV subjected to air thermolysis are summarized in
Table 1. Data for the products of the air thermolysis at
fixed temperatures are given in Table 2. Complexes I
and II do not lose all the water of crystallization below
130°C, retaining their original crystal structures. In
contrast, complexes III and IV do not retain theirs.
The solid residues produced by low-temperature cal-
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cination are virtually identical according to TG and
cut-off data. The higher the temperature, the larger
the weight difference between the residues. Clearly, at
a constant heating rate of 10°C, the weight of the res-
idue is not the same as that achieved when the complex
is kept at a constant temperature for an hour.

In the thermolysis of HMEs, the anions
[Fe(CN)(]*®~ begin to decompose at 350°C [9, 16].
Apparently, they retain intact below this temperature.
That is why the decrease in the carbon content is due
to removal (and due to combustion in air thermolysis)
of the organic ligands from the cation. This allowed
calculating the contents of elements in the residues.

When dried at 90°C, complex I retains its initial
composition and four water molecules (Tables 1, 2);
heating to 200°C results in elimination of a mole of
Pn. Calcination of complex I at 450°C produces a res-
idue with a weight (32.27%) close to 2NiO + 1/2Fe, 0,
(calculated: 31.26%). At 1000°C, the residue
(30.33%) is close to 2NiO + 1/3Fe;0, (calculated:
30.90%). When this complex is kept at 450°C for 1 h,
the residue contains less oxygen and the metallic phase
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Fig. 1. (a) TG, DTG, and DTA curves and (b) MS data for complex I subjected to air thermolysis.

Ni;Fe (Table 2). Complex II loses Pn (~2/3 mole)
even at 105°C, although the residue still contains three
of out six molecules of crystallization water. The orig-
inal crystalline phase dominates. At 200°C, the residue
contains only 3.5 moles of Pn and probably an impu-
rity of finely divided oxides. At >300°C, the residue is
a metal—oxide mixture (Table 2). The thermolysis of
complex II is completed at 490°C; the residue
(35.31%) remains unchanged up to 1000°C and corre-
sponds to 3NiO + Fe,O; with a small impurity of mag-
netite. According to gas analysis data, all the carbon of
complex I is removed at 310—360°C as CO (20%) and
CO, (75%). The carbon of complex II is eliminated at
320—420°C mostly as CO, (95%). When kept at
320°C for 1 h, complex II loses almost all its carbon;
under the same conditions, complexes III and IV still
contain one and two C atoms, respectively.

Complex IIT at 125°C retains all its carbon and a
water molecule, though becoming X-ray amorphous.
Above 470°C, the weight loss is virtually not observed.
The residue (34%) corresponds to SNiO + Fe;O, (cal-
culated: 34.43%). As with complexes I and I, the res-
idue produced by exposure of complex III to a tem-
perature of 320°C contains a metal phase (nickel)
(Table 2). Complex III experiences the greatest weight
loss at 320—470°C; for complex IV, this range is 415—
575°C (the carbon in IV is harder to remove). Both
complexes III and IV lose >95% of their carbon upon
the 1-h exposure to 320°C. Complex IV loses much
carbon as CO (22%), in contrast to complexes II and
III (6 and 4%, respectively) (Table 3). The degradation
of complex IV starts at 120°C. The weight of its residue
(34.3%) remains constant above 520°C, being close to
3NiO + Fe,05 (33.3%) (Tables 1, 2).

X-ray powder diffraction revealed that the residues
of calcined complexes I-III contain, along with oxide
phases, the metal phases Ni and NisFe, which has
never been noted for other HMEs [7, 17—19].
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EGA-MS measurements during the air thermolysis
of complexes I and II give virtually the same results
(Fig. 1). One can see three temperature ranges of water
(18 Da) elimination. Obviously, it is the water of crys-
tallization that is eliminated below 200°C. At higher
temperatures, water is produced by Pn oxidation. The
latter process also gives ammonia eliminated together
with water. Small amounts of products with 30 and
57 Da are detected in the same temperature range.
They may be NO and NH,C;H; produced by Pn deg-
radation. Combustion of carbon to CO, occurs below
500—550°C (clearly, this is the carbon of the cyano
groups that is removed). Since the thermolysis of com-
plexes I and II yields identical gases, we did not use
EGA-MS for complexes IIT and IV.

Thermolysis in an argon atmosphere. The thermal
analysis data for complexes I-IV subjected to argon
thermolysis are summarized in Table 3. Data for the
products of the argon thermolysis at fixed tempera-
tures are given in Table 4. For all the complexes, the
thermolysis occurs in a wider temperature range com-
pared to air thermolysis. The weight losses occur up to
1000°C; the residues of the complexes calcined at this
temperature contain 10—20% of the initial carbon
content. EGA reveals no CO, among gases produced
by the thermolysis of complexes I-IV under these
conditions. Partial elimination of CO (1-2% C) is
observed. Considerable amounts of Pn and its degra-
dation products (in total, up to ~35—40% of the initial
carbon content) are detected. Apparently, this value
roughly corresponds to the amount of Pn condensed
in connecting hoses. The initial steps (below ~200°C)
of the air and argon thermolysis virtually coincide in
temperature and result in nearly equal weight losses.
Up to 30% of the initial nitrogen content is eliminated
as ammonia. At close temperatures (>200°C), the res-
idues of the complexes calcined under argon are
always heavier than those in air. Calcination at 500—
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Fig. 2. (a) TG, DTG, and DTA curves and (b) MS data for complex I subjected to argon thermolysis.

600°C produces residues containing ~20% of the ini-
tial carbon content; at 1000°C, the residual carbon
content is ~10% (Table 4).

According to X-ray powder diffraction data, the
residue obtained by calcination at >350°C contains
the phase Nij;Fe and nickel carbides, nitrides, and
hydrides, with impurities of oxides of both metals. Ele-
mental analysis reveals the presence of considerable
carbon impurities (15—20%) (Table 4); i.e., this is a
strongly metalated mixture of many phases. The num-
ber of the O atoms in the empirical formulas suggests
that oxides account for 15 to 50% of the metal in the
residues; the highest oxide content is in the residue of
complex IV. X-ray powder diffraction at the products
of the argon or hydrogen thermolysis never produces a
pattern containing a strong line at 3.36 A due to graph-
ite. Weak lines appear at 3.40, 3.41, and 3.45 A in the
diffraction patterns obtained upon the argon thermol-
ysis of complexes I and II at >700°C. Therefore, the
carbon impurity is an X-ray amorphous phase.

According to the EGA-MS data (Fig. 2), the argon
thermolysis also produces gaseous products with 17,
18, 30, 44 and 57 Da. The first two products (17 and
18 Da) are ammonia and water, as in the air thermol-
ysis. Water (apparently, the water of crystallization) is
eliminated below 200°C. Ammonia is eliminated at
280—380°C as a result of Pn degradation. The product
with 57 Da is eliminated at 200—250°C. The products
with 30 and 44 Da are most likely not the same as in
the oxidative atmosphere; they may be ethane and
propane, respectively.

Based on the data obtained, we can propose the fol-
lowing sequence of transformations for the argon ther-
molysis of complexes I-IV. Below 200°C, the com-
plexes lose most of their water and some of their coor-
dinated Pn, as observed in air thermolysis. At higher
temperatures, the elimination of Pn continues, with
its further degradation into amino groups and other
fragments. The oxygen of the remaining water is par-
tially contained in the oxide phase and partially elimi-
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nated as CO. The residual carbon is partially con-
tained in carbides and partially forms a separate amor-
phous phase, which seems to interleave oxide and
metal particles.

Thermolysis in a hydrogen atmosphere. Data for the
products of the thermal reduction of complexes I-1V
are given in Table 5. In hydrogen thermolysis,
complex I at 200°C loses 28% of its carbon, yielding
[Ni,(C5N,H,(),CNH][Fe(CN)4] - H,O. This formula is
virtually the same as found for the air and argon ther-
molysis at this temperature. About two Pn molecules
are sublimed to condense at the cold outlet of the reac-
tion tube. At 440°C, 4.6% of the carbon is present in
the solid state. The solid phase also contains the nickel
metal and a solid solution of Ni;Fe (X-ray powder dif-
fraction data). At 670°C, the carbon content of the
solid phase is nearly zero. Up to 1/3 of the nitrogen is
eliminated as NH;, which corresponds to the hydro-
genation of ~4.5 out of six CN groups. Complex II
behaves in a similar way, yielding at 200°C
[Ni;(C;N,H,0)4C, sH7[Fe(CN)¢l, - 2.5H,0. This for-
mula is close to that found for the air and argon ther-
molysis. The nitrogen is eliminated as NH;, which
corresponds to the hydrogenation of nine out of twelve
CN groups. At 550°C, the residue of complex II con-
tains no carbon. Apparently, a Fe-Ni solid solution
cannot retain carbon in thermal reduction.

The residue of complex III reduced at 550°C con-
tains 6.5% of its initial carbon content; for
complex IV, the residual carbon content under the
same conditions is 0.4%. In both cases, 45% of their
nitrogen is eliminated as NH;, which corresponds to
the nearly complete hydrogenation of the cyano
groups (16 out of 18 and 11 out of 12, respectively).
Much of Pn is eliminated intact. By the residual car-
bon content upon the hydrogen thermolysis under
static conditions, the complexes under discussion can
be arranged as follows: III > IV > 1= 1I.

To sum up, despite the similarity of their physico-
chemical characteristics, complexes I-IV are individ-

No. 8 2014



553

THE COMPLEXES [Ni,(Pn),],[Fe(CN)],

"Pa30919p J0U—(/N #

66°S v0'S SLY 809 | 00ST | TI'ly | LI'6E | YOfod POAIN ‘OIN| +'0F | 6°9¢ 0z€ 8TH/Cd IN’ON? 1D
99'96 | L8'TE | ¥9TE | SSOT | €401 | €991 91 VX| T16 | S'16 0Tl 6S01/%d NS COSN H D
00T | 9T'IE | 9€'I€ | 696 €96 67°ST | 8€GI [eUISIO | 00T | 00T sunie)s | (AD SLTSTI/“A IN’O"NE“H"*D
8T'C 90°C 90°C S08T | 61'LT | €I'6b POPAIN 4 IN | 0vE | t79¢ 0z€ L65/5°'0" D A IN
001 | 0S'€E | 0T€E | 6£01 | TEOl | 0T8I | IT°LI vX| 816 | Tl16 4| €191/4°INO* N H "D
001 | €L°0€ | 8L0¢ | €56 vL'6 0L91 | 1991 [eusuQ | 001 | 001 Sunae)s | (1D L6'9SL1/50d INO% N H YD
0 0 d/N | SLT1E | 99T€ | 9005 | TT0S |"Ofed fO%d ‘OIN ‘IN| 9°T¢ | ¥'I€ 00S Tse/d IN'O
LEO 1€°0 8T°0 1€°6C | 1€8C | 1T9% | T€9¥ POLTA IN IN | €76€ | 97TE 0z€ I8¢/ IN*L 0" %D
€€°€8 | vE0E | L90E | SSTI | 88IT | 8L6I | S6'61 VX| 98 | 6°LL 00T 168/ INCOS'N**H* ©O
69°C6 | T90E | 99°0€ | 6€TL | 6€01 | L6LI | S6'LI [euIBO | 606 | 9°€6 o1 086/ IN*O' N H D
001 | €005 | ¥T0€ | SEOI | 0€0I | #€91 | 1191 [euiduo | 001 | 001 sunrers | (ID 8L°LLOT/“d IN’ONPH D
€0°0> €0°0> | $8ST | OI'ST | SE¥S | 88§ PO®AIN “9d'IN| L'6T | L'6T (1147 912/24“IN O
€€°€8 | S9TE | 6¥'TE | €101 | T6'6 61T | 86°0C VX| ISL | T'SL 00T 1SS/2AUNC' N H'D
001 | 08°0€ | €4°0€ | 96'L 9L'L vL9T | S891 [EUISIO | 9°G6 | 8°S6 06 YT T10L/PACINTONB"HA D
001 | 9v'6T | 89'6T | 19°L 6v'L 0091 | €091 [euisio | 001 | 001 sunrerg (D ¥T €€L/PATN°O"'NEH?'D
JUUOI
[enmur o[eo dxa *o[ed “dxd "o[ed “dxd
A1 JO 9, . .
o judsaxd saseyq o e m%%m_hv%wo /enmuuaog reounduyg
o) eS| IN sisAjoutray I,
o& »muﬁogbﬁo QY1 JO Suauo) o& »o—\-ﬁﬁwom

S9x9[dwo0 9.J—IN 91 JO SISAJOULISY) T Y] JO S1onpoid *T dqeL

2014

No. 8

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY Vol. 40



PECHENYUK, GOSTEVA

554

8'LT 19 0001 0SL 9
6°€€E 96 0SL 19 0SS S
YOJIN ‘IN (0SS) ONFD%I IN|  S'¢p 0°€T 0SS 08¢ gee b
$'99 €L gee $6C SLT €
8°€L 6'81 LT 1T SLI C

L'T6 €L SLI 0zl T I Al
6'0¢ 1zl 0001 019 St b
OREREE BN (059) COY'NEORIIN| - 0'¢d L'TC %S 08¢ e €
LS9 09T see S0T 061 z

L'16 €8 061 0€1 (1}2 I I
(414 $9 0001 0LL 0L S
[OLAEE R INREE RIN{ (0SS) O°*NPLOI IN | Lpe 08 01L 009 St b
L'ty $'1e St 08¢ Se €
vX| (002) O°HT - IPIND)RAIIPHS 'NOYTHEND)EINIT | T49 99T Ste 01 61 z

8°06 6 S61 0zl S I I
9°0¢ 99— 0001 $99 8
YOfod 0% ‘OIN TO%RAIN 4 IN (0L9) ONFOIUN | 0'FC 142! $99 0LS 0SS L
'8¢ €€l 0SS S0 874 9
HAN ‘NPIN OfIN ‘IN (0vP) NEPOIAN | LIS 8yl 24 09¢ 062 S
$'99 811 06C %4 0€C b
VX (002) O°HT - [P(ND)AIHNO'HEN D)INIT | €782 €11 0€T S0T 61 €
968 $9 S61 SLI 0ST z

1'96 6°€¢ 0ST | OvI—T6 | OF I I

‘ % % ‘SsO] L "L L xard

Jjudsaid saseyq (Do I 1) anpIsaI 3} JO e[nuIO) [eourdwyg ‘onprsay | 1uSiom , daig —wo)
Do ‘BIEp OL

AI—1 Sax9[dwod Jo SIsAJowIdy) uosry °¢ d[qel,

2014

No. 8

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY Vol. 40



555

THE COMPLEXES [Ni,(Pn),],[Fe(CN)],

"0L°0 “H *LLY ‘N (%) parenofed "0L°0 “H 0Ly ‘N (%) PUNOA s
"68°0 ‘H ‘TI'L ‘N (%) Pa3emored "06°0 ‘H *S8°9 ‘N (%) punoy .
€€°0 “H *€6'1 ‘N (%) paemoreDd "S¢°0 ‘H 00T ‘N (%) puno

S6~ 006 |08'8 | LSS YOfod TOIIN “d¥IN ‘OIN | 6'1€ | T'IE 0001 89¢/%AINFO D
1€~ 00T |LSLT| 09°LT | 6L°€T| SLET |0S°LE | OL°LE YO%AIN ‘IN | L0V | €9€ 0SS w2697/ EINS TOY INEF FHAD
xo[dwod
001 |9TTE| 9€T€ | 696 | €96 | 6TST| 8EST rewSuQ| 00r | 001 | Sunieis (AD SL'ISTI
LE~ o'l | €911 1811 YOt TOAIN 4% IN ‘OIN | 82 | TT€ 0001 9.5/ INFOY*D
€60~ 06'8T |S8'61| 000 |0 1T| €1T |€€LE YOt ‘dNIN| Lvb | SOF 0SS #x98L/S IN? 0N HE D
x9[dwod
00T | €L°0€| SL°0E |€S°6 | ¥L'6 |0OL9T | 1991 [euiSio | 001 | 001 Sunieig (I1D) L6°9SLI
€6t~ 06'8T |19°61 | 90°61 | 10T | 6€°€T |98LE | T11°8€ YOLTAIIN ‘S IN | €F | T6€ 0SS S9r/SI INO N O
9z~ 09°SS |T9°€T| TI'ET | SOVI| 891 | 11°€T | 0£°€T HYIN O%N 45N | £'69 | T'9S 08¢ 9L /45N T OYINOTHE D
9~ 0S°0L |TO'ST| €9°LT | €L ET| SCET |¥91T| ST'IT vX| SSL | 869 00€ P18/AINFO N HO D
Gg~ 0€°96 |L6TE| SI°TE | PP IT| ¥TIT |vO'ST | ¥6°LI vX| $06 | TS8 002 926/ INCO "N HYO
x9[dwod
001 [ €0°0€ | ¥T°0€ | SEOT| 00T |HE9T | 1191 [euisiO | 001 | 001 | Sunueis (ID) 8L°LLOT
v €T~ L99T |90°ST| 06+1 | 9€°€T| 89°€T | 116V | 96'8F |TO “0O% ‘OIN TOWIIN ‘A IN | 6'2€ | L€ 0.9 *6€7/AHANTTO OINB 'H £
0z~ 09°ST |€T8I| vT'ST | ¥0°81| 86°LT |¥6°LE | €9°LE HIN ‘NEINCDSININ| T2h | 0T 1i27% 60E/2IINL *NED
9~ TCIL |68°8T| 60767 | ¥€01| ST°OL | €L°1T| 00CC VX| L€L | 9LL 002 0bS/2IINCO NN H D
xo[dwod
001 |9v6z| 8967 | 192 | 6472 |0091| €091 [euISIQ | 001 | 001 | Sunielg (D vTeeL
JUdUOd
1U2IU0D renmur | oed | cdxa | opeo | dxo | ored | -dxd
[eniur ayp jo |40 % oo | dxe | (OoL)
% ‘““HN juasard saseydq LMM%%% //einuaoy resundwyg
SB PIBUTLUID o) o] IN i :
uaSoniN Afoway |
9 ‘SIUAWIAR Y] JO SIUAUOD) 9% “onpIsay

soxo1dwod 9,J—IN Y} JO SISA[OULIAY) UOSIe o) JO S}oNpoid “p dqeL

2014

No. 8

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY Vol. 40



PECHENYUK, GOSTEVA

556

"P10ANIP J0U—( /N s

TS “H “SS"8T N (%) PAe[nd[e) "7°6 “H 107'8T ‘N (%) punod .

Sh~ 00 | L8P0 | 88¥°0 669 | vO'LE | TESS | TE'8S AN (86T | T'ST 0SS 887/AINC INE 0D
x9[dwod
001 | 9T'I¢ 9¢° 1€ 696 €96 6CT°S1 8€°61 reudiQ | 001 001 Sunielg (AD SL'ISTI
v~ 059 $99 69 80°I€ 1T1€ Py v 96°CS YN [L9°0E S8t 0SS 6£S/SINENED
xo[dwoo
001 | €L70€ 8L°0€ €56 vL'6 0L91 19791 [eudliQ | 001 001 Sunues (IID) L6°9SLT
T 65~ wxd/N | #+d/N | ==Q/N | €8'8€ 8b°8¢ 81°19 S°19 AN L9T 86T 0SS 887/“dfIN
ThE~ 0S°S 88°¢ ANY 05°9¢ 11°9¢ vSLS ¥6°96 AN | 8T 9'LT 08¢ 90/ IN® 'O
9~ 0£'96 | 08°1¢ S81E | 6€11 €11 S6°L1 9.°81 vX| €18 1'¥8 002 #186/%44IN S CON " HYO
X9[dwoo
001 | €0°0¢ ¥T0€ SE01 0€°01 YE91 1191 [euiSuQ| 001 001 Sunuelg (1D 8L°LLO1T
STE~ 100> 10°0 TL0¢ LY'6T 85 %9 8T°€9 HYIN IN | 8T 8P 0.9 Z81/2d9NON
9°0¢~ 06'¢ 6CY 09'p $$°8¢C 7T 6¢ 00°09 0,709 AN IN| L79T L9 Via% 961/ INN- %D
Sg~ 0TCL 88°6¢ 16°6C 69°01 9701 6v°CC 68°CC vX| TI1L 99, 002 TTS/AAANO N D
x9[dwod
001 | 9¥'6C 89°6C 19°L 6v°L 0091 €091 [eusliQ | 001 001 Sunuelg (D vTeeL
JU9JU0D
[enur "o[ed ‘dxa "o[ed ‘dxa "o[ed ‘dxa
JU2IU0D AaPJo % oeo | dxo (2]
[enmut ay} jo juasaxd suon
% ‘“HN Se pajeu 5 . saseyq -Ipuood SIS W/emuoy restidurg
-TWI[d UdSONIN o | N -AfowIay [,
9% ‘SIUSWIA A JO SJUNUO 9% ‘onpIsoy

SOXA[dWI0d 9—IN 93 JO SISAJOUWLIAY) UdF0IPAY 9Y] JO S1onpoid S J[qeL,

2014

No. 8

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY Vol. 40



THE COMPLEXES [Ni,(Pn),],[Fe(CN)], 557

ual complexes with different structures. Complex III
eliminates the carbon most reluctantly because of its
3D structure with bridging cyano groups [5]. The
hydrogen thermolysis of complexes I—IV produces
purely metal products. Below 200—250°C, these com-
plexes behave in a similar way, regardless of their envi-
ronment (air, argon, or hydrogen). The environment
becomes crucial for their thermolysis at higher tem-
peratures.
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