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a b s t r a c t

Four new compounds, the discrete complex [Ni(H2O)6](HTBA)2
.2H2O (1) and the polymers Ni(H2O)2

(HTBA-O,S)2 (2), Co(H2O)2(HTBA-O,S)2 (3) and Fe(H2O)2(HTBA-O,S)2 (4) (H2TBA = 2-thiobarbituric acid,
C4H4N2O2S), have been synthesized and structurally characterized. The structure of 1 has been solved
by X-ray single-crystal diffraction analysis. The Ni(H2O)6

2+ cation has an almost ideal octahedral geom-
etry, and there is no coordination of Ni(II) by HTBA� in 1. Complexes 2–4 have been characterized by
powder XRD, TG-DSC and FT-IR. In the isostructural polymers 2–4, the metals are six-coordinated, and
the octahedrons are connected by l2-O,S bridging ligands. Each of the M(II) ions is surrounded by two
water molecules, two O-coordinated HTBA� ions and two S-coordinated HTBA� ions, with all pairs being
in trans-positions. Hydrogen bonding and p–p interactions play an important role for the construction of
the supramolecular 3D structures of 2–4. The formation of the complexes has been evidenced by infrared
spectroscopy. The thermal decomposition of 2–4 under oxidative conditions has been divided into three
major stages: dehydration, oxidative degradation of the organic moiety and transformation of the
inorganic residue.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The coordination chemistry of heterocyclic thione ligands has
developed rapidly due to their fascinating structural diversity
and potential applications [1]. 2-Thiobarbituric acid (H2TBA, C4H4-

N2O2S) has been widely studied, and the compound belongs to a
very important class of pharmacological barbiturates [2]. It is a
multifunctional ligand and, for instance, the acid shows desirable
properties in forming different polymeric structures. Coordination
polymers with organic linkers based on transition metals are of
particular interest because of their intriguing topology and prom-
ising applications in adsorption, catalysis and separation [3–5].
These factors make the synthesis of d-element coordination poly-
mers a strategic challenge. The fundamental aim of the present
study is to trace the changes in the solid-state structures of thio-
barbiturate complexes induced by transition metal substitution.
Four new compounds, the discrete complex [Ni(H2O)6](HTBA)2-
�2H2O (1) and the polymers Ni(H2O)2(HTBA-O,S)2 (2), Co(H2O)2

(HTBA-O,S)2 (3) and Fe(H2O)2(HTBA-O,S)2 (4) (Fig. 1S), were syn-
thesized and structurally characterized. Herein, we report the re-
sults on the synthesis, solid state structure, IR spectra and
thermal decomposition of these new compounds.
2. Experimental

2.1. General methods

2-Thiobarbituric acid [CAS 504-17-6] was commercially avail-
able from Fluka. FeSO4�7H2O and basic carbonates of nickel(II)
and cobalt(II) were obtained as reagent grade materials, and they
were used without further purification. The IR absorption spectra
of the compounds over the range of 400–4000 cm�1 were recorded
at room temperature on a VECTOR 22 Fourier spectrometer. The
chemical analysis was carried out with an HCNS-0 EA 1112 Flash
Elemental Analyser. The simultaneous thermal analysis (STA) mea-
surements were performed in a Netzsch STA Jupiter 449C with an
Aeolos QMS 403C mass-spectrometer under a dynamic argon-oxygen
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atmosphere (20% O2, 50 ml min�1 total flow rate). Platinum cruci-
bles with perforated lids were used and the sample mass taken for
the STA experiments was in the range 4.2–4.8 mg. A typical mea-
surement procedure consisted of a temperature stabilization seg-
ment (30 min at 40 �C) and a dynamic segment at a heating rate
of 10 K min�1. The qualitative composition of the gases evolved
was determined by on-line QMS in the Multiple Ion Detection
mode. The following predefined ions were scanned: m/z = 18
(H2O), 28 (N2, CO), 30 (NO), 32 (O2), 44 (CO2), 64 (SO2).

2.2. Synthesis of complexes 1–4

Complexes 1-3 were readily prepared by the neutralization of
2-thiobarbituric acid with the corresponding basic metal carbonate
in the aqueous solution. The neutral complexes 2 and 3 were pre-
pared according to the following general procedure. The ligand
(2 mmol) was mixed with an abundance of the basic metal carbon-
ate in water (50 cm3). The mixture was stirred for 5 h at 60 �C, and
then filtered. Yellow crystals of 2 and lilac crystals of 3, suitable for
X-ray powder diffraction analysis, were grown by continuous fil-
trate evaporation at room temperature. Blue single crystals of 1
precipitated in the solution of the precursor of 2 at 5–20 �C, which
quickly decomposed into the yellow powder of Ni(H2O)2(HTBA)2

(2) in the air or aqueous solution. The powder of 4 was prepared
by the following method. A solution of FeSO4�7H2O (1 mmol) in
water (25 cm3) was mixed with solid H2TBA (2 mmol), and then
the suspension was slowly neutralized at pH 7.0 using 0.1 M
sodium hydroxide solution. The resulting mixture was stirred until
the formation of a white precipitate. All the powders were re-
moved by filtration, washed with acetone and dried in the air.

Anal. Calc. for C8H10N4NiO6S2: C, 25.2; H, 2.64; N, 14.7; S, 16.8.
Found: C, 24.8; H, 2.76; N, 14.3; S, 16.3%. Anal. Calc. for C8H10CoN4-

O6S2: C, 25.2; H, 2.64; N, 14.7; S, 16.8. Found: C, 25.4; H, 2.70; N,
14.4; S, 16.8%. Anal. Calc. for C8H10FeN4O6S2: C, 25.4; H, 2.67; N,
14.8; S, 17.0. Found: C, 25.3; H, 2.72; N, 14.6; S, 16.8%.

2.3. Single crystal X-ray diffraction analysis

The determination of the unit cell and the data collection for 1
were performed on a Bruker SMART APEX II diffractometer with
Table 1
Crystallographic data for all the structures.

1 2

Empirical formula C8H26N4NiO14S2 C8H10N4NiO
Crystal size (mm3) or form 0.3 � 0.3 � 0.2 powder
Color blue yellow
Molecular mass 525.16 381.03
Crystal system triclinic triclinic
Space group P�1 P�1
a (Å) 7.389(6) 6.8817(4)
b (Å) 7.631(6) 7.0516(5)
c (Å) 10.082(8) 7.1907(4)
a (�) 101.278(8) 91.084(3)
b (�) 96.786(8) 103.514(3)
c (�) 108.066(8) 113.128(2)
V (Å3) 520.2(7) 309.61(3)
Z 1 1
T (K) 296(2) 296
Calculated density (g cm�3) 1.676 2.043
F(000) 1833 194
Reflections collected 5052 1177
Independent reflections 2698 –
Data/restrains/parameters 2698/10/164 1177/0/110
Goodness-of-fit 1.028 2.153
Final R indices [I > 2r(I)] (%) R1 = 4.67 –

wR2 = 15.11 –
R indices (all data) (%) R1 = 6.16 Rp = 1.050,

wR2 = 16.60 Rwp = 0.995
graphite-monochromated Mo Ka radiation (k = 0.71073 Å) using
the x–2h scan technique. The crystal was placed in a capillary with
the solution to prevent its decomposition. The structure was solved
by direct methods using SHELXS-97 [6] and refined against F2 by full
matrix least-squares using SHELXL-97. All non-hydrogen atoms were
refined anisotropically. All hydrogen atoms were positioned by dif-
ference Fourier maps and the thermal parameters set equal to
1.2 Ueq of the parent atoms. All hydrogen atoms of HTBA�were re-
fined using a riding model with restraints. All water hydrogen
atoms were refined at a distance restraint of d(O–H) = 0.90(3) Å.
A summary of the crystal data, experimental details and refine-
ment results are reported in Table 1. Selected bond lengths deter-
mined for 1 are listed in Table 1S. The intermolecular hydrogen
bonds are summarized in Table 2S.

2.4. Powder X-ray diffraction analysis

The blue single crystals of 1 quickly decompose into the yellow
powder Ni(H2O)2(HTBA)2 (2) in the air. Co(H2O)2(HTBA)2 (3) and
Fe(H2O)2(HTBA)2 (4) were also synthesized in powder forms, and
their crystal structures were refined by the Rietveld method. The
powder X-ray diffraction (XRD) data were collected on a Bruker
D8 ADVANCE Bragg-Brentano diffractometer with the linear detec-
tor VANTEC using Cu Ka radiation. The beam was controlled by a
0.6 mm fixed divergence slit, 6 mm receiving VANTEC slit and Sol-
ler slits. The variable counting time (VCT) and step size (VSS)
scheme were used to collect the diffraction data. The measurement
time was systematically increased towards higher 2h angles, lead-
ing to drastically improved data quality [7–9]. As a rule, 5–8 data
points should be measured over the full-width-at-half-maximum.
However, the peaks are significantly broadened for increasing 2h.
Therefore, for high 2h angles, the step size should be increased to
avoid wasting measurement time [10].

To collect the X-ray data from 2, 3 and 4 at 296 K using the VCT
scheme, four angle ranges were generated in the diffraction pat-
tern: (1) 2h range 5–38.7�, step 0.016�, 75.8 sec per step; (2) 2h
range 38.7–60.0�, step 0.024�, 227.4 sec per step; (3) 2h range
60.0–97.5�, step 0.032�, 379 sec per step and (4) 2h range 97.5-
140�, step 0.040�, 758 sec per step. The total experimental time
was equal to 19.2 h for each crystal. Further, the data were
3 4

6S2 C8H10CoN4O6S2 C8H10FeN4O6S2

powder powder
pink white
381.27 378.19
triclinic triclinic
P�1 P�1
6.8922(4) 6.8761(3)
7.0384(4) 7.0863(4)
7.2536(3) 7.2772(3)
91.499(2) 91.174(2)
102.659(2) 102.687(2)
113.512(1) 113.471(1)
312.27(3) 314.99(3)
1 1
296 296
2.027 1.994
193 192
1185 1211
– –
1185/0/110 1211/0/110
1.130 1.239
– –
– –

RB = 0.33 Rp = 0.412, RB = 0.120 Rp = 0.684, RB = 0.231
Rwp = 0.383 Rwp = 0.648



Table 2
Thermal decomposition data of M(H2O)2(HTBA)2 (M = Fe, Co, Ni). Ti, onset of initial
decomposition temperature; Tm, DTG peak temperature; Dmobs and Dmclc, observed
and calculated weight-loss value at each decomposition step. Dynamic atmosphere
Ar–O2 (80/20 by volume), 10 K min�1.

Decomposition

Compound Ti (�C) Tm (�C) Dmobs (%) Dmclc (%) Product

Fe(H2O)2(HTBA)2 �130 261 13.2 9.52 Fe(HTBA)2
*

�300 381 52.9
448 457 73.4
�525 606 78.93 78.88 Fe2O3

Co(H2O)2(HTBA)2 �160 253 11.2 9.44 Co(HTBA)2
*

�290 410 54.9
�470 530 72.7
�661 747 78.02 78.95 Co3O4

911 920 79.48 80.35 CoO
Ni(H2O)2(HTBA)2 210 273 11.4 9.45 Ni(HTBA)2

*

�306 (375) (49)
�464 510 76.38
640 713 79.80 80.39 NiO

* Expected product.
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converted to the standard XYE files containing coordinates 2hi,
intensity Ii and standard deviation r(Ii) for each point. The Rietveld
refinement was produced using TOPAS 4.2 [11] and accounting for
the standard deviation by implementing weight wi = 1/r(Ii)2 for
each point. The X-ray pattern of 2 was indexed in the triclinic P�1
(or P1) space group with a = 6.8755 Å, b = 7.0431 Å, c = 7.1809 Å,
a = 88.90�, b = 103.53�, c = 66.92� (Gof = 22.11), the X-ray pattern
of 3 was indexed in the triclinic P�1(or P1) space group with
a = 6.8798 Å, b = 7.0446 Å, c = 7.2553 Å, a = 88.49�, b = 103.61�,
c = 66.50� (Gof = 11.85), and the X-ray pattern of (4) was also in-
dexed in the triclinic P�1 (or P1) space group with a = 6.8708 Å,
b = 7.0830 Å, c = 7.2736 Å, a = 88.82�, b = 102.69�, c = 66.520�
(Gof = 45.9) using the program TOPAS 4.2. Therefore, the structures
of 2, 3 and 4 are isostructural. The cell parameters were converted
to the conventional form by the program PLATON [12].

The crystal structures of 2, 3 and 4 were solved in the P�1 space
group using direct space modelling and the simulated anneal
method in TOPAS 4.2. Further Rietveld refinement performed in
TOPAS without any constrains was stable and led to low R-factors
(Figs. 2S, 3S, 4S; Table 1). In these structures, all the H atoms of the
HTBA� anions were not refined and were positioned geometrically.
Missing water H atom positions were not refined and were calcu-
lated on the basis of potential hydrogen bonds (Table 2S). The ther-
mal parameters of Ni, Co and Fe were refined anisotropically, all
non-H atoms were refined isotropically, and thermal parameters
of all H atoms were not refined. Selected bond lengths determined
in 2, 3 and 4 are listed in Table 1S.
Fig. 1. NiO6 octahedral coordination in 1 together with the numbering scheme.
Symmetry code: (i) 1 �x, �y, �z; (ii) x, �1 + y, z; (iii) 1 �x, 1 � y, �z; (iv) �x, �y, �z;
(v) 1 �x, �y, 1 � z; (vi) x, �1 + y, �1 + z. The ellipsoids are drawn at the 50%
probability level, dashed lines indicate H-bonds.
3. Results and discussion

3.1. Crystal structure of 1

The results of the X-ray single crystal diffraction experiment
reveal a discrete structure for complex 1. The asymmetric unit of
the hexaaquanickel(II) bis(2-thiobarbiturate) dihydrate, [Ni(H2O)6]
(HTBA)2]�2H2O, consists of one half Ni(II) center, one HTBA- and
five water molecules. The Ni(II) ion is coordinated by six oxygen
atoms from water molecules, forming an almost ideal NiO6 octahe-
dron. The Ni–O bond distances range from 2.028(3) to 2.053(3) Å,
which is comparable to those reported for Ni–O (carbonyl) and
Ni–O (aqua) bonds in other six-coordinate nickel complexes [13].
The octahedra are isolated. There is no coordination of Ni(II) by
HTBA�, therefore this compound is a precursor of 2. The C6–O2 dis-
tance [1.272(4) Å] is almost equal to the C4–O1 [1.268(4)] distance,
being within one standard deviation (Table 1S), and this indicates
charge delocalization in the HTBA� ligand. The C4–C5–C6 angle
[120.3(2)s] corresponds to sp2 hybridization. Also, the C4–C5 and
C5–C6 distances [1.388(3), 1.391(3) Å] are close to the values typ-
ical of aromatic ring construction. The C2–S distance [1.639(9) Å] is
comparable to those reported for a C@S double bond in thiobarbi-
turate compounds and is shorter than the theoretical value of a C–S
single bond (1.78 Å). Other geometric parameters of the HTBA� ion
are also in good relation with those of thiobarbituric [14,15] acid
and other known free thiodarbiturates [16–21].

Hydrogen bonding, Fig. 5S, plays an important role in 1. Twelve
hydrogen bonds (Table 2S) generate a three-dimensional net. The
hydrogen bonds N1–H1� � �O2 and N3–H3� � �O1 close 6-membered
rings, with the graph set notation of the rings being described as
R2

2(8). The hydrogen bonds O7–H7A� � �O4 and O7–H7B� � �O4 close
8-membered rings [R4

2(8)], like O6–H6A� � �S and O6–H6B� � �S bonds
and O3–H3A� � �O7 and O3–H3B� � �O7 bonds. In compound 1, there is
not p–p stacking interaction between the HTBA� rings, because the
minimum perpendicular distance between the rings of neighboring
HTBA� ions is 4.009(4) Å. The powder pattern of 1 could not be
measured as its lifetime in the air is less than half an hour.

3.2. Crystal structures of 2, 3 and 4

The neutral complexes catena-bis(2-thiobarbiturato)diaqua-
nickel(II), Ni(H2O)2(HTBA)2 (2), catena-bis(2-thiobarbiturato)dia-
quacobalt(II), Co(H2O)2(HTBA)2 (3), catena-bis(2-thiobarbiturato)
diaquairon(II), Fe(H2O)2(HTBA)2 (4) and catena-bis(2-thiobarbitu-
rato)diaquacadmium(II), Cd(H2O)2(HTBA)2 [21] are isostructural.
The dependence of the cell volume on the ion radius of M2+ [22]
for 2, 3, 4 and Cd(H2O)2(HTBA)2 shows good the linear function
shown in Fig. 6S. Contrary to 1, they form polymer structures.
The asymmetric unit consists of one half M2+ (M = Fe, Co, Ni) ion,
one HTBA- ion and one coordinated water. Each M(II) ion is sur-
rounded by two water molecules, two O-connected HTBA� ions
and two S-connected HTBA� ions, and all pairs are in trans-posi-
tions (Fig. 2a–c). Therefore, in 2, the Ni(II) ion is coordinated by
the HTBA� ion, contrary to 1. The HTBA- ion plays the role of a
bridge between polyhedrons and forms a chain in the direction
of the c axis (Fig. 7S). Compound 1 can be regarded as a precursor
for complex 2, where the HTBA ions are not directly connected
with the Ni(II) ion, but are located in the outer coordination sphere
of 1. They interact with the complex cation [Ni(H2O)6]2+ electro-
statically, and they also form hydrogen bonds with coordinated



Fig. 2. The crystal structures of (a) 2; (b) 3; (c) 4 together with the numbering scheme. Symmetry code: (i) 2 �x, �y, �z; (ii) x, y, �1 + z; (iii) 2 �x, �y, 1�z. The ellipsoids are
drawn at the 50% probability level.

Fig. 3. (a) Precursor 1 looses four coordinated H2O molecules and the HTBA- ions move towards Ni(II); (b) the final crystal structure of 2 after the reconstruction of the
precursor 1.

Fig. 4. The crystal structure of {[Mn(H2O)(HTBA)2)]�2(OC3H6)}n [15].
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water molecules (Fig. 1, 3a and Fig. 5S). Complex 2 is formed by the
substitution of four water molecules in Ni(H2O)6

2+ by two O- and
two S-coordinated HTBA� ions (Fig. 3).

Up until now, structures of 2-thiobarbiturate complexes with
the d-metal ions Mn(II), Zn(II) [16], Au(I) [23], Co(III) [24] and
Cd(II) [21] have been determined. In {[M(H2O)(HTBA)2)]�2(OC3-

H6)}n (M = Zn, Mn) [16], the metal is connected only to four oxygen
atoms, coming from four HTBA� ligands (Fig. 4), but in compounds
2–4 the metal is connected with oxygen and sulfur atoms. The
deprotonation of the nitrogen atom is found, as expected, only in
highly alkaline solutions or in the case of complex formation with
metal ions possessing a high affinity for nitrogen, such as Au (I)
[23] and Co (III) [24].

Like in 1 and 2–4, the hydrogen bonds N1–H1� � �O2, N3–
H3� � �O1, O–H2� � �O1 and O–H4� � �O1 close 8-membered rings
R2

2(8). The distances between the rings centers of neighboring



Table 3
Characteristic IR bands (cm�1) of 2–4.

Assignment H2TBA Complex 2 Complex 3 Complex 4

m(O–H) – 3394 3364 3338
m(N–H), m(C–H) 3096–2871 3113–2870 3108–2868 3107–2869
m(C@O) 1719 1626 1625 1624
m(C@O) 1646 1594 1592 1589
m(NHC@S) 1567 1560 1560 1560
m(C@S) 1162 1200 1201 1202
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HTBA� ions are equal to 3.428(5) (2), 3.411(7) (3) and 3.433(7) Å
(4), therefore there are p–p interactions between the rings
(Fig. 8S), contrary to that in 1. The p–p stacking is of the head-tail
type [25], as in the isostructural Cd(H2O)2(HTBA)2 [21]. In K(I)
[17,18] and Pb(II) [19] HTBA complexes, the HTBA� ions display
head-to-head packing.

3.3. IR spectroscopy

The vibrational spectra for solid H2TBA and 2–4 dispersed in the
KBr pellet were recorded in the range 4000–400 cm�1 and are
shown in Figs. 9S–12S. The bands obtained for H2TBA are virtually
identical with those reported by Mendez et al [26] for solid H2TBA
(enol form, N10). The assignment of the IR vibrational bands to the
corresponding normal modes is based on the data reported for
thiobarbituric acid [26–28]. The presence of the signal correspond-
ing to the cyclic thioamide structure NH (C@S) at 1567 cm�1

(Table 3) indicates that the thione form prevails in the solid
state. The band found at 3096–2871 cm�1 in the infrared spectrum
was assigned to the m(CH) stretching mode of the R2C@CHR
pseudo-vinyl structure of the enol tautomer of H2TBA [28] and
m(N–H) [26]. In addition, the characteristic bands at 1719 and
1646 cm�1, attributed to the carbonyl group in the b-unsaturated
position, are in agreement with the presence of the N10 isomer
in the solid state [26,27]. The changes in the position and intensity
of these bands indicate that at least one of two O atoms of the
carbonyl groups in the 2-thiobarbituric acid is coordinated to
Fe(II), Co(II) or Ni(II). The characteristic bands at 1567 and
1162 cm�1, previously assigned to m(C@S) stretching [26,27], are
shifted in the spectra of 2–4, which means that the C@S group is
involved in coordination to the metal ions. The broad bands at
3338-3394 cm�1 in the IR spectra of 2–4 are due to m(O–H) of
coordinated water molecules involved in the hydrogen-bonding
interactions.

3.4. Thermal decomposition

A thermal decomposition study of the 2-thiobarbituric acid
complexes has been carried out to corroborate the information ob-
tained from their structural data about the status of water mole-
cules present in these complexes, as well as to know their
general decomposition patterns.

For 4, the initial weight loss takes place at 40–280 �C (Fig. 13Sa).
It is mainly associated with water production and some amount of
carbon and sulfur oxides, and this process is accompanied by a
weak exo-effect. Both the TG and DSC curves show a one-step
dehydration which overlaps partially with the start of the organic
moiety oxidation. Most probably, this overlap accounts for the ob-
served difference between the experimental value of the weight
loss (13.2%) and the expected value (9.52%) for the removal of
two water molecules (Table 2). The exothermic oxidative degrada-
tion of the organic moiety at 300–480 �C results in H2O, CO2, SO2

and NO evolution without the formation of definite products. Al-
most no water production was found at temperatures above
450 �C, and carbon dioxide and NO are predominantly formed
along with a very sharp heat evolution at 450–465 �C. Finally, on
being heated to 900 �C, the sample undergoes the complete trans-
formation to a-Fe2O3, according to the XRD analysis (Fig. 14S). The
total weight loss Dmobs (Fig. 13Sa, Table 2) was found to be 78.93%,
and this value is very close to the expected Dmclc of 78.88% for
Fe(H2O)2(HTBA)2 to ½ Fe2O3 conversion.

Co3O4 (Fig. 15S) was found to be the final product for the oxida-
tive decomposition of Co(H2O)2(HTBA)2. The observed weight loss
Dmobs of 78.02% satisfactorily fits the theoretical value of 78.95%
(79.48% and 80.35%, accordingly for CoO, Table 2). Similar to 4,
the overlap of the dehydration and decomposition stages leads to
a substantial excess of Dmobs over Dmclc (Table 2). The main differ-
ence between Fe(H2O)2(HTBA)2 and Co(H2O)2(HTBA)2 is that the
oxidation of the organic moiety of the latter occurs gradually at
higher temperatures (Figs. 13Sa,b). The maxima of the thiobarbitu-
rate oxidation rates were observed at 460 �C (Fe) and 500 �C (Co),
the width of the DSC peaks being 6–7 and 40–50 �C, respectively.

The thermoconversion of Ni(H2O)2(HTBA)2 results in NiO for-
mation (Fig. 16S). The total weight loss Dmobs of 79.8% is slightly
less than the expected value Dmclc of 80.39%. The general behavior
of the thermoconversion of 2 is similar to that of the iron salt and is
characterized by a dehydration process corresponding to a pro-
nounced endothermic DSC peak at around 270 �C, subsequent
long-tailed weight-loss steps in the temperature region up to
500 �C and a very sharp exothermic DSC peak with a top tempera-
ture of 510 �C (Fig. 13Sc).

There was not clear correlation observed between Tm (the tem-
perature of the dehydration rate maximum) and the nature of the
metal. In general, for Co(H2O)2(HTBA)2, the Tm value of the dehy-
dration step is slightly lower and that of the oxidation stage is
higher than the Tm values for the Fe(II) and Ni(II) salts. The metal
oxides (Fe2O3, Co3O4 and NiO) are the final thermoconversion
products. Some discrepancy between the experimental and calcu-
lated weight loss found for the Co(II) and Ni(II) complexes may be
attributed to the presence of a small amount of impurities (up to
3%), most likely from the starting materials.

At present, the thermal behavior of metal 2-thiobarbiturates is
insufficiently described in the literature. The studies are not sys-
tematic and cover only a few complexes of Cu(I) [29], Cr(III),
Mo(V) [30], Fe(II), Fe(III), Co(II), Cu(II), Zn(II) and Cd(II) [31]. It
should be noted that in the present work, the synthesized com-
pounds of Fe(II) and Co(II) are different in composition from the
previously known ones [31]. Studies [29–31] were performed un-
der non-oxidative conditions (flowing nitrogen) and nothing is
known about the peculiarities of the thermal conversion in the
presence of oxygen. According to the TG and DSC data (Fig. 13S,
Table 2), the studied substances are thermally stable under oxida-
tive conditions, at least up to 130 �C. The decomposition process of
M(H2O)2(HTBA)2 (M = Fe, Co, Ni) under oxidative conditions may
be divided into three major stages: dehydration, oxidative degra-
dation of the organic moiety and transformation of the inorganic
residue. The same sequence of thermal decomposition steps was
observed for the thiobarbiturates of other metals [29–32].
4. Conclusions

Four new compounds, the discrete complex [Ni(H2O)6]
(HTBA)2

.2H2O (1) and three coordination polymers M(H2O)2

(HTBA-O,S)2, M = Ni (2), Co (3) and Fe (4), were synthesized and
structurally characterized. Blue single crystals of 1 precipitate in
solution at 5–20 sC as a precursor to 2, and then quickly decom-
pose into the yellow powder Ni(H2O)2(HTBA)2 (2). The structure
of 1 contains almost an ideal octahedral Ni(H2O)6

2+ cation, and
there is no coordination of Ni(II) by HTBA�. Complexes 2-4 are iso-
structural polymers where each metal ion is surrounded by two
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water molecules, two O-coordinated HTBA� ions and two S-coordi-
nated HTBA� ions in trans-positions and has an octahedral geome-
try. These complexes are also isostructural with the previously
reported Cd(H2O)2(HTBA)2 [21]. These octahedrons connect
l2-O,S bridging ligands. The dependence of the cell volume on
the ion radius of the Me(II) ions of 2, 3, 4 and Cd(H2O)2(HTBA)2

show a good linear correlation. The crystal structures of 1–4 are
stabilized by numerous hydrogen bonds. The crystal structures of
2–4 are also stabilized by p–p stacking interactions of the head-tail
type. Infrared spectroscopy also evidenced the complex formation.
The studied substances are thermally stable under oxidative condi-
tions at least up to 130 �C. The thermal decomposition at higher
temperatures may be divided into three major stages.

Appendix A. Supplementary data

CCDC 966580, 966595, 966598 and 966599 contains the
supplementary crystallographic data for 1–4. These data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/conts/
retrieving.html, or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-
336-033; or e-mail: deposit@ccdc.cam.ac.uk. Supplementary data
associated with this article can be found, in the online version, at
http://dx.doi.org/10.1016/j.poly.2013.12.021.
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