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Three new alkaline earth metal complexes, [Ca2(H2O)8(μ2-HTBA-O,O′)2(HTBA-O)2] (1),
[Ca(H2O)5(HTBA-O)2]·2H2O (2), and [Sr(H2O)4(μ2-HTBA-O,S)2]n (3) (H2TBA = 2-thiobarbituric
acid, C4H4N2O2S), were synthesized and characterized by FT-IR spectroscopy, TG-DSC, and single-
crystal and powder X-ray diffraction analysis. The single-crystal X-ray diffraction data revealed that
1 and 2 are discrete structures, whereas 3 is a polymer. In 1 and 2, Ca2+ is seven-coordinate and
forms a monocapped trigonal prism. In 1, the prisms are pairwise connected with the assistance of
two [μ2-HTBA-O,O′]

− ligands. In 3, Sr2+ is coordinated by four monodentate HTBA− via S or O
donors and four waters, with the formation of a distorted square antiprism. The antiprisms are con-
nected by μ2-O,S bridging HTBA−. Hydrogen bonding involving coordinated water and π–π interac-
tions plays an important role in construction of the supramolecular 3-D structures in 1–3. Infrared
spectroscopic data supported the structural data. The thermal stability of 1–3 decreases in the order
1 > 2 > 3. Dehydration of 1–3 was a multi-step process, followed by exothermic oxidative degrada-
tion of the 2-thiobarbiturate moiety between 290 and 800 °C.

Keywords: Calcium; Strontium; 2-Thiobarbituric acid; Crystal structure; Thermal decomposition; IR
spectroscopy

1. Introduction

The growing interest in the coordination chemistry of s-block elements has been
demonstrated by several recent reviews [1–3]. The coordination polymers have attracted
much attention because of their intriguing topology and promising applications in catalysis,
adsorption (gas storage), and separation technologies [4–6]. Compared to the extensive
chemistry of coordination polymers based on transition metals, the coordination chemistry
of group 2 metals with organic linkers is relatively less explored. Because of the large ionic
radius of alkaline earth metals such as calcium and strontium, these cations have larger
coordination numbers compared to those of transition metal ions.
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2-thiobarbituric acid (2-thioxodihydropyrimidine-4,6(1H,5H)-dione, H2TBA) (scheme 1(a))
has important applications in pharmaceuticals and analytical chemistry [7–9]. It has many
possible tautomeric structures [10, 11] and very desirable properties for forming supramo-
lecular structures [3]. For oxophilic s-block metals, the HTBA− ligand containing O and O′
donors could be a useful linker for the preparation of coordination polymers, since the
metals can be linked into an extended chain with bridging HTBA−. However, structural
information on the compounds of H2TBA with alkaline earth metals is very scarce [12]. All
these factors make the synthesis of coordination polymer networks with alkaline earth metal
cations a strategic challenge [2]. Also, characterization of alkaline earth compounds with
thiobarbiturates is the area of continuous interest because of the relevance of new
compounds with potentially valuable pharmaceutical properties [13]. The fundamental inter-
est of our present study is the exploration of the changes in the solid-state structure of
thiobarbiturate complexes induced by the alkaline earth cation substitution.

2. Experimental

2.1. Materials and synthesis

2-thiobarbituric acid [CAS 504-17-6] was commercially available from Fluka. The sample
was carefully dried under vacuum and then used without special purification. CaCO3 and
SrCO3 were obtained as reagent grade materials and used without purification. All com-
plexes were readily prepared by neutralization of thiobarbituric acid with the corresponding
alkaline-earth metal carbonate in an aqueous solution. The ligand (0.002 M) was mixed with

Scheme 1. Structure of (a) the enol form of 2-thiobarbituric acid; (b) Ca2(H2O)8(μ2-HTBA-O,O′)2(HTBA-O)2, 1;
(c) [Ca(H2O)5(HTBA-О)2]·2Н2О, 2; (d) [Sr(H2O)4(μ2-HTBA-O,S)2]n, 3.
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the metal carbonate (0.001 M) in water (5 cm3). The mixtures were stirred for 5 h at 60 °C.
Pale pink precipitates formed in the solutions were filtered, washed several times with
EtOH, and dried in air at room temperature. The powder products were soluble in water.
Crystals suitable for X-ray analysis were grown by continuous evaporation of the filtrates at
60 °C (for 1 and 3) or at 20 °C (for 2). The chemical analyzes were carried out with a
HCNS-0 EA 1112 Flash Elemental Analyser.

Anal. Calcd for C16H28Ca2N8O16S4 (1): C, 24.12; H, 3.54; N, 14.06; S, 16.10. Found: C,
23.98; H, 3.71; N, 13.88; S, 16.02 (%). Yield = 0.32 g (80%).

Anal. Calcd for C8H20CaN4O11S2 (2): C, 21.24; H, 4.46; N, 12.38; S, 14.17. Found: C,
21.02; H, 4.71; N, 12.41; S, 14.00 (%). Yield = 0.37 g (82%).

Anal. Calcd for C8H14N4O8S2Sr (3): C, 21.55; H, 3.16; N, 12.56; S, 14.38. Found: C,
21.18; H, 3.40; N, 12.24; S, 14.11 (%). Yield = 0.38 g (85%).

2.2. Physical measurements

IR spectra (figure S1) were recorded for the powder samples as KBr pellets on a Bruker
Vector-22 Fourier spectrometer from 400 to 4000 cm−1. The spectral resolution during
measurements was 5 cm−1. Thermal behavior was studied by simultaneous thermal
analysis using a Netzsch STA Jupiter 449C with on-line Aeolos QMS 403C mass
spectrometer under dynamic argon-oxygen atmosphere (20 vol.% O2) at a temperature
ramp rate of 10° min−1. Powder X-ray diffraction data were obtained using the
diffractometer D8 ADVANCE (Bruker) equipped with a VANTEC detector with a Ni
filter. The measurements were produced using Cu Kα radiation.

2.3. Single crystal X-ray diffraction analysis

The determination of the unit cell and the data collection for 1–3 were performed on a
Bruker SMART APEX II diffractometer with graphite-monochromated Mo-Kα radiation

Table 1. Crystal, data collection, and refinement parameters for 1–3.

1 2 3

Empirical formula C16H28Ca2N8O16S4 C8H20CaN4O11S2 C8H14N4O8S2Sr
Molecular mass 796.86 452.50 445.99
Crystal system Triclinic Orthorhombic Monoclinic
Space group P�1 Pbcn P21/n
a (Å) 8.4180(8) 12.981(2) 12.9753(8)
b (Å) 9.1422(9) 8.400(1) 7.2255(5)
c (Å) 10.6741(11) 17.069(2) 16.434(1)
α (°) 76.070(1) 90 90
β (°) 84.551(1) 90 94.883(1)
γ (°) 70.733(1) 90 90
Volume (Å3) 752.6(1) 1861.2(4) 1535.1(2)
Z 2 4 4
Calculated density (g cm−3) 1.758 1.615 1.930
F (000) 412 944 640
Reflections collected 7398 16,498 14,393
Independent reflections 3898 2551 4103
Data/restraints/parameters 3898/0/233 2551/12/141 4103/2/234
Goodness of fit on F2 1.036 1.063 1.010
Final R indices [I>2σ(I)] R1 = 0.0405 R1 = 0.0312 R1 = 0.0338

wR2 = 0.0822 wR2 = 0.0807 wR2 = 0.0660
R indices (all data) R1 = 0.0680 R1 = 0.0396 R1 = 0.0567

wR2 = 0.0960 wR2 = 0.0863 wR2 = 0.0729
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(λ = 0.71073 Å) at 296(2) K using the ω–2θ scan technique. The structures were solved by
direct methods with SHELXS-97 [14] and refined against F2 by full-matrix least-squares
using SHELXL-97. All non-hydrogen atoms were refined anisotropically. All hydrogens of
HTBA– were positioned by difference Fourier maps and refined using a riding model with
restraints and the thermal parameters set equal to 1.2 × Ueq of the parent atoms. All water
hydrogen atoms were positioned by difference Fourier maps. For 1, all these atoms were
refined without restraints. For 2, they were refined with the distance restraint of
d(O–H) = 0.9 Å. For 3, the hydrogen atoms bonded to O4 were refined with the distance
restraint of d(O–H) = 0.9 Å, and the other water hydrogen atoms were refined
without restraints. A summary of crystal, data collection, and refinement parameters is given
in table 1. Selected bond distances and angles for 1–3 are listed in table 2. The parameters
for the intermolecular hydrogen bonds in 1–3 are summarized in table 3.

3. Results and discussion

3.1. Crystal structure of bis[(μ2-2-thiobarbiturato-O,S)-(2-thiobarbiturato-O)]octaaqua-
dicalcium(II), 1

The single crystal X-ray diffraction experiment revealed a discrete structure for 1. The
asymmetric unit consists of one Ca2+ cationic center, two HTBA− ligands, and four water
molecules, as shown in scheme 1(b) and figure 1. The HTBA− anions (denoted as A and B)
are nonequivalent, with anion A a μ2-O,O′ bridging ligand and anion B a terminal, mono-
dentate ligand. The Ca2+ cation is coordinated by seven O atoms from four water molecules
and three HTBA− anions, forming a monocapped trigonal prism. The prisms are pairwise
connected via the bridging HTBA– ligand, A. These discrete pairs form continuous chains

Table 2. Selected bond distances (Å) and angles (°) for 1–3.

Ca(HTBA)2(H2O)4 (1)
[Ca(HTBA)2(H2O)5]·2H2O
(2) Sr(HTBA)2(H2O)4 (3)

Ca–O1a 2.355(2) Ca–O1 2.324(1) Sr–O2 2.523(2)
Ca–O2w 2.390(3) Ca–O5 2.375(2) Sr–O2b 2.536(2)
Ca–O1w 2.395(2) Ca–O3 2.392(1) Sr–O1 2.553(2)
Ca–O3w 2.411(3) Ca–O4 2.498(1) Sr–O4 2.567(2)
Ca–O4w 2.422(2) Sr–O1a 2.572(2)
Ca–O1b 2.446(2) Sr–O3 2.583(2)
Ca–O2a 2.474(2) Sr–S1i 3.1668(7)

Sr–S2ii 3.3533(7)
C4a–O1a 1.254(3) C4–O1 1.261(2) C4a–O1a 1.266(3)
C4b–O1b 1.275(3) C4b–O1b 1.261(3)
C6a–O2a 1.269(3) C6–O2 1.271(3) C6a–O2a 1.274(3)
C6b–O2b 1.263(2) C6b–O2b 1.271(3)
C4a–C5a 1.396(3) C4–C5 1.394(2) C4a–C5a 1.395(3)
C4b–C5b 1.387(3) C4b–C5b 1.394(3)
C5a–C6a 1.381(3) C5–C6 1.390(2) C5a–C6a 1.383(3)
C5b–C6b 1.395(3) C5b–C6b 1.387(3)

C4a–C5a–C6a 121.6(2) C4–C5–C6 120.1(1) C4a–C5a–C6a 121.0(2)
C4b–C5b–C6b 120.6(2) C4b–C5b–C6b 121.4(2)

Note: Transformations of the asymmetric unit for 3: (i) x −½; 3/2 − y, z −½; (ii) 1 − x, 2 − y, − z.
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via hydrogen bonding along the b� c: direction (figure S4). Two μ2-HTBA
– ligands,

together with two Ca2+ cations, form a 12-membered ring (figure 1), and the Ca–Ca dis-
tance is 6.7548(9) Å. Similar rings were also observed in other related compounds, as found
with the Mercury CSD 3.1 program (table S1). In these compounds, the metal–metal dis-
tances are in the range 5.51–8.95 Å, excluding one very short distance of 3.33 Å. This indi-
cates the great flexibility of the ring due to its large size. The majority of the compounds
listed in table S1 have a metal–metal distance of ~7 Å, consistent with that observed in 1.

The Ca–O bond distances (table 2) range from 2.355(2) to 2.474(2) Å and are compara-
ble to those reported for Ca–O (carbonyl) and Ca–O (aqua) bond distances in other seven-
coordinate calcium complexes [12]. The Ca–O (carbonyl) bond distances are in the range
2.355–2.474 Å and the Ca–O (water) bond distances have a narrower range, 2.390–2.446 Å.
For the carbonyl O atoms, the difference between the Ca–O1A bond distance [2.355(2) Å]
and the bond distances for Ca–O1B [2.446(2) Å] and Ca–O2A [2.474(2) Å] can be
explained by the involvement of the latter O atoms in hydrogen-bonding interactions, while
there is no hydrogen bonding involving atom O1A.

Table 3. Hydrogen bonding distances and angles for 1–3.

Complex Atoms Distance (Å) Angles (°)

1 O1w, H1aw⋯O1bi 2.662(3), 1.77(3) 170
N3b, H3b⋯O2a 2.793(3), 1.96 163
N3a, H3a⋯O2bi 2.982(3), 2.13 170
O4w, H4bw⋯O2bii 2.888(3), 2.10(3) 161
O4w, H4aw⋯O1wi 2.830(3), 2.12(3) 151
O3w, H3bw⋯O3biii 2.884(3), 2.143(3) 166
O2w, H2bw⋯S1iv 3.229(3), 2.48(4) 148
N1a, H1a⋯S2 3.373(2), 2.54 163
O1w, H1bw⋯S2v 3.271(2), 2.56(3) 156
O2w, H2aw⋯S1v 3.333(3), 2.58(3) 164

2 N1, H1⋯O4i 2.917(2), 2.06 176
N3, H3⋯O6ii 2.847(2), 1.99 172
O4, H41⋯O6 2.826(2), 2.04(2) 160(2)
O4, H42⋯O2iii 2.732(2), 1.89(2) 171(2)
O5, H51⋯O2iv 2.809(2), 1.96(2) 167(1)
O6, H61⋯O1v 3.008(2), 2.18(2) 162(2)
O6, H62⋯O2vi 2.496(2), 1.91(2) 169(2)
O3, H31⋯Svii 3.300(1), 2.54(2) 151(2)
O3, H32⋯Si 3.252(1), 2.37(2) 175(2)

3 N1a, H1a⋯O2bi 2.799(3), 1.94 174
N1b, H1b⋯O2aii 2.858(3), 2.01 171
O1, H11⋯O1biii 2.751(3), 1.99(3) 166(4)
O2, H21⋯O2aiv 2.799(3), 2.00(4) 174(3)
O2, H22⋯O1biv 2.988(3), 2.22(4) 168(3)
O3, H31⋯O2av 2.876(3), 2.07(4) 175(3)
O3, H32⋯O1bv 2.972(3), 2.14(4) 168(3)
O4, H41⋯O1avi 2.820(3), 2.13(3) 139(3)
N3b, H3b⋯S1vii 3.456(2), 2.60 179
N3a, H3a⋯S2viii 3.393(2), 2.53 176
O4, H42⋯S2ix 3.336(2), 2.51(3) 169(3)

Note: Transformations of the asymmetric unit: for 1 (i) −x + 1, −y + 2, −z; (ii) x + 1, y−1, z; (iii) −x,
−y + 2, −z; (iv) −x, −y + 2, −z + 1; (v) x + 1, y, z. For 2 (i) −x + 1, y, −z + 1/2; (ii) −x + 1, −y, −z;
(iii) x, −y, z + 1/2; (iv) −x + 1, −y + 1, −z; (v) x − 1/2, y − 1/2, −z + 1/2; (vi) −x + 1/2, −y + 1/2,
z + 1/2; (vii) x − 1/2, −y + 1/2, −z. For 3 (i) x−1/2, −y + 3/2, z−1/2; (ii) x + 1/2, −y + 3/2, z + 1/2;
(iii) x + 1/2, −y + 3/2, z − 1/2; (iv) −x + 3/2, y + 1/2, −z + 1/2; (v) −x + 3/2, y − 1/2, −z + 1/2; (vi)
−x + 2, −y + 1, −z; (vii) x − 1, y, z; (viii) x + 1, y, z; (ix) 1 − x, 1 − y, −z.
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In the terminal HTBA− anion, the C6B–O2B distance in the noncoordinated carbonyl
group is 1.263(2) Å and the corresponding distance in the coordinated carbonyl group, C4B–
O1B, is 1.275(3) Å. This indicates charge delocalization in the HTBA− ligand. In the bridg-
ing HTBA− ligand, the C6A–O2A distance [1.269(3) Å] is a little longer than the C4A–O1A
distance [1.254(3) Å]. In both HTBA− anions, the C4–C5–C6 angle corresponds to sp2

hybridization [121.6(2)° for A and 120.6(2)° for B]. Also, the C4A–C5A and C5A–C6A dis-
tances [1.396(3) Å, 1.381(3) Å] and C4B–C5B and C5B–C6B distances [1.387(3) Å, 1.395
(3) Å] are close to the values typical for aromatic rings. The geometric parameters of the
HTBA− anions compare well to those of other known metal thiobarbiturates [12, 15, 16].

Figure 2. Crystal structure of 2 together with the labeling scheme. Symmetry code: (i) 1 − x, y, ½ − z. The
ellipsoids are drawn at the 50% probability level.

Figure 1. Crystal structure of 1 together with the labeling scheme. Symmetry code: (i) 1 − x, 1 − y, 1 − z. The
ellipsoids are drawn at the 50% probability level. The red line shows the 12-membered ring (see http://dx.doi.org/
10.1080/19443994.2013.860450 for color version).
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Hydrogen bonding (figure S5a) and π–π interactions (figure S5b) play important roles in
the structure of 1. Ten hydrogen bonds (table 3) generate 3-D net. Hydrogen bonds N1A–
H1A⋯S2, N3A–H3A⋯O2B, and N3B–H3B⋯O2A form 8-membered and 6-membered
rings with the graph set notations R2

2(8) and R1
1(6), respectively (figure S5a). There are also

12-membered [R2
2(12)] and 20-membered [R3

3(20)] rings in 1 (figure S5a). The self-associ-
ated hydrogen bonds between two HTBA− ligands, which form the HTBA− anion network,
were previously described for potassium complexes [15, 16]. In 1, a “head-tail” π–π stack-
ing interaction exists between the rings of bridging HTBA− ligands (figure S5b). The
distance of 3.639(1) Å between the rings of neighboring HTBA− anions is comparable to
those in potassium thiobarbiturate [16]. The powder pattern of 1 simulated from the single
crystal data agrees well with the measured one (figure S2), indicating that the crystal struc-
ture is representative of the bulk structure.

3.2. Crystal structure of bis(2-thiobarbiturato-O)pentaaqua-calcium(II) dehydrate, 2

Bis(2-thiobarbiturato-O)-pentaaqua-calcium dihydrate (2) is also a discrete structure. The
compound crystallizes in the orthorhombic space group Pbcn with four formula units in the
unit cell. The asymmetric unit consists of one Ca2+ cation in the 4c position, one HTBA−

anion with all atoms in the 8d position, three coordinated waters (two of them in 8d
position and one in 4c position), and one lattice water in the 8d position (scheme 1(c) and
figure 2). As in 1, the Ca atom is seven-coordinate, surrounded by five water molecules and
two O-bound HTBA− anions, with a monocapped trigonal prism coordination geometry. In
2, contrary to 1, all coordinated HTBA− ligands are terminal. The Ca–O distances span a
range from 2.324(1) Å for Ca–O1 to 2.498(1) Å for Ca–O4 and are comparable to those
found in 1 and other calcium complexes [12]. The Ca–O4 bond is the longest because the
O4 atom is involved in three hydrogen bonds as a donor and acceptor, while the other O
atoms are involved in hydrogen bonding either as a donor or as an acceptor. The C4–O1
[1.261(2) Å] and C6–O2 [1.271(3) Å] distances are almost equal, indicative of charge delo-
calization in the HTBA− ligand. The C4–C5–C6 angle [120.1(1)°] corresponds to sp2

hybridization. The bond distances and angles in the HTBA− anion are comparable to those
in other metal thiobarbiturates [12, 15, 16]. Nine hydrogen bonds (figure S6 and table 3)
generate a 3-D net in 2. All water molecules are involved in hydrogen bonding to carbonyl
O atoms or thione S atoms of the HTBA– ligands. There are no self-associated hydrogen
bonds between HTBA− ligands as is found in 1. Discrete complexes of 2 form layers in the
plane determined by vectors c~ and a~þ b~ (figure S6). The layers are joined together by the
3-D hydrogen-bonding network. The hydrogen bonds N–H⋯O, OW–H⋯OW, and
OW–H⋯S generate 8-membered [R1

2(8)], 12-membered [R3
4(12)], and 14-membered

[R3
3(14)] rings (figure S6). A “head-tail” π–π stacking interaction also exists in this com-

pound (figure S6). The distance between the rings of neighboring HTBA− anions is 3.5129
(5) Å. The powder X-ray diffraction analysis confirmed the phase homogeneity of the poly-
crystalline samples (figure S3).

3.3. Crystal structure of catena-bis(2-thiobarbiturato-O,S)tetraaqua-strontium(II), 3

The single crystal X-ray structure analysis revealed the polymer structure of 3. The asym-
metric unit consists of one Sr2+ cation, two HTBA− anions, and four coordinated waters
(scheme 1(d) and figure 3). Each Sr2+ cation is eight-coordinate, from four monodentate
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HTBA− ions using two O atoms and two S atoms and four water molecules, with the forma-
tion of a distorted square antiprism, as shown in figure 3. The O1, O2, O1A, and S2i atoms
make up one square of the square antiprism, and the O3, O4, O2B, and S1ii atoms make up
the other square (symmetry operations: (i) 1 − x, 2 − y, −z; (ii) x − 1/2, 3/2 − y, z − 1/2). Each
square antiprism is connected to three other Sr polyhedra, via the two nonequivalent
μ2-HTBA

– ligands. One type of HTBA– ligand (A) forms a single bridge between two Sr2+

cations, while two anions of the other type (B) form a double bridge between different Sr2+

cations. The latter construction creates a 12-membered ring, as in 1 (figure 3). The Sr–Sr
distance of 8.8641(6) Å is larger than the Ca–Ca distance in 1, but the shapes of the rings are
similar. The root mean square difference (RMS) between the rings is not large (table S2).
Similar rings were also observed in other compounds found with the Mercury CSD 3.1 pro-
gram. In table S2, the compounds are ordered by their RMS value. The metal–metal
distances are in the range 6.49–9.56 Å and the average distance of 8 Å is close to the Sr–Sr
distance in 3. There are only nine structures with a Sr–S bond [12]. The μ2-O,S bridging of
the HTBA− ligand in 3 was not previously known for Sr(II) complexes.

The Sr–O bond distances in 3 range from 2.523(2) to 2.583(2) Å (table 2), comparable to
those reported for Sr–O bonds in other eight-coordinate strontium complexes [12]. The
Sr–S1 and Sr–S2 bond distances are 3.1668(7) Å and 3.3533(7) Å, respectively, similar to
Sr–S bond distances found in other strontium complexes [12]. The C–O distances range
from 1.261(3) to 1.274(3) Å, and the values are comparable to those in 1 and 2. This
indicates the charge delocalization in the HTBA− ligand in 3. The C4–C5–C6 angle in the
two types of HTBA− ligands [121.0(2) Å for A and 121.4(2) Å for B] corresponds to sp2

hybridization. Also, the C4A–C5A and C5A–C6A distances [1.395(3) Å, 1.383(3) Å] and
C4B–C5B and C5B–C6B distances [1.394(3) Å, 1.387(3) Å] are close to typical values for
an aromatic ring. A similar geometry for the HTBA− anions has been found in ammonium
[17], sodium [18], and potassium [15, 16] thiobarbiturates. Eight hydrogen bonds (table 3)
generate 3-D net. All water molecules are involved in hydrogen bonding to a carbonyl O
atom of a HTBA− ligand. The hydrogen bonds N–H⋯O, O–H⋯O, and N–H⋯S form
6-membered [R1

1(6)], 8-membered [R2
2(8)], and 14-membered [R2

1(14)] rings, respectively
(figure S7). Formation of 6-membered and 8-membered rings was detected in potassium
[16], lithium, and sodium thiobarbiturates [19]. The formation of a supramolecular motif

Figure 3. Crystal structure of 3 together with the labeling scheme. Symmetry codes: (i) 1 − x, 2 − y, −z; (ii) 3/2− x,
½ + y, ½ − z; (iii) 2− x, 2 − y, 1− z; (iv) 1 + x, y, 1 + z; (v) ½ + x, 3/2 − y, ½ + z; (vi) ½ + x, 5/2− y, ½ + z; (vii)
5/2 − x, ½ + y, 3/2−z. The ellipsoids are drawn at the 50% probability level. The red line shows the 12-membered
ring. (see http://dx.doi.org/10.1080/19443994.2013.860450 for color version)
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R2
2(8) is relatively frequent [20, 21]. A “head-tail” π–π stacking interaction plays an

important role in the structure of this system. The centroid–centroid and interplanar
separation distances [3.80(5) and 3.49(3) Å, respectively] between the rings of two
neighboring HTBA− ligands are comparable to those in potassium thiobarbiturate [18]. The
SrO6S2 polyhedra form layers in the ab plane (figure S8). The layers are connected by the
two nonequivalent μ2-HTBA

− anions in the 3-D network. The powder X-ray diffraction
analysis indicates that the bulk material contains several phases, which could not be
separated.

3.4. IR spectroscopy

The characteristic IR absorption bands of H2TBA and 1–3 are listed in table 4. The
carbonyl absorption bands ν(C=O) at 1720 and 1690 cm−1 of H2TBA [10, 22] are shifted
to lower frequencies or disappear from the spectra of 1–3. The changes in the position and
intensity of the carbonyl band indicate that, at least, one of two carbonyl groups in H2TBA
is coordinated to the Ca2+ or Sr2+ cation. The IR spectra of 1–3 show distinct vibrational
bands between 1539–1540 and 1362–1392 cm−1, which are assigned to the (CN) vibrations
(thioamide I and II bands), and the bands between 1173–1182 and 775–811 cm−1 can be
attributed to the (CS) vibrations (thioamide III and IV bands). The corresponding thioamide
I and II bands in crystalline H2TBA appear at 1527 and 1350 cm−1, while the thioamide
bands III and IV are observed at 1154 and 801 cm−1 [11]. The shift of the thioamide III
band in 3 to lower frequencies from that in H2TBA supports the S-coordination of the
ligand. The ν(NH) band at 3109 cm−1 for H2TBA is only slightly shifted in the spectra of
1–3, indicating that the NH groups are not involved in bonding with the metal ions and that
deprotonation of the N atoms did not occur. The broad bands at 3422–3432 cm−1 in the IR
spectra of 1–3 are due to ν(O–H) involved in hydrogen-bonding interactions. The
assignment of the IR vibrational bands to the corresponding normal modes is based on the
data for other thiobarbiturate complexes [11, 15, 22].

3.5. Thermal decomposition

The DSC and TG curves of 1 (figure S9), 2 (figure S10), and 3 (figure S11) display two
distinct decomposition regions. The number of endothermic peaks in the DSC traces in the
temperature range 40–275 °C corresponds to the number of dehydration processes.
According to the MS data, only water (m/z = 18) was released at temperatures lower than
275 °C under both Ar–O2 and oxygen-free atmospheres. The total weight loss Δm from 40
to 275 °C was close to the theoretical Δm value estimated from the dehydration of four and

Table 4. Characteristic IR bands for H2TBA and 1–3.

H2TBA 1 2 3

ν(O–H) – 3426 3432 3422
ν(N–H) 3109 3095 3078 3105
Thioamide band I 1527 1540 1540 1539
Thioamide band II 1350 1375 1362 1392
Thioamide band III 1154 1173 1182 1179
Thioamide band IV 801 792 811 775
ν(C=O) 1720 1650 163 1641

1682 1596 1600 1600
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seven coordinated water molecules from 1 (experimental Δm = 18.27 %; theor. 18.09%)
and 2 (exptl. 27.85%; theor. 27.88%), respectively. The most probable reason for a slight
excess of H2O content over the theoretical value for 1 is the presence of a more hydrated
compound. Thermal stability of 1–3 decreases in the order 1 > 2 > 3. Contrary to the
behavior of Ca salts, the Sr thiobarbiturate was found to lose some water at room or slightly
higher temperatures (~40 °C, figure S11). The total weight loss from 40 to 275 °C for 3 was
as high as 17.77%. The water content (4.49 ± 0.09) determined from the TG curve is a bit
larger than that expected from the structural data (4.00). This significant difference can be
attributed to the presence of different hydrated complexes in the polycrystalline substance.
The dehydration of 1–3 proceeds as a multi-step process. Both DSC and TG curves show
peaks indicating several steps for water removal. There are two peaks observed for 1 (Tmax

at 150 and 228 °C), three for 2 (81, 139, and 220 °C), and two for 3 (112 and 177 °C). The
anhydrous thiobarbiturates are stable under Ar–O2 up to 280–290 °C. An exothermic
process starts at higher temperatures, and the corresponding DSC curves (figures S9, S10,
and S11) show a complex decomposition which can be conventionally divided into two
steps. At the beginning of the process, an abrupt change in the sample mass occurs fol-
lowed by almost continuous residue degradation. The final stage of the oxidative decompo-
sition is a very sharp exothermic process, and the maximum of the transformation rate is
located at 750–760 °C, 705–715 °C, and 580–590 °C for 1–3, respectively. The PXRD anal-
ysis of the white powders formed after calcination at 1000 °C shows calcium or strontium
sulfates and oxides as the principal constituents of the residue. The expected mass loss of
the transformation of Me(HTBA)2⋅nH2O to xMeSO4 + (1−x)MeO can vary in the ranges
65.83–85.93% (MeCa, n = 4), 69.9–87.6% (Me=Ca, n = 47), and 60.4–77.7% (MeSr,
n = 45), depending on the x-value. The experimental values of the total mass loss are
74.71, 74.88, and 64.06% for 1–3, respectively, which are within these intervals.

4. Conclusion

The reaction of H2TBA with calcium and strontium carbonate leads to three new
compounds, [Ca2(H2O)8(μ2-HTBA-O,O′)2(HTBA-O)2] (1), [Ca(H2O)5(HTBA-O)2]

.2H2O
(2), and [Sr(H2O)4(μ2-HTBA-O,S)2]n (3). The binuclear Ca2+ cation complex (1) and the
polymeric Sr2+ cation complex (3) were crystallized between 50 and 60 °C, and the
mononuclear Ca2+ complex (2) was crystallized at 20 °C. The crystal structures of 1 and 2
show that Ca2+ only coordinates to O donors, with the formation of monocapped trigonal
prisms. In 3, Sr2+ coordinates to both S and O donors. The Sr2+ has a distorted square
antiprism coordination geometry. The antiprisms are connected by μ2-O,S bridging HTBA−

ligands. This type of μ2-O,S bridging ligand coordination was until now unknown in Sr(II)
complexes. The HTBA− shows different coordination modes in 1–3. In 2, both HTBA− are
O-monodentate ligands, and in 1 one HTBA− is a O-monodentate ligand, while the other is
a μ2-O,O′ bridging ligand. In 3, all HTBA− are μ2-O,S bridging ligands. Generally, the barbi-
turates coordinate through deprotonated N, carbonyl O [23–25], and C, with variation in the
type metal [12]. Unlike the d-elements, the alkali metals (Na, K, Rb, Cs) [26] and Ca2+

cations [27] connect only through the carbonyl O. However, in [Ba2H(Barb)5] (Barb− =
5,5-diethyl barbiturate anion), Ba2+ is bound to the ligand through both O and N [28]. As
shown in the present study, coordination of thiobarbiturate through O or O and S atoms is
preferable over coordination via a N. This study clearly shows how the combination of
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coordination chemistry, hydrogen bonding, and π–π stacking interactions can provide rich
chemistry for alkaline-earth metals with ligands derived from deprotonated thiobarbituric
acid. Infrared spectroscopy data also supported the crystal structure data. Thermal stability
of 1–3 decreases in the order 1 > 2 > 3. The dehydration was a multi-step process followed
by exothermic oxidative degradation of the 2-thiobarbiturate moiety between 290 and
800 °C.

Supplementary material

Tables of metal–metal distances in structures related to 1–3 [29–45]; IR spectra of 1–3;
PXRD patterns of 1–3; figures of the extended and hydrogen-bonding structures and π–π
stacking interactions of 1–3; figures of the TG-DSC data for 1–3. Crystallographic data
(excluding structure factors) for the structural analysis have been deposited with the Cam-
bridge Crystallographic Data Center, Nos. CCDC-910776 (1), CCDC-941788 (2) and
CCDC-916454 (3). The information copies may be obtained free of charge from The
Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (Fax: +44(1223)336-033,
E-mail: deposit@ccdc.cam.ac.uk, or www: http://www.ccdc.cam.ac.uk).
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