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Abstract―Complexes [Ln2(H2O)6(μ2-Htba−O,O')4(Htba−O)2]n (Ln = Tb (I), Gd (II), Nd (III); and H2tba
is thiobarbituric acid) have been synthesized. According to single-crystal X-ray diffraction, monoclinic crys-
tals of I–III are isostructural. They contain three independent Htba– ions (one terminal and two bridging)
and two independent Ln3+ ions. Six Htba– ligands (two terminal and four O,O'-bridging) and two water mol-
ecules are coordinated to one Ln3+ ion, and four O,O'-bridging Htba– ions and four water molecules are
coordinated to the other Ln3+ ion to form square antiprisms. The antiprisms are bound by Htba– bridging
ions into layers. Numerous hydrogen bonds and π–π interactions stabilize the structures of the compounds.
Thermal decomposition of complexes I and II performed in air results in mixtures of oxides and oxysulfates,
whereas complex III forms Nd2O2SO4.
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Fig. 1. Graphical formula of 2-thiobarbituric acid (H2tba)
molecule.

O O

NHNHHNHN

SS

1
2

3

4
5

6

INTRODUCTION

The organometallic coordination polymers of lan-
thanides(III) possess high monochromaticity of lumi-
nescent radiation and are used in clinical diagnostics
and biotechnology, organic light-emitting diodes, dis-
plays, optical amplifiers, and lasers [1–4]. One of the
multifunctional ligands capable of forming coordina-
tion polymers of various structures with metal ions is
2-thiobarbituric acid (Fig. 1) [5]; its derivatives—thio-
barbiturates—are used as drugs [6]. In the present
work, continuing our systematic study of the structure
and properties of 2-thiobarbituric and 1,3-diethyl-2-
thiobarbituric lanthanide complexes [7–10], three
isostructural complexes [Ln2(H2O)6(H2tba)6] (Ln =
Tb (I), Gd (II), Nd (III)) have been prepared which
possess potentially useful luminescent and magnetic
properties [3, 4]. Their thermal decomposition in air
has been studied.

EXPERIMENTAL

In this work, TbCl3 ⋅ 6H2O, GdCl3 ⋅ 6H2O,
Nd(NO3)3 ⋅ 6H2O, H2tba, and NaOH (chemically
pure grade, Russian State Standard) were used with-
out additional purification.
11
Synthesis of [Ln2(H2O)6(Htba)6]n (Ln = Tb (I), Gd
(II), and Nd (III)). The hydrates of the lanthanide salts
(0.463 mmol) were dissolved in water (10 mL) followed
by the addition of solid H2tba (0.200 g, 1.39 mmol). The
mixture was neutralized with 1 M NaOH solution to
pH 4. Fine crystalline precipitates I (yellow), II (red),
and III (purple) were formed which were filtered off
after 8 h. The yield of the compounds was 60–70%.

For C24H30N12Tb2O18S6 anal. calcd. (%): C, 22.4;
H, 2.35; N, 13.1; S, 15.0.

Found for I (%): C, 22.1; H, 2.47; N, 12.8; S, 14.8.
46
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Fig. 2. Structure of complexes [Ln2(H2O)6(Htba−O,O')4(Htba−O)2]n.
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For C24H30N12Gd2O18S6 anal. calcd. (%): C, 22.5;
H, 2.36; N, 13.1; S, 15.0.

Found for II (%): C, 22.1; H, 2.55; N, 12.9; S, 14.7.
For C24H30N12Gd2O18S6 anal. calcd. (%): C, 23.0;

H, 2.41; N, 13.4; S, 15.3.
Found for III (%): C, 22.7; H, 2.66; N, 13.0; S,

15.0.
In the course of slow evaporation of the mother

solutions for 2–4 weeks, the corresponding single
crystals were formed; the crystals were filtered off and
dried in air between sheets of filter paper. The intensi-
ties of X-ray reflections from prismatic I–III crystals
with sizes of 0.2 × 0.3 × 0.4 mm were measured at 100 K
using a D8 VENTURE single crystal diffractometer
(Bruker AXS, MoKα radiation). The data were cor-
rected for absorption using the SADABS program [11]
by the multiscan method. The structure model was
determined by direct methods and refined using the
SHELXTL program package [12]. The positions of
hydrogen atoms were determined from difference
electron density syntheses, which were idealized and
refined in the form associated with the main atoms.
Table 1 shows the experimental parameters and the
results of structure refinement.

The experimental powder X-ray diffraction pat-
terns of fine-crystalline powders of I–III coincide
with those theoretically calculated from X-ray diffrac-
tion data for the corresponding single crystals, which
confirms their phase identity. A comparison of these
powder X-ray diffraction patterns is shown in Fig. S1.

Structures of I–III were deposited with the Cam-
bridge Structural Database (CCDC nos. 1576288,
1576438 and 1576287, respectively); the data are avail-
able free of charge at deposit@ccdc.cam.ac.uk or
http://www.ccdc.cam.ac.uk/data_request/cif.

The thermal decomposition of the compounds was
studied on an SDT-Q600 thermal analyzer combined
with a Nicolet380 FT-IR spectrometer for the qualita-
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo
tive determination of gases emitted (air f low rate,
50 mL/min; heating rate, 10 K/min; temperature
range, 24–850°C).

RESULTS AND DISCUSSION

Complexes I–III, together with [Eu2(H2O)6(Htba)6]n
[7] and [Sm2(H2O)6(Htba)6]n [10], form a series of
isostructural compounds [Ln2(H2O)6(Htba)6]n. The
independent part of their unit cells contains two Ln3+

ions in special positions, three Htba– ions, and three
water molecules in general positions. The Htba– ions
are coordinated to the Ln3+ cations only through O
atoms. The two independent Ln3+ ions have different
coordination environments (Fig. 2). The polyhedra
Ln(1)O8 and Ln(2)O8 are square antiprisms con-
nected to each other by bridging Htba– to form an
infinite layer in the plane perpendicular to the direc-
tion a + c (Fig. 3). As a result of the bridging O,O'-
coordination of Htba– ions to Ln3+, 24-membered
cycles are formed. The structure of the complexes
under consideration corresponds to the general for-
mula [Ln2(H2O)6(Htba−O,O')4(Htba−O)2]n.

Main geometric characteristics of compounds I–
III are given in the Appendix (Table S1). The Ln–O
bond lengths fall in the range 2.3–2.5 Å and have usual
values [13]. Like the unit cell volumes V (Table 1), the
Ln–O bond lengths regularly increase when passing
from compound I to III, which is explained by a
monotonic increase in the crystallographic radius (r)
of the Ln3+ ion [14]. The [Sm2(H2O)6(Htba)6]n [10]
and [Eu2(H2O)6(Htba)6]n [7] structures were deter-
mined at different temperatures (296 and 300 K,
respectively); therefore, the dependence of V on r for
complexes [Ln2(H2O)6(Htba)6]n (Ln = Tb, Gd, Eu,
Sm, Nd) was found to be nonmonotonic.
l. 64  No. 9  2019
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Table 1. Crystallographic data, details of data collection, and characteristics of data refinement

Parameter I II III

Color Yellow Red Violet

Molecular formula C24H30N12O18S6Tb2 C24H30Gd2N12O18S6 C24H30N12Nd2O18S6

FW 1284.80 1281.46 1255.44

Space group, Z P2/n, 2 P2/n, 2 P2/n, 2

a, Å 13.9922 (4) 14.026 (1) 14.1330 (8)

b, Å 10.0297 (3) 10.0613 (8) 10.1339 (6)

c, Å 15.3486 (5) 15.325 (1) 15.3565 (8)

β, deg 109.981 (1) 110.017 (2) 110.750 (2)

V, Å3 2024.3 (1) 2032.0 (3) 2056.7 (2)

ρcalcd, g/cm3 2.108 2.094 2.027

μ, mm−1 3.864 3.633 2.889

2θmax, deg 60.158 60.42 60.822

Number of ref lections

collected 59004 62552 62764

unique N1 (Rint) 5935 (0.0445) 5994 (0.0457) 6082 (0.0410)

with F > 4σ(F), N2 5566 5602 5562

h, k, l ranges –19 ≤ h ≤ 15, –14 ≤ k ≤ 14,
–21 ≤ l ≤ 21

–19 ≤ h ≤ 19, –14 ≤ k ≤ 14,
–19 ≤ l ≤ 21

–19 ≤ h ≤ 19, –14 ≤ k ≤ 14,
–21 ≤ l ≤ 21

Weight scheme for F2
w = 1/[σ2( ) + 

(0.0202P)2 + 4.4974P]
w = 1/[σ2( ) + 

(0.0301P)2 + 4.401P]
w = 1/[σ2( ) + 

(0.0238P)2 + 3.9105P]

P = max(  + 2 )/3

Number of parameters 
to be refined

299 299 299

R (for N1) 0.0223 0.0242 0.0255

R (for N2) 0.0199 0.0213 0.0217

wR(F2) (for N1) 0.0513 0.0581 0.0570

wR(F2) (for N2) 0.0502 0.0565 0.0554

GOOF 1.055 1.012 1.121

Extinction coefficient Not refined Not refined Not refined

(∆/σ)max <0.001 <0.001 <0.001

∆ρmax/∆ρmin, e/Å3 0.529/–1.785 0.708/–2.043 0.707/–1.680

2
oF 2

oF 2
oF

2
oF 2

cF
The geometric parameters of independent Htba–

ions (one terminal and two bridging ones) in all three
compounds coincide almost completely (Table S1),
for example, the lengths of the C−O (1.257(2)–
1.273(2) Å), C(4)–C(5), and C(5)–C(6) bonds
(1.389(3)–1.398(3) Å) as well as C–S bonds
(1.678(2)–1.684(2) Å) and the bond angle
C(6A)C(5A)C(4A) (119.8°–119.9°).
RUSSIAN JOURNAL O
In I–III, twelve hydrogen bonds N−H⋅⋅⋅O,
N−H⋅⋅⋅S, O−H⋅⋅⋅O, and O−H⋅⋅⋅S are formed (Table S2),
in which all Htba– ions and all water molecules are
involved. Hydrogen bonds form a three-dimensional
framework in which supramolecular motifs (8),
S(6), (28), and (26) can be distinguished [15].
Using the PLATON program [16], the parameters of

2
2R

2
2R 4

4R
F INORGANIC CHEMISTRY  Vol. 64  No. 9  2019
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Fig. 3. Structure of the layer perpendicular to the direction a + c. The cyclic fragment of the structure is highlighted.
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Ln = Tb, Gd, Nd
the π–π interaction between Htba– ions (Table S3)
were determined to belong to the head-to-tail type.

The thermal decomposition of compounds I–III
proceeds in several stages (Fig. 4). At the first stage,
the complexes are dehydrated to form crystalline
phases that were not identified by powder X-ray dif-
fraction. The experimental mass loss of substances
(Δmexp) was close to that calculated (Δmcalcd) assuming
the removal of all six H2O molecules (for I mexp =
8.71%, mcalcd = 8.41%; for II mexp = 9.03%, mcalcd =
8.50%; for III, mexp = 8.60%, mcalcd = 8.61%). Dehy-
dration is accompanied by endotherms on DSC curves
(255°, 311° for I; 247° for II, and 246° for III). The
oxidation of the organic ligand in I–III begins at
~300°C. In the range of 400–800°C, this process is
accompanied by two or three exotherms and the evo-
lution of H2O, CO2, COS, NO, and SO2 gases.
According to powder X-ray diffraction data, the final
product of the decomposition of III at 800°C, as in the
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo
thermolysis of [Nd(H2O)2(Htba)2(CH3COO)] ⋅ 2H2O
[8], is pure Nd2O2SO4 (Δmexp = 33.0%, Δmcalcd =
33.2%). Oxysulfates Ln2O2SO4 have a large capacity
for oxygen atoms [17] and are promising as reaction
catalysts for hydrogen production from CO and H2O
[18] resistant to sulfur poisoning. The thermal decom-
position of III can be considered as an alternative
method to prepare Nd(III) oxysulfate, which, in turn,
can serve as a precursor for the preparation of Nd2O2S
being a promising laser material [19]. The final prod-
ucts of decomposition of I and II are mixtures of the
corresponding oxides and oxysulfates. The composi-
tion of the intermediate decomposition products of
the compounds was not studied.

CONCLUSIONS

At 800°C, some thiobarbituric complexes are con-
verted to Ln2O2SO4 oxysulfates (Ln = Nd (complex III),
l. 64  No. 9  2019
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Fig. 4. TG and DSC curves for complexes I–III for their
decomposition in air.
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Sm [10], and Eu [7]), while others (I and II) transform
to mixtures containing mainly oxides TbO2, Tb2O3,
and Gd2O3, respectively, and relatively small amounts
of Ln2O2SO4 (Ln = Gd, Tb). The different composi-
tion of the products of thermal decomposition of
RUSSIAN JOURNAL O
[Ln2(H2O)6(Htba)6]n can be explained by a decrease in
the enthalpies of formation of Ln2O3 oxides with an
increase in the lanthanide atomic number [20].

FUNDING

The work was performed as part of the State Assignment
of the Ministry of Education and Science of the Russian
Federation to the Siberian Federal University in 2017–2019.
(4.7666.2017/BCh). The powder X-ray diffraction studies
were performed using the equipment at the Baikal and
Krasnoyarsk Centers for Collective Use of the Siberian
Branch of the Russian Academy of Sciences.

SUPPLEMENTARY MATERIALS

Supplementary materials are available for this article at
https://doi.org/10.1134/S0036023619090134 and are
accessible for authorized users. Supporting information
includes experimental, calculated, and difference powder
X-ray diffraction patterns for I–III (Fig. S1); powder X-ray
diffraction pattern for the product of decomposition of III
(Fig. 2); bond lengths and bond angles for
[Ln2(H2O)6(H2tba)6]n (Table S1); geometric parameters of
hydrogen bonds (Table S2); and parameters of π–π interac-
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