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Neodymium complex [Nd(HTBA)2(C2H3O2)(H2O)2]n·2nH2O (1) (H2TBA = 2-thiobarbituric acid,
C4H4N2O2S) has been synthesized in an aqueous solution at 80–90 °C. The crystal structure of 1
has been determined by the Rietveld method in space group P21/n, a = 8.5939(2), b = 22.9953(5),
c = 10.1832(2) Å, β = 112.838(1)°, Z = 4, and R = 0.0181. In 1, the Nd(III) is coordinated by four
μ2-HTBA

– ions through O, three oxygens from two μ2-η
2 : η1-bridging CH3COO

– anions, and two
terminal waters with a tri-capped trigonal prism structure. The prisms form an edge-contact pair
through two O from two acetates. The pairs are connected by HTBA– and form a 3-D framework.
The principle product of thermal decomposition of 1 at >750 °C is Nd2O2SO4 (2). The crystal struc-
ture of 2 has been obtained in space group I222, a = 4.1199(4), b = 4.2233(4), c = 13.3490(12) Å,
Z = 2, and R = 0.0246. The structure is related to an orthorhombic structure type of M2O2SO4

(M = Ln) compounds. In 2, the Nd3+ is coordinated by six oxygens in a trigonal prism. Each NdO6

prism links with two SO4 tetrahedra by nodes, with four other NdO6 prisms by edges, and with four
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other NdO6 prisms by nodes, and the units form the 3-D frame. In the frame, the layers of SO4

tetrahedra are alternated by two NdO6 prism layers.

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

1. Introduction

Design and synthesis of metal–organic framework compounds (MOFs) have attracted
the attention in materials science because of specific molecular topologies and many
potential applications [1]. 2-Thiobarbituric acid (H2TBA) is a well-known pharmaceutical
for the central nervous system [2]. Also, it is a promising ligand for MOF synthesis
because it has a suitable spatial arrangement of donor atoms N, O, and S. H2TBA can
exist in several tautomeric configurations [3–11], promising for very rich MOF
chemistry. Information, obtained earlier on H2TBA coordination in metal complexes by
electronic, IR, and XES spectroscopies, or magnetic measurements, yields such
coordination modes as N, O, S [12–16]; N, S or N, O [17, 18]; O, N, N′ [19].
However, in many cases, the proposed coordination modes need additional verification.
In accordance with XRD results, when H2TBA coordinates to metal ions of s-, p-,
d- or f-block (Eu) elements, it can be connected using only oxygen [20–24], O and S
[20, 21, 25–34], S [35], S and N [35, 36], or through O, S, and N [37]. There are no
data, except for ([Eu2(HTBA)6(H2O)6]n), concerning the crystal structures of 2-thiobarbi-
turic acid lanthanide complexes. The bonding for lanthanide(III) complexes is noticeably
different from that in the d-transition and non-transition metal complexes because lan-
thanide ions possess high oxophilicity and a high coordination number with values from
8 to 10. In 2-thiobarbituric complexes of Ln(III), the formation of hydrogen bonds via
water, two carbonyl oxygens, two N, an S, and π–π interactions among packed thio-
barbituric rings allows for building and stabilization of a high-dimensional network
structure. Metal–organic frameworks based on trivalent lanthanides (LnMOFs) are a
promising class of materials for addressing the challenges in engineering luminescent
centers and porous compounds [1, 38, 39]. H2TBA belongs to the chemical class of β-
diketonates and complexes of rare-earth elements and β-diketonates, and LnMOFs, in
particular, are of great interest due to their specific spectroscopic and magnetic proper-
ties [39–41]. Research in the field of LnMOFs is at an early stage, and comprehensive
observation of the bonding effects and physical properties is topical.

In the present work, [Nd(HTBA)2(C2H3O2)(H2O)2]·2H2O (1) was obtained and its
structure, thermal stability, and vibrational properties were characterized. The Nd2O2SO4

(2) sample was obtained by thermal decomposition of 1. Up to now, there has been no
information about the Nd2O2SO4 crystal structure. Earlier, only the crystal structures of
La2O2SO4 [42] and Eu2O2SO4 [43] were solved. They crystallize in space group C2/c
and show similar unit cell volumes of 493.11 and 445.07 Å3, respectively. This mono-
clinic structure could be reasonably supposed for 2, but, experimentally, it was found
that Nd2O2SO4 should be attributed to the orthorhombic crystal system, and its structure
has an I-centered cell and the twice smaller unit cell volume of 232.21 Å3 [44]. Several
other contributions about oxosulfates M2O2SO4 (M = La, Pr, Nd, Sm, Gd, Tb) [45],
Gd2O2SO4 [46], Eu2O2SO4 [47] also show similar orthorhombic unit cells and similar
XRD patterns, but the crystal structure has not been solved yet. Thus, at least two
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polymorphic modifications at room temperature are possible in M2O2SO4 (M = La, Eu)
compounds: (i) monoclinic C2/c with a big unit cell and (ii) orthorhombic I-centered cell
with a smaller cell volume. Nevertheless, the crystal structure of Nd2O2SO4 remains
unknown. The physical properties of this compound, however, have been investigated to
some extent due to unique luminescent and specific magnetic parameters. The Nd2O2SO4

application in large volume oxygen storage has been proposed [48]. Besides, Nd2O2SO4

can be used as an intermediate for Nd2O2S preparation [49], because the Ln2O2SO4

treatment in a hydrogen flow results in the formation of Ln2O2S, efficient phosphors,
and promising laser materials that could be used in electronic, X-ray medical, and other
devices [50–54]. In this study, the crystal structure of the orthorhombic phase of
Nd2O2SO4 oxosulfate is solved and checked for the first time.

2. Experimental

2.1. Materials and synthesis

2-Thiobarbituric acid [CAS 504-17-6] with the purity >98% was commercially available
from Fluka. Glacial acetic acid, Nd(NO3)3·6H2O, and sodium acetate trihydrate, all of
reagent grade, were obtained from Acros and used without further purification. Glacial
acetic acid (0.5 mL) was added to 0.174 g of Nd(NO3)3·6H2O (0.397 mmol). The mixture
was heated up to wet salt and evaporated to volume of 0.1–0.2 mL. This procedure was
necessary because, as indicated by an XRD test, the Nd(NO3)3·6H2O reagent contains an
admixture of neodymium carbonate. After that, 4 mL of water and 0.47 g of solid sodium
acetate trihydrate were added to the solution. After complete dissolution, 0.115 g of solid
2-thiobarbituric acid (0.798 mmol) was added to the solution at pH 5. The lumpy mixture
was stirred and grounded, and then, it was heat-treated at 80–90 °C during 0.5 h and fil-
tered. Final pink-violet precipitate 1 was washed using ethyl alcohol and dried in air. The
residual concentrated filtrate was slowly evaporated at room temperature to achieve single
crystals of 1. The single-crystal dimensions were 0.3 × 0.25 × 0.05 mm3, and these were
suitable for X-ray structure analysis.

NdO2SO4 was obtained as the final thermal decomposition product of 1 heating it at
750 °C for 20 min. The pink powder agglomerates were formed in the platinum crucible
used in the thermal analysis experiment described below.

2.2. Physical measurements

Simultaneous thermal analysis (STA) measurements were performed in a Netzsch STA
Jupiter 449C device with Aeolos QMS 403C mass-spectrometer under dynamic
argon–oxygen (20% O2) or argon (<0.05% O2) atmosphere at 50 mL min−1 total flow rate.
Platinum crucibles with perforated lids were used, and the sample mass taken for STA
experiments was 2–4 mg. The measurement procedure consisted of the temperature stabi-
lization segment (30 min at 40 °C) and dynamic segment at heating rate of 10 °C min−1.
The qualitative composition of the evolved gasses was determined by online QMS in the
multiple ion detection mode. The following predefined ions were scanned: m/z = 18, 28, 30,
32, 43 and 44, and 45, 60, and 64.
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2.3. Single X-ray diffraction analysis of 1

The intensities of single crystal 1 were collected at 298 K using the SMART APEX II
X-ray single crystal diffractometer (Bruker AXS) equipped with a CCD detector, graphite
monochromator, and Mo Kα radiation source. The unit cell of 1 corresponds to monoclinic
symmetry. Space group P21/n was determined from the statistical analysis of the reflection
intensities. The absorption corrections were applied using SADABS. The structure was
solved by the direct methods using SHELXS and refined in the anisotropic approach for
non-hydrogen atoms using SHELXL [55]. All hydrogens were refined in a constrained
mode. In the structure, all hydrogens of HTBA– and CH3COO

– were positioned
geometrically as riding on their parent atoms, with d(C–H) = 0.93 Å, d(N–H) = 0.86 Å, and
Uiso(H) = 1.2Ueq(C, N). All water hydrogens were refined under the distance restraints of
d(O–H) = 0.90(3) Å and Uiso(H) = 1.2Ueq(O).

The structure test for the presence of other missing symmetry elements and possible
voids was carried out using the PLATON program [56]. A summary of the crystal data,
experimental details, and refinement results are given in table 1. Selected bond lengths
determined in 1 are listed in table S1 (see online supplemental material at http://dx.doi.org/
10.1080/00958972.2015.1031119). The intermolecular hydrogen bonds in 1 are summarized
in table S2. The scheme of crystal structure 1 is presented in scheme 1(a).

Table 1. The crystal structure parameters of 1 and 2.

1 2

Empirical formula C10H17N4NdO10S2 Nd2O6S
Crystal size (mm3) 0.3 × 0.25 × 0.05 Powder
Molecular mass 561.64 416.54
Crystal system Monoclinic Orthorhombic
Space group P21/n I222
a (Å) 8.5939(2) 4.1199(4)
b (Å) 22.9953(5) 4.2233(4)
c (Å) 10.1832(2) 13.3490(12)
β (°) 112.838(1) –
Volume (Å3) 1854.64(7) 232.27(4)
Z 4 2
Diffractometer SMART APEXII D8 ADVANCE
Radiation type Mo Kα Cu Kα
Temperature (K) 296(2) 300
Calculated density (g cm−3) 2.008 5.955
μ (mm−1) 3.083 172.54
F(0 0 0) 1108 368
Reflections collected 18,354 –
Independent reflections 5416 –
Data/restraints/parameters 5416/11/268 124/0/47
2θmax (°) 60.18 120
h, k, l - limits −12 ≤ h ≤ 10; –

−31 ≤ k ≤ 32;
−14 ≤ l ≤ 14

Rint 0.0273 –
Weighed refinement of F2 w = 1/[σ2(F2

o ) + (0.0237P)2 + 1.098P] –
Goodness-of-fit on F2 1.044 –
Final R indices [I > 2σ(I)] R1 = 0.0181, wR2 = 0.0488 –
R indices (all data) R1 = 0.0201, wR2 = 0.0498 –
Rwp, Rp, Rexp, RB, χ

2 – 6.65, 5.20, 5.51, 2.46, 1.21
Δρmax (e Å

−3) 0.634 –
Δρmin (e Å

−3) −0.526 –
(Δ/σ)max 0.005
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2.4. Powder X-ray diffraction analysis

The powder X-ray diffraction data of 1 and 2 were recorded using the D8 ADVANCE
(Bruker) diffractometer equipped with a VANTEC detector with a Ni filter. The measure-
ments were performed using Cu Kα radiation. The structural parameters of 1 defined by a
single-crystal analysis were used as a base in Rietveld refinement of the 1 powder pattern.
The refinement was produced using program TOPAS 4.2 [57]. Low R-factors and good
refinement results, as shown in figure S1, verify the crystal structure of the powder sample
to be representative of the 1 bulk structure.

The powder XRD pattern of 2 was indexed by the orthorhombic unit cell with cell
parameters similar to those presented earlier [44]. As the space group and crystal structure
were not suggested [32], it was decided to solve 2. Four space groups I222, I212121, Imm2,
and Immm with identical hkl sets were considered for the structure. The simulated anneal-
ing process with random ion shifts in direct space was used to solve the crystal structure by
TOPAS 4.2 program. Only space group I222 gave a crystal structure with the acceptable
bond length values and ion coordination. The crystal structure was refined by the Rietveld
method in TOPAS 4.2. The refinement was stable and gave low R-factors (table 1, figure
S2). Checking the final structure by PLATON for the presence of other missing symmetry
elements and possible voids has been performed. Selected bond lengths determined in 2 are
in conventional ranges (table S1). In combination, the relations confirm the appropriate
crystal structure determination. Crystal structure 2 is shown in scheme 1(b), and the atom
coordinates are presented in table S3.

3. Results and discussion

3.1. Crystal structure 1

The single-crystal X-ray analysis of 1 revealed a 3-D coordination polymer crystallized in
space group P21/n. The independent part of unit cell 1 contains one Nd3+, two HTBA–, one
CH3COO

–, two coordinated waters, and two crystallization waters (figure 1). Each HTBA−

Figure 1. The independent part of the unit cell of 1. Ellipsoids are drawn at 50% probability level and 25% proba-
bility level for crystallized water. The hydrogens are represented by spheres. The intramolecular hydrogen bonds
are shown with dashed lines.
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is a μ2-bridge linking two Nd(III) ions, and each CH3COO
– adopts a μ2-η

2 : η1-bridging
coordination to ligate two Nd(III) ions (scheme 1). As shown in figure 2, the Nd3+ is
coordinated to nine oxygens, by four μ2-HTBA

– ions, three oxygens from two CH3COO
–

anions, and two coordinated waters, in a tri-capped trigonal prism (scheme 2). The prisms
are linked to each other by an edge with two oxygens from two acetates, forming a pair.
The Nd2O18 dimeric building blocks are formed by two NdO9 units. The distance between
Nd(III) ions in the dimeric unit is 4.2727(1) Å. These pairs have no joint nodes with other
Nd polyhedrons, but they are connected to other pairs by bridged HTBA– ions and form a
3-D frame (figure 2) with 4-membered and 16-membered cycles r(4) and r(16). Nd–O bond
lengths are 2.383(1)–2.606(2) Å, and the angle O1–Nd–O2 in the acetate anion is equal to
112.54(5)°.

There are eleven hydrogen bonds of different types N–H⋯O, O–H⋯O, N–H⋯S,
O–H⋯S (table S2), forming a network where a chain along the a-axis can be marked
(figure S3). The HTBA– ions in this chain form supramolecular motifs S(6) and R2

2(8),
which are typical of other thiobarbiturate complexes. There are no π–π interactions between
the thiobarbituric ring centers because their minimal distance is 4.048(1) Å.

3.2. Crystal structure 2

The crystal structure 2 is shown in figure 3(a). The independent part of the unit cell
includes one Nd3+ in special position 4j, one S in 2b, and two O in 8 k and 4i positions,
respectively. The S connects with four O to form a tetrahedron with the uniform bond
lengths of d(S–O) = 1.38(1) Å. The Nd3+ is coordinated by six oxygens shaped as a trigonal
prism with d(Nd–O) values of 2.329(8)–2.380(9) Å. The NdO6 prism is linked with two
SO4 tetrahedra by nodes, with four other NdO6 prisms by edges, and with four other NdO6

prisms by nodes (figure S4) so that they form a 3-D frame. In this frame, one can find alter-
nately changed layers of SO4 tetrahedra and two layers of NdO6 prisms [figure 3(a)]. In the
layer of NdO6 polyhedra, there are two different prism orientations: (1) the triangle base is
orthogonal to direction �aþ �b and (2) the base is orthogonal to direction �a� �b. The geome-
try appeared due to the equal values of the height and basic triangle side length of the
NdO6 prism.

Figure 2. View of the structure of 1. All crystallized waters are deleted to simplify. Motifs are marked by rings.

1870 N.N. Golovnev et al.



Comparison of crystal structure La2O2SO4 (C2/c) [42] and Nd2O2SO42 (I222) reveals at
least two strong differences: (1) La3+ is surrounded by seven oxygens at wide ranging dis-
tances d(La–O) = 2.253(9)–2.762(14) Å, forming a mono-capped trigonal prism instead of
a trigonal prism and (2) SO4 tetrahedra in monoclinic La2O2SO4 are in two different ori-
entations; however, in 2, all SO4 tetrahedra are in the same orientation [figure 3(a) and (b)].
As these crystal structures cannot be easily transformed into each other, the orthorhombic
M2O2SO4 (M = Ln) compounds should be attributed to a new type of crystal structure.

3.3. Thermal analysis of 1

According to the TG–DSC data shown in figures 4 and S5, the organic moieties of 1 are
thermally stable to 250 °C under oxidative and non-oxidative conditions. The thermal
transformation/oxidation process of 1 may be divided into three major stages: the two

Figure 3. Comparison crystal structures of (a) orthorhombic Nd2O2SO4 (2) and (b) monoclinic La2O2SO4.
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dehydration steps indicated by endothermic peaks at 133 and 215 °C (figure 4) and
complex, partially resolved processes over T = 270−900 °C. At T > 270 °C, the release of
CO2, NO, SO2 (figure S6), and H2O relates to oxidative degradation of acetate and
HTBA– ions. The temperature dependences of MS curves are shown in figure S6.

The TG thermal conversion curves recorded under oxidative and non-oxidative condi-
tions are identical at least up to 430 °C (Δm = −23.4%). In these two cases, the thermal
effects are of opposite signs, as shown in figure 4. According to the MS data shown in
figure S6, the H2O and CO2 amounts evolved in Ar and O2–Ar atmospheres are similar.
The main difference was observed for m/z = 60 and 64. The m/z = 60 ion is probably
caused by carbonyl sulfide (COS), but not by CH3COOH, which could be expected to be
formed from the acetate of 1. This is evidenced by the absence of ions with m/z = 43 and
45 which are characteristic for acetic acid and simultaneous intensity enhancement of the
ions with m/z = 32 and 60 which are characteristic for COS. COS is quickly oxidized in the
presence of gas-phase oxygen within the DSC crucible, giving CO2 and SO2 formation and
the related exo-effect in the DSC curve.

No definite product is formed after the non-oxidative calcination of 1 in Ar atmosphere.
According to the XRD results, the principle product of the thermal oxidation of 1 is
Nd2O2SO4. The theoretical mass loss ΔmCalcd for 1, according to equation (1), is 62.92%,
slightly different from the experimentally observed value of Δmexp = 61.88%. The probable
reason is the partial loss of lattice water from the sample under a dry O2–Ar flow during
the temperature stabilization stage of the measurement procedure.

Nd HTBAð Þ2 C2H3O2ð Þ H2Oð Þ2
� � � 2H2O solidð Þ þ O2 gasð Þ

! 1=2Nd2O2SO4 solidð Þ þ H2O;CO2;NO; SO2 gassesð Þ (1)

An independent estimation of water content in 1, directly in the STA unit, may be based on
the mass spectral intensity of the ions with m/z = 18 (H2O

+) which is proportional to the
sum of the lattice water, coordinated water, and H2O formed from the acetate and HTBA
moieties oxidation. Using the integral H2O

+ ion intensity from 40 to 270 °C and from 40 to
900 °C (figure S6, curve 3), the water content in 1 was determined to be at the level of 3.4
H2O molecule per complex molecule.

Figure 4. TG (1,2) and DSC (3,4) curves for thermal decomposition of 1 under 20%O2–Ar (2,4) and Ar (1,3)
atmospheres.
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The supposed sequence of [Nd(HTBA)2(C2H3O2)(H2O)2]·1.4H2O transformations on
heating is depicted in scheme 3. The first stage of the dehydration results in lattice water
elimination and partial coordinated water loss to form the monohydrate, which, in turn, is
dehydrated to anhydrous [Nd(HTBA)2(C2H3O2)]. Experimental mass losses Δmexp are suffi-
ciently close to the theoretical values of Δmclc, both for the dehydration stages and the total
conversion to Nd2O2SO4.

3.4. IR absorption spectrum of 1

The following bands were found in the IR absorption spectrum of 1 shown in figure 5,
curve 1 (cm−1): 3537 w., 3388 w., 3104 m., 3076 m., 2880 w., 1674 s., 1610 vs., 1558 s.,
1430 m., 1387 s., 1301 s., 1289 s., 1230 m., 1164 vs., 1015 w., 946 w., 814 m., 756 w.,
730 w., 705 vw., 671w., 634 vw., 623 vw., 608 vw., 600 vw., 539 s., 464 s., and 419 v.
(vs. – very strong, s. – strong, m. – medium, w. – weak, and vw. – very weak). For compar-
ison, the IR spectrum of III polymorph modification of 2-thiobarbituric acid is shown in
figure 5, curve 2 [58].

The presence of the two ligands containing a carbonyl group in 1 hinders specific
assignment of the bands ν(C=O) observed in IR spectra (figure 5). According to earlier
results [3, 8, 10, 11, 53], the high intensity bands at 1387–1674 cm−1 can be attributed to
ν(C=O) vibrations. The high intensity bands at 1684 and 1708 cm−1, as observed in III

Figure 5. IR spectra of [Nd(HTBA)2(C2H3O2)(H2O)2]·2H2O (1) and III polymorph modification of
2-thiobarbituric acid (2).

Scheme 1. Coordination modes of HTBA− and CH3COO
− anions in the structure of 1.
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H2TBA, are not detected in the IR spectrum of 1. Also, there is a difference between the
wave number positions of ν(C=O) bands at 1380–1610 cm−1 for 1 and H2TBA. The data
indicate the coordination of the ligand through the oxygen. The strong band at 1155 cm−1

in the IR spectrum of H2TBA, which is attributed to ν(C=S) [3, 10, 59], is also observed in

Scheme 2. Structure of (a) [Nd(HTBA)2(C2H3O2)(H2O)2]·2H2O (1); (b) Nd2O2SO4 (2).

Scheme 3. The transformation sequence of 1.
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the IR spectrum of 1, and this is consistent with the absence of ligand coordination through
the donor sulfur. Therefore, the results of IR spectroscopy are consistent with X-ray data.

4. Conclusion

A new [Nd(HTBA)2(C2H3O2)(H2O)2]n·2nH2O (1) and Nd2O2SO4 (2) were prepared.
Structure 1 is a 3D MOF and 2 is an inorganic 3D polymer. Complex 1 is thermally stable
in the air at least up to 100 °C and transforms into 2 at T > 750 °C. The final 2 is of high
phase purity and thermal decomposition of [Ln(HTBA)2(C2H3O2)(H2O)2]n·2nH2O could be
proposed as an efficient route for the synthesis of Ln2O2SO4 compounds. However,
monoclinic and orthorhombic structures currently reported for different Ln2O2SO4 com-
pounds, and thermal ranges of the existence of modification are unclear. Thus, it would be
interesting to try the synthesis of the known monoclinic modification, for example,
La2O2SO4 or Eu2O2SO4, through the [Ln(HTBA)2(C2H3O2)(H2O)2]n·2nH2O decomposition
route. This may be of practical significance because Ln2O2SO4 oxosulfates are precursors
of Ln2O2S which are efficient phosphors used in many devices.

Supplementary material

Crystallographic data (excluding structure factors) for the structural analysis of 1 have been
deposited with the Cambridge Crystallographic Data Center, No. CCDC-1031120. 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).

Further details of crystal structure 2 may be obtained from Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (Fax: (+49) 7247-808-666; E-mail:
crystdata@fiz-karlsruhe.de; http://www.fiz-karlsruhe.de/request_for_deposited_data.html on
quoting the deposition number CSD-428672).
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