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Three neodymium (Nd) coordination polymers with propionate, succinate and mixed succinate–oxalate
ligands have been synthesized and structurally characterized. Nd2(C3H5O2)6(H2O)3�3H2O (1) has a 1D
polymeric structure built with both ninefold and ten-fold coordinated neodymium polyhedra linked
through l2-bridging propionate ligands. Nd2(C4H4O4)3(H2O)2 (2) has a 3D polymeric structure
constructed with two distinct ninefold coordinated neodymium polyhedra linked through three types of
succinate ligands, two in l4- and one in l3-coordination modes. Nd2(C4H4O4)2(C2O4)(H2O)4�3H2O (3) is built
with two types of ten-fold coordinated neodymium polyhedra linked through l4-succinate ligands into 2D
undulating layers which are further connected through l2-oxalate ligands forming a 3D network with chan-
nels. Their vibrational modes and thermal stabilities have been further investigated.
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1. Introduction

Lanthanoid metal–organic frameworks (MOFs) and coordination
polymers (CPs) have attracted recent interest due to their potential
industrial applications, e.g. gas adsorption, non-linear-optical (NLO)
materials, heterogeneous catalysis, magnetism, luminescence,
molecular sensing, separation and molecular recognition, as well
as their structural diversity and interesting topological networks
[1–2]. In general, bridging organic ligands are required to bind metal
ions in various coordination modes in order to build such MOFs and
CPs. Among the various bridging ligands, mono-/di-carboxylic acids
have been extensively studied [3–4].

More recently, neodymium (Nd) organic complexes and coordi-
nation polymers have shown interesting catalysis effect on some
organic polymerisation reactions, which has subjected to further
investigations [5]. This contribution deals with Nd coordination
polymers with propionate and succinate ligands. A neodymium
propionate complex with a one-dimensional (1D) structure has
previously been reported [6], see Structure description and
discussion section. Although the synthetic procedure was not read-
ily available, it is anticipated that the complex would be prepared
by the aqueous reaction of neodymium(III) ion with a deproto-
nated propionate salt, similar to the method for the preparation
of other neodymium butyrate complexes [7]. Apart from the
deposited crystal structure data, no other spectroscopic character-
ization on this complex was available. Therefore, it is of interest to
further examine the structural diversity of neodymium–
propionate system through a slightly different reaction route. In
addition, succinic and oxalic acids are very common dicarboxylate
ligands which have been widely used as effective linkers to build
CPs and MOFs [1]. Several neodymium complexes with succinate
or succinate and oxalate have been reported and 3D frameworks
are dominating [8–9]. As both succinate and oxalate are very flex-
ible, the structural diversity is far from limited and deserves fur-
ther effort. Herein we report the synthesis, spectroscopic studies
and crystal structures of three neodymium coordination polymers:
Nd2(C3H5O2)6(H2O)3�3H2O (1) with propionate, Nd2(C4H4O4)3

(H2O)2 (2) with succinate and Nd2(C4H4O4)2(C2O4)(H2O)4�3H2O
(3) with mixed succinate–oxalate ligands.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.poly.2015.07.065&domain=pdf
http://dx.doi.org/10.1016/j.poly.2015.07.065
mailto:yzx@ansto.gov.au
http://dx.doi.org/10.1016/j.poly.2015.07.065
http://www.sciencedirect.com/science/journal/02775387
http://www.elsevier.com/locate/poly


Table 1
Crystal data and refinement details for 1–3.

Complex 1 2 3

Formula C18H41O18Nd2 C12H12O14Nd2 C10H14O19Nd2

Formula weight 833.99 668.70 726.69
Crystal system monoclinic triclinic monoclinic
Space group P21/c P�1 C2/c
a (Å) 10.2631(5) 7.8110(16) 9.6827(10)
b (Å) 15.0716(7) 8.1000(16) 27.686(3)
c (Å) 20.5876(9) 14.188(3) 9.1050(7)
a (�) 90 96.75(3) 90
b (�) 102.736(3) 96.67(3) 121.794(3)
c (�) 90 103.63(3) 90
V (Å3) 3106.2(3) 856.6(3) 2074.5(3)
Z 4 2 4
l (mm�1) 3.376 6.070 5.040
Dcalc (g cm�3) 1.783 2.592 2.327
Min./Max. h (�) 2.437/24.999 1.46/32.44 1.471/24.997
Goodness-of-fit (GOF) on F2 1.013 1.035 1.455
Final R1

a [I > 2r(I)] 0.0414 0.0419 0.0524
Final wR2

b [I > 2r(I)] 0.0874 0.1057 0.1325

a R1 = RkFo| � |Fck/|Fo|.
b wR2 = {R[w(Fo

2 � Fc
2)2]/R[w(Fo

2)2]}1/2.
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2. Results and discussion

2.1. Structure description and discussion

The crystallographic data and refinement details for complexes
1–3 are shown in Table 1 and the Nd-O bond lengths in 1–3 are
summarized in Table 2. Nd2(C3H5O2)6(H2O)3�3H2O (1): The
structure of 1 is constructed by two crystallographically distinct
neodymium polyhedra linked through propionate ligands forming
a 1D undulating polymer (Fig. 1). Nd1 has a ten-fold coordination
polyhedron with four chelating ligands [Nd1–O bonds from
2.484(4) Å to 2.655(4) Å] and two bridging carboxylate O atoms
[Nd1–O bonds from 2.465(4) Å to 2.495(4) Å] (Fig. 1a and b). Nd2
has a ninefold coordination polyhedron with two chelating ligands
[Nd2–O bonds from 2.493(4) Å to 2.601(4) Å], two bridging
carboxylate O atoms [Nd2–O distances from 2.441(4) Å to
2.445(4) Å] and three water molecules [Nd2–OH2O bonds from
2.447(5) Å to 2.490(4) Å]. The distance between Nd1 and Nd2 is
�4.310 Å. Pairs of Nd1 and Nd2 polyhedra are linked through
l2-(g2:g1) bridging ligands forming 1D undulated polymeric
chains along the crystallographic b-axis (Fig. 1c and d). Nd1 has a
polyhedron close to a bicapped square antiprism and Nd2 has a
polyhedron close to a capped square antiprism. The calculated
possible intra-molecule hydrogen bonds are summarized in
Table 3. Both coordinated and lattice water molecules are involved
Table 2
Selected bond lengths (Å) for complexes 1–3.

Complex 1
Nd1–O1A 2.528(4) Nd1–O1B 2.546(4)
Nd1–O1E 2.465(4) Nd1–O1F 2.655(4)
Nd1–O2C 2.697(4) Nd1–O2F 2.488(4)
Nd2–O1E# 2.601(4) Nd2–O2D 2.575(4)
Nd2–O2W 2.490(4) Nd2–O3W 2.453(4)

Complex 2
Nd1A–O1A 2.517(4) Nd1A–O2A 2.533(3)
Nd1A–O2B 2.517(4) Nd1A–O4B 2.430(3)
Nd1A–O4C 2.548(3) Nd1B–O2A# 2.467(4)
Nd1B–O1B 2.406(3) Nd1B–O3B 2.510(4)
Nd1B–O1C 2.436(4) Nd1B–O4C# 2.453(3)

Complex 3
Nd1A–O1A 2.43(2) Nd1A–O2A 2.62(3)
Nd1A–O5A 2.438(19) Nd1A–O6A 2.53(2)
Nd1A–O1 2.465(18) Nd1A–O2 2.516(19)
Nd1B–O3B 2.61(3) Nd1B–O4B 2.42(2)
Nd1B–O1B# 2.86(2) Nd1B–O4B# 2.90(2)
in extensive hydrogen bonding with carboxylate oxygen atoms
leading the 1D polymer into three dimensions.

Another neodymium propionate complex, T, has previously
been reported [6]. It is a 1D polymeric structure constructed by
both l2-(g2:g1) and l2-(g1:g1) bridging propionate ligands. It is
of interest to examine the similarities and differences between 1
and T. The connection topologies of both complexes are shown in
Fig. 2 and their Nd coordination environments together with con-
nection features are summarized in Table 4. Both 1 and T have 1D
polymeric structures built with neodymium(III) ion and propionate
ligand. However, there are several differences between them.
Firstly, they crystallize in different space groups with different cell
parameters. Secondly, they have different neodymium coordina-
tion environments: two ninefold coordinated neodymium centres
in T; a ninefold and a ten-fold coordinated neodymium centres
in 1. Thirdly, propionate ligands have different coordination
modes: chelating and l2-(g2:g1) bridging in 1; monodentate,
l2-(g1:g1) and l2-(g2:g1) bridging in T. Fourthly, 1 has relatively
longer average Nd–O bond length and wider Nd–Nd–Nd angle
suggesting a more flat conformation compared to T. Finally, the
connection topologies are different: repeat Nd1–Nd2 in 1 and
repeat Nd1–Nd1–Nd2–Nd2 in T.
2.2. Nd2(C4H4O4)3(H2O)2 (2)

The structure of 2 is constructed with two crystallographically
distinct ninefold coordinated Nd polyhedra (Fig. 3a and b). Both
Nd1A and Nd1B have similar coordination environments: one
water molecule [2.508(4) Å for Nd1A–O5A and 2.471(4) Å Nd1B–
O5B], two l2-(g1:g1) [O2C and O2B with mean Nd1A–O bond
length of 2.464(4) Å; O1C and O1B with mean Nd1B–O bond length
of 2.423(4) Å], two l2-(g1:g2) [O3A and O4B with mean Nd1A–O
bond length of 2.455(4) Å; O2A and O4C with mean Nd1B–O bond
length of 2.460(4) Å] and four l2-(g2:g1) [O1A, O2A, O3C and O4C
with mean Nd1A–O bond length of 2.528(4) Å; O3A, O4A, O3B and
O4B with mean Nd1B–O bond length of 2.572(3) Å] carboxylate
oxygen atoms. The distance between Nd1A and Nd1B is about
4.114(1) Å. Pairs of Nd1A and Nd1B are linked together through
two types of l2-carboxylate arms forming 1D polymeric chains
along the a-axis (Fig. 3c). The 1D chains formed by edge-sharing
between Nd1A and Nd1B are further linked by succinate ligands
through two types of l4- coordination modes [(g1:g1:g1:g2) and
(g1:g2:g1:g2)] forming a 3D pillared framework (Fig. 3d). Only
non-classical hydrogen bonds exist involving some carboxylate
oxygen atoms and CH2– groups (see Table 3). Three structures of
neodymium succinate complexes have been reported [8]. Two of
Nd1–O1C 2.482(4) Nd1–O1D 2.495(4)
Nd1–O2A 2.553(4) Nd1–O2B 2.607(4)
Nd2–O1F# 2.445(4) Nd2–O1D# 2.589(4)
Nd2–O2E 2.493(4) Nd2–O1W 2.447(5)
Nd2–O2C# 2.697(4)

Nd1A–O3A 2.480(4) Nd1A–O5A 2.508(4)
Nd1A–O2C 2.410(4) Nd1A–O3C 2.520(4)
Nd1B–O3A# 2.578(3) Nd1B–O4A 2.518(4)
Nd1B–O4B# 2.595(3) Nd1B–O5B 2.471(4)

Nd1A–O3A 2.54(2) Nd1A–O4A 2.55(2)
Nd1A–O1A# 2.86(3) Nd1A–O5A# 2.85(3)
Nd1B–O1B 2.44(2) Nd1B–O2B 2.56(3)
Nd1B–O5B 2.50(2) Nd1B–O6B 2.55(2)
Nd1B–O3 2.463(18) Nd1B–O4 2.52(2)



Table 3
Calculated possible hydrogen bonds for complexes 1–3.

Donor Acceptor H. . .A D. . .A D–H. . .A
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them are in higher symmetry space groups, e.g. monoclinic and
orthorhombic [8a,b] and only one is in triclinic space group which
has a very similar structure [8c].
Complex 1
O1W O1B 1.80 2.673(7) 179
O2W O2B 2.01 2.806(6) 152
O3W O2A 1.88 2.748(6) 172
O4W O2D 1.98 2.845(6) 175
O5W O2B 1.90 2.764(6) 169
O6W O1C 2.43 3.082(6) 132
O6W O2F 2.39 3.195(6) 154

Complex 2
C2A O3B 2.52 3.277(6) 135
C3A O3C 2.58 3.338(7) 135
C2C O3C 2.47 2.816(7) 101
C3C O1A 2.34 3.108(7) 135

Complex 3
O3A O2W 2.06 2.81(3) 142
O3A O1W 2.21 2.90(4) 135
O4A O3A 2.60 2.96(3) 105
O4A O4W 1.97 2.79(4) 150
O4A O3W 2.35 3.08(6) 138
O5B O4W 2.33 3.06(6) 142
O5B O4 1.88 2.76(3) 178
2.3. Nd2(C4H4O4)2(C2O4)(H2O)4�3H2O (3)

The structure of 3 is built up with two types of ten-fold coordi-
nated neodymium polyhedra (Fig. 4a and b). Both Nd1A and Nd1B
have similar coordination environments: two water molecules
[O3A and O4A with mean Nd1A–O bond length of 2.54(2) Å; O5B
and O6B with mean Nd1B–O bond length of 2.53(2) Å], two l2-ox-
alato [O1 and O2 with mean Nd1A–O bond length of 2.490(18) Å;
O3 and O4 with mean Nd1B–O bond length of 2.491(18) Å], four
l2-(g2:g1) [O1A, O2A, O5A and O6A with mean Nd1A–O bond
length of 2.51(3) Å; O1B, O2B, O3B and O4B with mean Nd1B–O
bond length of 2.51(3) Å] and two l2-(g1:g2) [O5A# and O1A#
with mean Nd1A–O bond length of 2.86(2) Å; O1B# and O4B# with
mean Nd1B–O bond length of 2.88(2) Å] carboxylate oxygen
atoms. Neodymium polyhedra are connected through corner-shar-
ing O atoms forming 1D polymeric chains (Fig. 4c) which are fur-
ther linked through l4-(g1:g2:g1:g2) succinate ligands into 2D
pillared layers (Fig. 4d). Alternating Nd1A and rotated 90� Nd1B
layers are linked through l2-bridging oxalate ligands forming a
3D framework structure (Fig. 4e). Both coordinated and lattice
water molecules sitting inside the channels along the crystallo-
graphic a-axis are involved in hydrogen bonding (see Table 3).
Two neodymium succinate–oxalate mixed ligand complexes were
previously reported [9]. One is in triclinic space group with a smal-
ler unit cell and has a slightly different 3D structure [9a]. The other
one has a similar 3D structure as complex 3 but in orthorhombic
space group with a relatively larger unit cell [9b].
Fig. 1. Structure of 1: Ellipsoid (a) and polyhedral (b) views of the two neodymium
coordination polyhedra [ten-fold (Nd1); ninefold (Nd2)], which are linked through
l2-bridging ligands forming a 1D undulating polymer (c) and a polyhedral packing
view (d) along the crystallographic b-axis.
The typical coordination modes of the two ligands (propionate
and succinate) which have been mentioned in this study are shown
in Fig. 5. For propionate, three types of coordination modes, chelat-
ing (Fig. 5a), l2-(g1:g1) (Fig. 5b) and l2-(g2:g1) (Fig. 5c) have been
observed before [6]. However, only chelating and l2-(g2:g1) have
been found in complex 1. Although there are many possible coor-
dination modes for succinate ligand ranging from l2- to l4-, only
two types of l4-bridging modes (Fig. 5d, e) have been observed
in complexes 2 and 3. As for oxalate, only the most common
l2-bridging mode has been observed in complex 3.

It is of interest to examine and compare mean Nd–O bond
lengths of 1–3 with the statistic value obtained by Shannon [10]
although only relevant value with coordination number (CN) of
nine is available. Based on the CN of nine, the mean Nd–O bond
length would be 2.583 Å which is slightly longer than the mean
Fig. 2. Neodymium coordination environments and connection topologies of 1 (a)
and a complex T [6] (b).



Table 4
Neodymium coordination environments and connection topologies for 1 and T [6].

Coordination/Complex 1 T

Nd1 Nd2 Nd1 Nd2

Coordination Number 10 9 9 9
Nd–O (COO) distance (Å) 2.465(4)–2.655(4) 2.441(4)–2.601(4) 2.395(2)–2.563(2) 2.379(2)–2.567(2)
Nd–O (H2O) distance (Å) 2.447(5)–2.490(4)
Average Nd–O (Å) 2.529(4) 2.494(2)
Nd–Nd (Å) 4.310(4) 4.032(2)–4.139(2)
Nd–Nd–Nd angle (�) 139.15(4); 140.55(4) 118.42(2); 142.30(2)
Connection topology Nd1:Nd2 Nd1:Nd1:Nd2:Nd2

Fig. 3. Structure of 2: Ellipsoid (a) and polyhedral (b) views of the two ninefold
coordinated neodymium polyhedra, pairs of Nd1A and Nd1B polyhedra linked
together through edge-sharing forming a 1D polymeric chain (c) and a polyhedral
view (d) along the b-axis showing 1D chains are linked through l4-bridging ligands
forming a 3D polymeric structure.

Fig. 4. Structure of 3: Ellipsoid (a) and polyhedral (b) views of the two ten-fold
coordinated neodymium polyhedra, Nd1A or Nd1B polyhedra connected through
corner-sharing forming 1D chains (c) which are linked through succinate ligands
into 2D pillared sheets (d), and Nd1A sheets and rotated 90� Nd1B sheets linked
through l2-bridging oxalate ligands forming a 3D polymeric structure (e).
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Nd–O bond values determined in this study, 2.544(4) Å for 1,
2.494(5) Å for 2 and 2.58(3) Å for 3.

2.4. Thermogravimetric and differential thermal analysis (TG/DTA)

The thermal stabilities of 1 and 3 have been examined. On the
differential thermal analysis (DTA) curve of complex 1 (Fig. S2),
there is an endotherm at �97 �C associated with a weight loss of
�13.0% corresponding to the complete loss of six water molecules
(calc. 12.9%). A small endotherm at 325 �C and a large exotherm at
375 �C correspond to the decomposition of propionate ligands. The
last feature is a small endotherm at 650 �C with around 5% of
weight loss corresponding to the phase change from Nd2(CO3)3

to (NdO)2CO3, and to the final product, Nd2O3 [11] as the residue
�41.0% (calc. 40.3%). On the DTA curve of complex 3 (Fig. S2), there
are two endotherms at �200 �C and 345 �C associated with a total
weight loss of �16.8% corresponding to the loss of both lattice and
coordinated water molecules (cacl. 17.1%). A large exotherm at
�460 �C together with two small exotherms at �550 �C and
670 �C correspond to the decomposition of organic ligands and
the formation of the final product, Nd2O3, with the residue
�45.5% (calc. 45.8%).
2.5. Raman spectroscopy

Raman spectra of 1–3 are shown in Fig. 6. The Raman assign-
ments are based on some relevant literature data [12] and detailed
assignments are summarized in Table S1.

The absence of Raman peak at 1690 cm�1 due to carbonyl
(C@O) stretching in complex 1 indicates that all carboxyl groups
are completely deprotonated, and as such Raman bands located
at 1555 and 1422 cm�1 have been assigned to asymmetric and
symmetric stretching modes, respectively, of the carboxylate
groups coordinated to neodymium ions. The strong Raman band
at 1451 cm�1 is due to the asymmetric bending vibration das

(CH3), with a shoulder at lower frequency side due to the d (CH2)
deformation vibrations. The symmetric bending vibration ds

(CH3) is located at 1377 cm�1. The bands at 1301 and 1250 cm�1

can be assigned to the wagging and twisting vibrations d (CH2),
respectively, while the d (CH2) rocking is observed at 740 cm�1.
Multiple strong bands in the region of 1077–899 cm�1 are due to
the skeletal m(C–C–C) and m(C–C) stretching vibrations. The C–C
deformation band is located at 513 cm�1. The bands at 815 and



Fig. 5. Observed coordination modes of propionate [chelating (a), l2-(g1:g1) (b)
and l2-(g2:g1) (c)] and succinate [l4-(g1:g1:g2:g1) (d) and l4-(g2:g1:g2:g1)]
ligands.
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679 cm�1 are due to the d (OCO) in-plane and out-of-plane defor-
mation modes. The broad band at around 643 cm�1 is due to the
vibrational deformation modes of coordinated water molecules.
The m(M–O) stretching vibration is located at 311 cm�1 and bands
below 300 cm�1 are due to the d (C–O–M) deformation, torsional
vibration of d (CH3), as well as lattice modes.

The Raman spectra of complexes 2 and 3 are very similar due to
the presence of same succinate ligand with the most noteworthy
observation of a very strong band at around 1462 cm�1, with the
intensity stronger in 2 compared to 3. This strong band is due to
the C� � �O species where the electron density is distributed evenly
[13], suggesting tetradentate chelating ligand linking two metal
centres. Other Raman bands and assignments are similar to those
for 1 (see Table S1).
Fig. 6. Raman spectra of 1 (a), 2 (b) and 3 (c) in 2000
3. Conclusions

The dissolution of freshly precipitated Nd(OH)3 with propionic
acid leads to the formation of a new neodymium propionate com-
plex. Nd2(C3H5O2)6(H2O)3�3H2O (1) has a 1D polymeric structure
built with both ninefold and ten-fold coordinated neodymium
polyhedra linked through l2-bridging propionate ligands. Two
neodymium coordination polymers with succinate or mixed succi-
nate–oxalate ligands have been synthesized under hydrothermal
conditions. Nd2(C4H4O4)3 (H2O)2 (2) has a 3D polymeric structure
constructed with two distinct ninefold coordinated Nd polyhedra
linked through three types of succinate ligands, two with l4- and
one with l3-bridging coordination modes. Nd2(C4H4O4)2(C2O4)
(H2O)4�3H2O (3) has a 3D network structure built with two types
of ten-fold coordinated neodymium polyhedra linked through
l4-succinate ligands first into 2D undulating layers which are fur-
ther connected through l2-oxalate ligands. Complex 3 has various
channels viewed at different directions. Thermal analysis
confirmed that both 1 and 3 lost lattice and coordinated water
molecules first, followed by the decomposition of organic ligands
to form the final product, Nd2O3. Raman characterization
confirmed the presence of propionate or succinate ligands in 1–3.
4. Experimental

4.1. Synthesis

4.1.1. Nd2(C3H5O2)6(H2O)3�3H2O (1)
Complex 1 was synthesized at room temperature by dissolving

freshly prepared Nd(OH)3 with propionic acid. Neodymium nitrate
hexahydrate (0.44 g, 1.0 mmol) was dissolved in 5.0 mL deionized
(DI) water. To the above solution, 1.0 mL concentrated ammonia
–100 cm�1 region (*represents assigned bands).



N. Scales et al. / Polyhedron 102 (2015) 130–136 135
solution was added to precipitate neodymium(III) ions as Nd(OH)3.
The precipitation was washed with DI water for three times to
remove the excess ammonia and then was dissolved in 1.0 mL of
concentrated propionic acid and 5.0 mL of DI water. Colorless crys-
talline product was formed in three weeks after slow evaporation
with 84% yield. Formula: C18H42O18Nd2 (FW = 835.0), Anal. Calc.
C, 25.89; H, 5.05. Found: C, 25.82; H, 5.11%.

4.1.2. Nd2(C4H4O4)3(H2O)2 (2) and Nd2(C4H4O4)2(C2O4)(H2O)4�3H2O
(3)

Neodymium nitrate hexahydrate (0.44 g, 1.0 mmol),
(NH4)2C2O4�H2O (0.07 g, 0.5 mmol) and succinic acid (0.12 g,
1.0 mmol) were added to a 120 mL Teflon container with 10.0 mL
of DI water. The Teflon container was then sealed in a stainless
steel pressure Par vessel and left in a 180 �C oven for 48 h. Two
types of light pink crystalline products were obtained after slow
cooling (<10 �C/h) to room temperature. Complex 2 was crystal-
lized as fine needles with estimated yield of less than 30%.
Complex 3 was crystallized as poor quality large crystals with
approximately 35% yield. Recrystallization of 3 in aqueous solution
was attempted. However, no obvious improvement of crystal qual-
ity could be achieved.

As 2 and 3 were formed in the same reaction mixture, small
amounts of 3 were manually separated for further characteriza-
tions whilst the fine needle of complex 2 was only characterized
by single crystal X-ray diffraction. The powder X-ray diffraction
(PXRD) patterns of 1 and 3 (Fig. S1) obtained from the bulk mate-
rials match the patterns generated from the single crystal data,
suggesting that 1 and 3 in pure phase form have been obtained.

4.2. Characterization

4.2.1. Single crystal X-ray diffraction
The single-crystal data for 1 and 3 were collected on a Bruker

kappa-II CCD diffractometer at 150 K by using graphite-monochro-
mated Mo Ka radiation (k = 0.71073 Å). Symmetry related
absorption corrections using the program SADABS were applied and
the data were corrected for Lorentz and polarisation effects using
Bruker APEX2 software [14]. Single-crystal X-ray data for 2 were
collected at 100(2) K on MX1 beamline at the Australian
Synchrotron with Silicon Double Crystal radiation (k = 0.71080 Å)
using BlueIce software [15]. Lorentz and polarisation effects were
corrected and cell refinements and data reductions were carried
out using XDS software [16]. The structures were solved by direct
methods and the full-matrix least-squares refinements were
carried out using SHELX [17] via Olex2 interface [18]. Structural
refinements were straightforward for 1 and 2 with all non-
hydrogen atoms located from the electron density maps and
refined anisotropically except for the low occupancy water
molecules in 2 which were refined isotropically. The one circle
goniometer at the Australian Synchrotron limits the data collec-
tion. Therefore, the data completeness is low for 2. The refinement
of 3 was difficult due to the poor quality data collected as a result
of poor single crystal nature and ineffective absorption correction
treatment. Consequently, some restraints are necessary and all
water molecules have been refined isotropically. Potential
hydrogen bonds were calculated for 1–3 using PLATON [19].

4.2.2. Elemental analyses
Elemental analyses were carried out using a Perkin–Elmer 2400

CHN elemental analyzer.

4.2.3. Powder X-ray diffraction (PXRD)
PXRD data were collected on a X’Pert Pro with Cu Ka radiation,

in the range 5� < 2h < 60�, with a step size of 0.02� (2h) and an
acquisition time of 2 s per step.
4.2.4. Raman spectroscopy
Raman spectra were collected using a Renishaw inVia Raman

spectrometer equipped with a monochromator, a filter system
and a Peltier-cooled Charge-Coupled Device (CCD). It was excited
by an argon ion laser (514.5 nm) and collected in the range of
2000–100 cm�1 with a spectral resolution of �1.7 cm�1. Spectra
were calibrated using the 520.5 cm�1 line of a silicon wafer.

4.2.5. Thermogravimetric and differential thermal analysis (TG/DTA)
Thermogravimetric and differential thermal analysis (TG/DTA)

were made on a SEIKO 6300 Thermal Analyzer from room temper-
ature to 1000 �C with a heating rate of 10 �C min�1 and an air flow
rate of 300 cm3 min�1.
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The single crystal data for complex 2 were collected on the MX1
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Appendix A. Supplementary data

CCDC 1402821 (1), 1402822 (2) and 1402823 (3) contains the
supplementary crystallographic data for 1–3. These data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/conts/re-
trieving.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.2015.07.065.
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