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The synthesis, structural characterization and thermal study of the new coordination polymers (CPs) of formula

[Lny(mal)s(H,0)s]-2H,0 [Ln = Ho (1:2H,0), Tb (1a), Dy (1b), Er (1c) and Yb (1d); mal = malonate], [Lny(mal);(H,0)¢] [Ln = Sm
(2) and Ce (2a)], [Cez(mal)3(H.0)6]-2H,0 (3:2H,0) and [Cey(mal)s(H20)3]-2H,0 (4-2H,0) are presented. Complexes (1-4)
have been also characterized by single crystal X-ray diffraction. The structure of 2 was previously reported (Elsegood, M.

R. J.; Husain, S. Private Communication 2014) and it is very close to that of 3. In the light of these results and those

previously reported in the literature for the malonate-containing lanthanide(lll) complexes, a detailed overview on the

crystal structures and topologies of these systems is provided herein covering CPs in one, two and three dimensions, as

well as the molecular architectures assembled by hydrogen-bonding from low-dimensional entities to higher-dimensional

supramolecular architectures.

1. Introduction

The design and synthesis of novel polymeric metal-organic
complexes have attracted a great interest because of the growing
realization of their potential use in magnetism, zeolite-like
catalysis, gas storage, ion exchange, molecular recognition, optical
and conducting devices, etc.

In this respect, considerable progress has been made on the
theoretical prediction and network-based approaches to control
the topology and geometries of the networks envisaging the
production of functional materials.? Therefore, impressive research
efforts are devoted to build novel coordination polymers (CPs) by
using versatile organic ligands and metal ions.? There has been an
upsurge in the use of rare-earth elements as functional metal
centres, due to the richness of their coordination chemistry, their
special chemical characteristics arising from the presence of 4f
electrons and their ability to form isostructural complexes.4 It is
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well known that rare earth cations have a high affinity for hard
donor atoms (ligands containing oxygen or hybrid oxygen-nitrogen
atoms, for instance) and in particular, multicarboxylate ligands
which are usually employed to build lanthanide coordination
polymers.5 The use of flexible multicarboxylate ligands as
connectors of the metal ions is very attractive because both the
flexibility and conformational degrees of freedom of these ligands
offer many possibilities for the construction of coordination
frameworks with unique structures and useful properties. Recent
studies show that the flexibility of the molecular backbones, their
conformational preferences, the metal ions employed and their
counter ions, all exert a strong influence on the polymeric
structures obtained.®

The dicarboxylate ligands which are commonly used as ligands in
the preparation of CPs with lanthanide ions range from relatively
rigid species, such as benzene or naphthalene derivatives, to more
flexible ones with alkyl chains between the peripheral carboxylate
groups. The use of flexible ligands provides a significant contrast
between the structures depending on the length of the alkyl chain,
with polymers known that contain the [OZC—(CHZ),,—COZ]Z' linkers [n
= 1 (malonate), 2 (succinate), 3 (glutarate) or 4 (adipate)],
compared to other straight-chain anions such as fumarate or
tartrate. However, the ability of the carboxylate group to adopt
both chelating and bridging coordination modes means that the
ligand cannot be often treated as a simple linear connector (like
4,4’-bipyridine) and the coordination networks are correspondingly
more complex.
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More flexible alkyl-based dicarboxylate as ligands adopt a variety
of different conformations although the general trend of clusters or
chains in their lanthanide complexes, as with the benzoate
derivatives, is common to all. In general, aliphatic carboxylates
exhibit the following features when considering their complexing
ability: (i) mono- and bidentate coordination modes; (ii) syn-syn,
anti-anti or syn-anti bridging conformations; (iii) tri-coordinated
oxygen-atom connectivity; (iv) pillaring of the metal-oxygen layers
or networks; (v) and generation of secondary building units (SBUs)
by acting as capping agents through their carboxylate moieties.

The malonate ligand (dianion of the propanedioic acid, H,mal) is
one of the best exponents of the ability of flexible dicarboxylate
ligands to build CPs. This ligand which has a methylene group
between the two carboxylates is the shortest alkyldicarboxylate
derivative. The methylene group is at the origin of its flexibility and
great versatility as ligand. The malonate group can adopt different
coordination modes in its complex formation (see Scheme 1)
including the chelation to the metal ion to form a six-membered
chelate ring (Scheme 1b).” In contrast with the predictable crystal
structures rationally designed with the more rigid oxalate dianion,
the complex formation with the malonate ligand often gives
unexpected results, new coordination modes and unpredictable
behaviour which are the starting point for new polymers with new
properties. Malonate-containing rare earth cations have been
reported to undergo a temperature-dependent phase transition”
and even ferromagnetic coupling between gadolinium(lll) ions
through the double oxo(carboxylate) bridge.7k

From a synthetic point of view, the variety of coordination modes
of the malonate group represents a challenge. Its flexibility as a
ligand does not allow the formation of a specific pattern in the
coordination which can be repeated synthesis after synthesis.
Moreover, subtle modifications in the synthetic procedure could
afford different crystal structures. Therefore, studies of the new
complexes of lanthanide ions with malonic acid are important from
both fundamental and applied viewpoints.g'10

Having in mind the above considerations, our research has
focused on the construction of novel coordination frameworks by
using malonic acid as ligand towards rare earth cations, resulting in
several series of lanthanide coordination polymers. Herein we first
present the synthesis and X-ray structure of the malonate-
containing lanthanide CPs of formula [Ln,(mal);(H,0)s5]-2H,0 [Ln =
Ho (1), Tb (1a), Dy (1b), Er (1c) and Yb (1d)], [Lny(mal)3(H,0)¢] [Ln =
Sm (;) and Ce (2a)], [Ce,(mal);(H,0)¢]:2H,0 (3) and
[Cey(mal)3(H,0);]-:2H,0 (4) together with their thermal study.
Finally, these results are integrated in a thorough overview of the
preparative routes and structural types of the homometallic
malonate-containing rare-earth elements.

2. Experimental

2.1 Materials

Malonic acid, sodium metasilicate nonahydrate, sodium carbonate
and a series of lanthanide(lll) nitrate salts [Ln(NO;);:6H,0 with Ln =
Ce, Sm, Tb, Dy, Ho, Er and Yb] were purchased from commercial
sources and used as received. Elemental analysis (C, H) were
carried out on an EA 1108 CHNSO microanalytical instrument.

This journal is © The Royal Society of Chemistry 20xx

.\p .ji‘i
@ (b) a
0 o” ()‘»' 0
ol &g g
0 0 0 o @8
o © (d) (e)
04 %0
QR 0. %0
D . ) ; s0"
. @ o
0-.0}\/!\0 Py ‘*./I\ 0.0 * o
i 0 o ’
e () (8 (h)
0" 0" ® /.0
e T
:; o™ '(1 0
' B g \
: o ¢ 9
® U] ()]
Scheme 1. Coordination modes of  the malonate ligand:
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2.2 Synthetic procedures

X-ray quality single crystals of the CPs of formula
[Ho,(mal)3(H,0)s]-2H,0 (1-H,0), [Lny(mal);(H;0)s]-2H,0 [Ln =
Tb (1a), Dy (1b), Er (1c) and Yb (1d), [Sm,(mal);(H,0)s] (2),
[Cey(mal);(H,0)6] (2a), [Cey(mal)3(H,0)6]-2H,0 (3-2H,0) and
[Ce,(mal)3(H,0)3]-2H,0 (4:2H,0) were obtained by following a
similar method and then, only the preparation of the first
compound is described in detail hereunder.

[Ho,(mal);(H,0)5]:2H,0 (1-2H,0). The synthesis of the
holmium(lll)-malonate was carried out by the reaction
between malonic acid and holmium(lll) nitrate in a sodium
metasilicate gel. The silica gel was prepared by hydrolysis and
polycondensation of sodium metasilicate nonahydrate in
aqueous solution under acidic conditions.”* The process
involved primary mixing of proper amounts of 1 M
Na,SiO3-9H,0 and 2 M malonic acid, to adjust the pH value of
the mixed solutions to ca. 4.5. The mixture was introduced
into test tubes and allowed to set for 24 hours at room
temperature. An aqueous solution of 0.5 M holmium(lll)
nitrate was then added on the top of the gel dropwise,
without disturbing the surface of the gel, and the tubes were
covered with parafilm and stored at 30 °C. Colourless crystals
of 1:2H,0 suitable for X-ray analysis were grown after three
weeks. They were removed from the gel, washed with water
and dried at room temperature. Yield ca. 80%. Anal. calcd
(found) % for CgH,oH0,0,9 (1:2H,0): C, 14.19 (14.08); H, 2.63
(2.59).
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[Ln,(mal);(H,0)5]-2H,0 with Ln = Tb (1a), Dy (1b), Er (1c) and Yb
(1d). A mixture of malonic acid (1 mmol, 0.158 g) and sodium
carbonate (1 mmol, 0.106 g) was dissolved in water (20 mL). An
aqueus solution (10 mL) of the corresponding lanthanide(lll) nitrate
(0.66 mmol) was poured into the previous one under stirring. After
30 minutes, a white solid appeared which was filtered, washed with
water and dried. Yield of 1a-d greater than 90%. Anal. calcd (found)
% for CgHyqTb,044 (1a): C, 14.41 (14.34); H, 2.67(2.55). Anal. calcd
(found) for CgH,oDy,044 (1b): C, 14.28(14.20); H, 2.64(2.57). Anal.
Calcd (found) for CgH,0Er,049 (1c): C, 14.10(14.01); H, 2.6(2.52).
Anal. calcd(found) for CgHyYb,0,9 (1d): C, 13.89(13.80); H,
2.57(2.49).

[Sm,(mal);(H,0)¢] (2). The preparation of 2 is performed by
following the same procedure used for 1:2H,0. X-ray quality
colourless needles of 2 appeared within three weeks. They were
removed from the gel, washed and dried at room temperature.
Yield 90%. Anal. caled (found) % for CgH;sSm,0:5 (2): C,
15.11(14.88); H, 2.52(2.23).

[Ce,(mal)3(H,0)6] (2a). The synthesis of 2a follows the same
procedure used for 1a-1d. Yield greater than 90%. Anal. calcd
(found) %. for CoH15Ce,045 (2a): C, 15.55(15.10); H, 2.59(2.26).

[Ce;(mal);(H,0)6]-2H,0  (3:2H,0) and  [Ce,(mal);(H,0)3]-2H,0
(4:2H,0). These compounds were synthesized by using a procedure
similar to that used for 1:H,0. Colourless prisms of 3:2H,0 suitable
for X-ray analysis appeared within two weeks in the upper part of
the gel, afterwards colourless prisms of 4:2H,0 appeared in the
lower part. They were carefully removed from the gel, washed with
water and air dried at room temperature. Overall yield: 73%. Anal.
calcd. (found) % for CgH,,Ce,0,0 (3:2H,0): C, 14.80(14.72); H,
3.01(2.91). Anal. caled. (found) % for CgHi6Ce,0:; (4:2H,0): C,
15.98(15.88); H, 2.37(2.29).

2.3 Thermogravimetric and DSC
measurements

analysis (TGA)

Thermogravimetric (TG/DTA) and differential scanning calorimetry
(DSC) studies were carried out on a PerkinElmer instrument (mod.
Pyris Diamond) under a dinitrogen atmosphere (flow rate: 80 m’
min'l) from 25 to 350 °C. The samples (ca. 10 mg) were heated in
an aluminum crucible (45 mL) at a rate of 5 °C min™. The TG curves
were analyzed as mass loss (%) as a function of the temperature.
The endo and exothermal processes were also identified by
differential scanning calorimetry (DSC).

This journal is © The Royal Society of Chemistry 20xx

2.4 X-ray single-crystal diffraction

Single crystals of 1-4 were mounted on a Bruker-Nonius KappaCCD
diffractometer. Orientation matrix and lattice parameters were
obtained by least-squares refinement of the reflections obtained by
a 0-o scan (Dirax/Isq method). Diffraction data were collected at
293(2) K for 1-3 and at 173(2) K for 4, using graphite-
monochromated Mo-Ka. radiation (A = 0.71073 A). Data collection
and data reduction were done with the COLLECT*® and EVALCCD"
programs. Empirical absorption corrections were carried out by
using SADABS™ for all compounds. All calculations for data
reduction, structure solution, and refinement were done by
standard procedures (WINGX).15 The structure was solved by direct
methods and refined with full-matrix least-squares technique on F
using the SHELXS-97 and SHELXL-97 programs.16 The hydrogen
atoms of the malonate ligand were set in calculated positions for
compounds 1, 3 and 4 whereas they were found from difference
Fourier maps in the case of 2. The hydrogen atoms for all
compounds were refined with isotropic temperature factors. The
final geometrical calculations and the graphical manipulations were
carried out with PARST97" and DIAMOND™ programs,
respectively. A summary of the crystallographic data and
refinement conditions is given in Table 1. Selected bond distances
and intermolecular interactions for 1-4 are shown in Tables S1-54,
ESIt. CCDC-294297, CCDC-294298, CCDC-294299, CCDC-1475076
contains the supplementary crystallographic data for 1-4,
respectively.

2.5 X-ray powder diffraction (XPRD)

The identity of the bulk material obtained from precipitation (case
of compounds 1a-1d and 2a) was verified by comparison of their
XRPD patterns with the simulated ones of the published Ln-
malonate complexes. The XRPD patterns were collected with a
PANalytical X'Pert Pro diffractometer equipped with an X’Celerator
detector and a primary monochromator, using Cu-Ka radiation, in
the angular range 5 < 20 < 80°, by step scanning in equivalent
increments of 0.02°. The data were fitted, on the basis of the single
crystal structure determination, by using the Rietveld method®®
through the Fullprof program.20 The peak shape was described
through a pseudo-Voigt function whereas a polynomial function
with five refinable coefficients was used for the background.

J. Name., 2013, 00, 1-3 | 3
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Table 1. Crystal data and details of the structure determination for compounds 1-4.

Compound 1-2H,0 2 3:2H,0 4-2H,0

T, K 293(2) 293(2) 293(2) 173(2)
Formula CyH;0H0,019 CoH1eSM,01g CoH,,Ce;0450 CoH,,Ce,017
M 762.11 714.93 730.51 676.46
Crystal system orthorhombic monoclinic orthorhombic monoclinic
Space group Pnma c2/c Pbcn P2,

a A 12.0794(12) 17.150(2) 11.3106(7) 7.6281(8)

b, A 8.0555(9) 12.284(2) 12.6698(12) 12.8621(13)
¢ A 20.207(3) 11.144(2) 14.7397(15) 8.8824(11)
S, deg 127.549(13) 101.279(8)
v, A3 1966.3 (4) 1861.3(5) 2112.2(3) 854.65(16)
z 4 4 4 2

Pealc (Mg m™) 2.574 2.551 2.297 2.629
F(000) 1440 1360 1408 644

A (Mo-Kau A) 0.71073 0.71073 0.71073 0.71073
#(Mo-Ky) (mm™) 8.083 6.339 4349 5.351
Number parameters/restrains 151/0 144/0 142/0 254/1
Goodness of fit (S) 1.227 1.160 1.109 1.078
R1,1>20(/) (all) 0.0333 (0.0376) 0.0321 (0.0430) 0.0415 (0.0624) 0.0297 (0.0337)

wR2, 1> 20(l) (all)

0.0814 (0.0831)

Max/min electron density (e/A3) 1.363/-1.606
Measured reflections (Rin) 50047 (0.0711)
Independent reflections [/ > 2o(/)] 2418 (2247)

0.0797 (0.0897)

0.0926 (0.1024)

0.0653 (0.0667)

Flack parameter

1.147 /-2.334 1.400 / -2.095 1.538/-0.934
8232(0.0525) 13060(0.0962) 13633 (0.0515)
2708 (2366) 3051 (2324) 3879

0.06(3)

3 Results and discussion

3.1 Crystal structures

The three new complexes 1:2H,0, 3:2H,0 and 4:2H,0 are
isostructural with previously reported complexes.7 The structure of
2 has been previously reported as a private communication* and it
has been included herein for comparative purposes.

[Ho,(mal)3(H,0)s]-:2H,0  (1:2H,0). Single-crystal X-ray analysis
reveals that complex 1 consists of malonate-bridged diaqua- and
triaguaholmium(lll) units that lead to two-dimensional arrays
stacked along the crystallographic ¢ axis (Fig. 1). Each Ho(lll) cation
within these layers is linked to other four metal centres through the
briddging modes of Scheme 1f and 1g, forming a topological 6°-hcb
Shubnikov hexagonal plane net. The layers are interlinked by
means of hydrogen bonds involving one crystallization water
molecule affording a supramolecular three-dimensional structure
(Fig. 2 and Table S1, ESIT).

Two crystallographically independent holmium(lll) cations [Ho(1)
and Ho(2)] occur in 1-2H,0 (Fig. 3 ). They lie on a mirror plane and
exhibit nine- [Ho(1)] and eight- [Ho(2)] coordination. Six oxygen
atoms from three different malonate groups [Ho(1)-O(mal) bond
distances being equal to 2.307(4), 2.363(4) and 2.843(4) A] and

This journal is © The Royal Society of Chemistry 20xx

three water molecules [values of the Ho(1)-O(w) bond lengths of
2.366(6), 2.343(6) and 2.346(6) A] build a distorted tricapped
trigonal prism around the Ho(1) atom, whereas Ho(2) is surrounded
by six oxygen atoms from four different malonate groups [Ho(2)-
O(mal) bond distances being 2.313(4), 2.318(4) and 2.377(4) A] and
two water molecules [Ho(2)-O(w) = 2.366(6) and 2.404(6) A]
forming a distorted square antiprism. Similar geometries have been
observed in the isostructural related compounds
[Eu,(mal)3(H,0)s]-3H,07¢ and [Gd,(mal)3(H,0)s]-2H,0.”™

Two aspects concerning the holmium environment deserves to
be noted: (i) The longer value of the Ho(1)-O(1) bond in 12H,0
which is due to the geometrical constraints associated to the for-
membered chelating ring subtended by the 0(2)C(1)0(1)
carboxylate group at the Ho(1) atom; (ii) the mean value of the Ho-
O(w) bond distance [2.358(6) A] which is longer than the one of the
Ho-O(mal) bonds [2.336(4) A. All coordinated water molecules in
1:2H,0 lie on a mirror plane.

J. Name., 2013, 00, 1-3 | 4
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Fig. 1. Perspective (a) and schematic (b) views along the crystallographic c-axis of a
fragment of the malonate-bridged holmium(lll) layers in CP 1:2H,0.

(a) )

Fig. 2. Perspective (a) and schematic (b) views along the crystallographic b- and
c-axis of the stacking of the holmium(lIl) malonate layers in 1:2H,0.

Fig. 3. A view of the holmium environments in 1:2H,0 showing the atom
numbering. Symmetry code: a: x, -y-1/2, z; b: x, -y+1/2, z; c: x-1/2, -y+1/2, -
z-1/2; d: +x-1/2,y, -z-1/2.

Three crystallographically independent malonate groups are
present in 1-2H,0 (Fig. 4): L1 [C(1)C(2)C(1b)], L2 [C(11)-C(12)-
C(11a)] and L3 [C(21)-C(22)-C(21b)]. The three methylene carbon
atoms belonging to the independent malonate groups lie on a
mirror plane. L1 adopts a erZO:KO’:KzO”:KO’” coordination
mode forming two four- and one six-membered fused chelate rings
with values of the angles subtended at the Ho(1)/Ho(1b) and Ho(2)
of 48.56(13) and 72.7(2)°, respectively (Fig. 4a). L2 shows a
}J,_a,*KOZK‘ZO’,O”:KO’" coordination mode exhibiting simultaneously
bis-monodentate [through O(12) and O(12a) towards Ho(2) and
Ho(2a), respectively] and bidentate [through O(11) and O(11a)
towards Ho(2)] binding modes (Fig. 4b). Finally, L3 acts as a

This journal is © The Royal Society of Chemistry 20xx
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bidentate ligand through the 0O(21) and O(21b) atoms towards
Ho(2) [0(21)-Ho(2)-0(21b) = 75.6(3)°] (Fig. 4c).

Each connected to four

triaquaholmium(Ill) unit is

C21b 021b

©

022b

(a) (b) ()
Fig. 4. Coordination modes of the crystallographically independent malonate
ligands in 1-2H,0.

diaquaholmium(lll) entities by four carboxylate groups from
three different malonate ligands to form corrugated layers
(see Fig. 1). The shortest values of the intralayer separation
between the holmium centres are 4.9314(5) [Ho(1)---Ho(2)
through L1], 5.9648(6) [Ho(1)-:*Ho(2j) across L2], 8.0555(9)
[Ho(1)-*Ho(1b) and Ho(2j)::*Ho(2k) through L1 and L2,
respectively], 7.0905(8) [Ho(1)--Ho(1k)] and 6.384(8) A
[Ho(2)--*Ho(2j)] (Fig. 1a). The corrugated layers of the
holmium(lll) ions are stacked in a ABAB sequence being and
interlinked by hydrogen bonds involving water molecules and
malonate-oxygen atoms to build a supramolecular three-
dimensional network (Fig. 2). The distance between adjacent
mean planes defined by the holmium(lll) ions is 10.104(3) A.

[Ce,(mal)3(H,0)6]-2(H,0) (3:2H,0). The structure of 3:2H,0 is
similar to the previously reported structure for [Smy(mal);(H,0)c]
(2).7t Their structures consist of three-dimensional malonate-
bridged triaqualanthanide(lll) networks [Figs. 5a (2) and 5b
(3:2H,0)] which result from the cross-linking of chains of
lanthanide pairs [Ln = Sm(Ill) (2) and Ce(lll) (3:2H,0)] which grow
along the [101] direction [Figs. 6b (2) and 7b (3:2H,0)] and other
chains running parallel to the crystallographic c-axis (Figs. 6a (2)
and 7a (3)]. Each lanthanide(lll) ion in this three-dimensional
network is connected to seven metal centres through four
malonate ligands giving rise to a moganite type binodal network
[(46 48)2(42 6 82)—mog in Schlafli notation]. Extensive hydrogen
bonding involving coordinated (2) and non-coordinated water
molecules (3) contribute to stabilize the supramolecular three-
dimensional networks of the complexes 2 and 3 [Tables S2 (2) and
S$3. ESIt (3:2H,0)].

J. Name., 2013, 00, 1-3 | §
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Fig. 5. Perspective view of the crystal packing in 2 (a) and 3-2H,0 (b). Pink and
blue colours denoted the crystallographically different malonate ligands that
occur in both compounds. Hydrogen bonds were not drawn for clarity.

Fig. 6. Perspective views of (a) the chains that run parallel to the crystallographic c-
axis and (b) the chain of pairs of Sm(lll) ions that grow along the [101] direction in
compound 2.

Fig. 7. Perspective views of (a) the chains that run parallel to the crystallographic
c-axis and (b) the chain of pairs of Ce(lll) ions that grow along the [101] direction
in 3:2H,0.

The Sm(Ill) (2) and Ce(lll) (3:2H,0) ions are nine-coordinate (Fig.
8). Six carboxylate oxygen atoms from three different malonate
groups [values of the Ln-O(mal) bond distances in the ranges
2.321(5)-2.602(4) A (2) and 2.436(4)-2.729(3) A in (3)] and three
water molecules [Ln-O(w) = 2.484(4)-2.532(4) A (2) and 2.507(4)-

2.557(4) A (3-2H,0)] build distorted monocapped square antiprisms
around the two rare earth atoms.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8. A view of the Sm(lll) (top) and Ce(lll) (bottom) environments in compounds 2
and 3-2H,0 respectively, showing the atom numbering [symmetry code: (a) = -x+1/2, -
y+1/2, -z and (b) = -x+1/2, y+1/2, -z+1/2 for 2 and (a) = -x, -y, -z-1 and (b) = -x+1/2, +y-
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1/2, z for 3-2H,0].

Two crystallographically independent malonate groups, L1
[C(1)-C(2)-C(3) (2) and (3-2H,0)] and L2 [C(11)-C(12)-C(11i) (2) and
C(11)-C(12)-C(11g) (3-2H,0)] are present in these two compounds
(Fig. 9). L1 exhibits the u-KO:K‘ZO',O" binding mode, adopting
simultaneously monodentate [through O(4) towards Sm(1g) and
Ce(1f)] and bidentate [through O(1) and O(2) towards Sm(1) and
Ce(1)] coordination modes, the value of the angle subtended by

the malonate ligand at the lanthanide atom being 71.54(12) (2) and
69.59(11)°  (3:2H,0). The carboxylate(malonate) bridge
[0(4)C(3)0O(2)] adopts the anti-syn conformation.

The methylene-carbon atom [C(12)] from L2 lies on a two-fold
axis. This malonate group links four lanthanide atoms
(/14—1(‘20:1(0':/(‘20":)(0"') acting simultaneously as bis-monodentate
[through O(12) and O(12i) towards Sm(1h) and Sm(1j) and across
0(12) and O(12g) towards Ce(la) and Ce(1h)] and bis-bidentate
ligand [across the carboxylate-malonate oxygen atoms towards the
lanthanide(lll) ions], the value of the angle subtended by
carboxylate(malonate) group at the rare earth atoms being
50.16(11)° (2) and 48.47(11)° (3-2H,0). The structural parameters
of L1 and L2 agree with those reported for other malonate
complexes.

Each triaqualanthanide(lll) units are linked by the malonate
skeleton of the L1 group leading to a chain of lanthanide(lll) ions
growing along the crystallographic b-axis. The shortest values of the
intrachain Ln---Ln distance are 6.5858(10) and 6.7313(7) A for 2 and
3, respectively.

J. Name., 2013, 00, 1-3 | 6



These malonate-bridged lanthanide chains are further linked
through the carboxylate-malonate unit of the L2 group, the
distance through the double g-oxo(carboxylate) bridge being
4.2971(7) (2) and 4.4656(4) A (3-2H,0). A 3D structure through the
pillaring role of the L2 ligand results in 2 (Figs. 9a and 9b). The
shortest values of the interlayer Ln"Ln distance are 6.971(2) A (2)
and 7.9207 A (3-2H,0) and the stacking of these layers follows the
ABABA (2) and AAAA (3) trends.

Fig. 9. Coordination modes of the two crystallographically independent
malonate ligands in 2 [(a) and (b)] and in 3-2H,0 [(c) and (d)].

[Ce,(mal);(H,0);]-2H,0 (4-2H,0). The structure of 4:2H,0 can be
described as chains of cerium(lll) ions linked through two
crystallographically independent malonate ligands (L1 and L2)
which run parallel to the crystallographic a axis (Fig. 10a) that in
turn are linked along the crystallographic b axis through a new
independent malonate ligand (L3) resulting in a neutral two-
dimensional structure (Fig. 11b). A weak hydrogen bond between
one coordinated water molecule [O(2w)] and a carboxylate-oxygen
atom [O(5)], [O(2w)--O(5b)] = 3.0796(4) A] occurs within each
layer. The two-dimensional network of 4 can be found in different
malonate complexes with other trivalent lanthanide ions.” Further
stabilization of the crystal structure is achieved by an extensive
hydrogen bonding involving carboxylate groups and water
molecules, leading to a supramolecular three-dimensional network
(Table S4, ESI).

Two of the three crystallographically independent malonate
groups (L1 and L2 in Figs. 11a and 11b, respectively) exhibit
identical p,3—K'ZO:K'O'2KZO”:K'O”' binding mode, the six-
membered rings having the boat conformation. The values of
the cerium-cerium separation through the carboxylate-oxygen
bridges are 4.4621(4) [Ce(1):--Ce(2) across O(1) and O(12)] and
4.2301(10) A [Ce(1)---Ce(2b) and Ce(la)“Ce(2) through O(3)
and O(9), respectively; symmetry code: (a) = -1+x, y, z and (b)
= 1+x, y, z)]. L3 exhibits the ].13-K'OZK'ZO',O'”2K'O”' binding mode
adopting simultaneously bidentate [at Ce(2c); symmetry code:
(c) = -x, -0.5+x, 2-z)] and monodentate [at Ce(1l) and Ce(2)]
coordination modes. The six-membered ring formed by the
chelation of Ce(2c) through O(6) and O(8) exhibits also a boat
conformation. L3 connects the cerium ions through two
carboxylate bridges [O(5)C(4)O(6) and O(7)C(6)O(8)] exhibiting
the anti-anti conformation, the values of the Ce(2c)--Ce(1)
and Ce(2c)---Ce(2) separations through them being 6.9600(9)
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and 6.7823(8) A, respectively (Fig. 11c). The average C-O bond
distances and O-C-O bond angles are 1.265(8) A and 120.4(6)°
for L1 and L2, and 1.269(8) A and 122.1(6)° for L3. These
values are in agreement with those of the previously reported

Fig. 10. Perspective views of (a) the chain and (b) a fragment of the layer and (c) a
schematic view along the crystallographic c-axis in the (110) plane of 4-2H,0.

Fig. 11. Coordination modes of the three crystallographically independent malonate

ligands that occur in 4:2H,0.

malonate-containing lanthanide(lll) complexes.7

The two crystallographically independent cerium(lll) ions are
ten- [Ce(1)] and nine-[Ce(2)] coordinate in distorted bi-capped
dodecahedron [Ce(1)] and monocapped square antiprism
[Ce(2)] surroundings. Ce(l) is coordinated by three water
molecules and five malonate ligands, while the nine oxygen
atoms bound to Ce(2) come from five different malonate
groups (Fig. 12). The Ce(1)-O bond distances are in the range
2.453(4)-2.741(5) A, their mean value being 2.585(5) A. The
Ce(2)-O bond distances are smaller and they lie in the range
2.391(5)-2.695(5) A, with an average value of 2.530(5) A. Both
geometries are observed in other lanthanide(lll)-malonate
complexes reported in the literature.” Regular alternating of
the Ce(1) and Ce(2) atoms occurs within the chain along the
crystallographic a axis with sharing of the O(3)-O(9b) edge
(Fig. 10a). The values of the shortest interchain Ce::-Ce
separation through the anti-anti carboxylate bridge [6.9600(9)
and 6.7823(8) A] are shorter than the shortest interlayer one.
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Fig. 12. A view of the environments of the crystallographically
independent Ce(lll) ions in 4-2H,0 showing the atom numbering
[symmetry code: (a) = 1+x, y, z; (b) =-1+x, y, z; (c) = -x, 0.5+y. 2-Z].

3.2 Powder x-ray diffraction study

The patterns of the XRPD data for complexes 1-2H,0, (1a-1d)-2H,0,
2 and 2a were obtained. The results show that the XRPD data for
(1a-1d)-2H,0 and 2a are in agreement with those calculated on the
basis of the structural data for 1-2H,0 and 2, respectively. Thus,
pure crystalline phases of the complexes were obtained through
the above detailed preparative procedures. XRPD patterns for 1
and (1a-1d)-2H,0 were fitted in the orthorhombic space group
Pnma, while those for 2 and 2a were done in the monoclinic C2/c.
The refined XRPD patterns for 1a and 1d as well as those for 2 and
2a are shown in Fig. 13 as an illustrative example (Fig. S1, ESIT). The
values of the unit cell parameters and agreement factors obtained
from the Rietveld refinement for all fitted compounds are listed in
Table 2.
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Fig. 13. Observed (red) and calculated (black) X-ray diffraction patterns for (a) 1a,
(b) 1d, (c) 2 and (d) 2a after fitted using the Rietveld method. The lower part of the
figure (green) shows the difference between observed and calculated plots, and the
vertical marks (blue) are the reflections allowed by the corresponding space group
for the malonate-based polymer.

Table 2. Cell parameters and reliability factors obtained from the Rietveld refinement for 1:2H,0, (1a-1d)-2H,0, 2 and 2a

Compound  Space group a(A) b (A) c(A) L) v (A% 7 Rp Rup Rexp Rerage
12H,0 Pnma 12.065(1) 8.057(1)  20.104(1) - 1954.4(4)  11.2 922 121 360 250
1a-2H,0 Pnma 12.043(2) 8.065(2) 20.119(1) - 1954.0(6)  9.40 7.89 108 352 27.1
1b-2H,0 Pnma 11.982(2) 8.063(1)  19.901(1) - 1922.8(4) 213 133 169 367 171
1c-2H;0 Prma 11.944(1) 8.029(1)  19.740(1) - 1893.1(1)  20.6 10.8 142 312 333
1d-2H,0 Prma 12.064(1) 8.061(1)  20.099(1) - 1954.6(3) 514 538 709 313 158
2 c2/c 17.112(1) 12.268(1) 11.117(1) 127.554(3)  1850.2(2) 677 102 140 540 184
2a c2/c 17.251(1) 12.427(1) 11.243(1) 127.595(4)  1909.7(2) 125 17.8 221 626 187

3.3 Thermal analysis

A thermogravimetric study in dinitrogen atmosphere was
performed for the complexes [Ho,(mal);(H,0)s]-2H,0 (1-2H,0),
[Ce,(mal)3(H,0)s] (2a) and [Ce,(mal)s(H,0)6]-2H,0 (3:2H,0) and
their TG/DTA curves are shown in Fig. 14. One can see therein that
the different complexes lose their water molecules of
crystallization around 45 °C and the coordinated ones at ca. 128 °C
in two overlapping steps. The involvement of the water molecules
in an extensive network of hydrogen bonds would account for this
overlap. On the other hand, the TG/DTA curves of 2a show the
presence of only one endothermic peak at 142 °C, indicating the
absence of water molecules of crystallization in agreement with the
proposed formula. The complexes ((1a)-(1d))-2H,0, 2 and 4:2H,0,

This journal is © The Royal Society of Chemistry 20xx

show very similar thermogravimetric behaviours which are
comparable to that of 1, 2a and 3 (Fig. S2, ESIT). The thermal values
for the dehydration process of these complexes are in good
agreement with those described in the literature for the hydrated
phases of the malonate-containing alkaline earth metal ions.?

The DSC analysis for all complexes between room
temperature and -165 °C, revealed that the cerium-complex
2a undergoes a thermal transformation. An inspection of Fig.
15, shows a weak endothermic phase transition on heating,
which is reversible as confirmed by the exothermic peak
during the cooling process.
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Page 9-of 15—

On heating, the onset of the endothermic change occurs at -18
°C and it reaches a maximum at about -16 °C. On cooling, the
onset of the peak is shifted to somewhat lower temperatures
(about -27 °C) and the minimum peak is found at -29 °C. These
differences during the heating and cooling processes can be
attributed to hysteresis phenomena. The phase
transformation can be considered of first-order type due to
thermal hysteresis observed (around 9 °C).

The enthalpy change at the phase transition (AH ~ 764,1 J
mol'l) was calculated by numerical integration of the recorded
DSC curves, after the correction for the calorimetric base line,
using the relationship AH = /Q/fdt, where Q, 8 and t are the
heat flow, heating rate and time, respectively.23 A similar
phase transition was also observed in other lanthanide(lll)-
malonate complexes ([Ln,(mal);(H,0)¢] with Ln = Eu or Gd)
previously studied by our research group.7i’7"' However, these
complexes showed lower values of the enthalpy change and
an absence of thermal hysteresis, indicating predominant
second order phase transitions. These results suggest a
change in the phase transition from the first order for cerium-
complex to nearly second order for the Eu/Gd derivatives,
reflecting the decrease in the ionic radius along the f-block
series.
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Fig. 14. TG/DTA curves of 1:2H,0 (green), 2a (red) and 3-2H,0
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Fig. 15 DSC curves of 2a for increasing and lowering temperatures.
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3.4 Preparative routes and structural remarks on

malonate-based lanthanide(lll) CPs

The malonate ligand has been used to synthesize several
lanthanide containing compounds (Table 3), and their
thermogravimetric behaviour and photoluminescent and magnetic
properties have been investigated. Although it is difficult to predict
their crystal structures, these compounds contribute to the studies
about the behaviour of the lanthanide complexes, as well as to
their structural patterns.

a) Synthetic routes

The more traditional and commonly used crystal growth methods
are the solvent evaporation or cooling a saturated solution and the
hydro(solvo)thermal methods (see ESIf), the latter one used only to
obtain the [Dy,(mal);(H,0)e] complex.7h

On the other hand, a variety of other methods combining known
metal coordination environments with multifunctional exodentate
ligands had led to the preparation of a wide variety of crystalline
architectures.

Taking into account the above consideration, we have prepared
new complexes under slow diffusion of aqueous solutions of
lanthanide(lll)-nitrates into a gel of sodium metasilicate containing
malonic acid (H,mal). The principle of this method is to slowly bring
the different species into contact. One approach is the solvent
liquid diffusion where first of all, two layers with different densities
are formed: one contains the product in a solvent and the other
one is the precipitant solvent, a solvent layer separating each other.
The precipitant solvent slowly diffuses into the separate layer and
the crystal growth occurs at the interface. The other approach is
the slow diffusion of reactants by the separation of physical
barriers, such as two vials with different size. Additionally, gels are
also used as diffusion and crystallization media in some cases, in
particular to slow down the diffusion process and to avoid
precipitation of the bulk material. The diffusion method is preferred
to grow X-ray quality crystals instead of polycrystalline or poorly
diffracting powdered products, especially if the products have a low
solubility.

b) Inorganic skeleton

Also, this work reveals the great diversity of lanthanide MOFs
obtained by the use of the malonate ligand in contrast to the
lanthanide(lll)-oxide architectures: the flexibility and variety of the
coordination modes of the malonate group compared to the
rigidity and more limited bonding modes of the oxo ligand account
for this great diversity of the malonate-containing lanthanide
complexes.

One of the reasons for the richness of these systems relates to
the high values of the coordination number and characteristic
geometries of the Ln(lll) ions. This is despite the limited number of
secondary building units (SBUs) in Ln(lll)-based systems compared
to CPs based on M(ll). Considering the inorganic framework in the
crystal structures, one can see dinuclear moieties with polyhedral
sharing edges as well as their aggregation into chains and layers
(Fig. 16). This diversity implies a great number of connecting
possibilities with the organic moieties, which are also numberous
as shown in this work. It is well known that the trivalent lanthanide
cations undergo hydrolysis reactions in aqueous very easily
(because of their high charge and small size) leading to polynuclear
species and both the pH and temperature of the solutions have a
strong influence on the nuclearity degree of the polynuclear
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species, the synthetic conditions being then crucial to determine
the degree of condensation of the oligonuclear units.?**
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Table 3. List of malonate-based lanthanide(lll) coordination polymers
Compound Coordination Geometry Ln-0 (A) Np2o D Synthesis Space CcsD Ref.
Group
[Lnz(mal)s(H20)e]n 9(6-0c, 3-0)
Phase "™ temperature
Nd DMSA 2.400(1)-2.565(8) 6 3D G 293k C2/c AQMANDO1 71
Eu DMSA 2.303(4)-2.596(3) 6 3D H at3e3k C2/c XUBJAF02 7n
Eu DMSA 2.307(4)-2.605(4) 6 3D SE at203 C2/c XUBJAFO3 7s
Dy DTTP 2.326(3)-2.610(2) 6 - H atassk c2/c YOCMAF 70
Pr DMSA 2.366(3)-2.634(3) 6 3D G 293k C2/c ALALUU 7i
Sm DMSA 2.319(5)-2.611(4) 6 3D H atsesk C2/c LEPLEZ 7s
Gd - - 6 - - C2/c AKUHODO1 7t
Sm DMSA 2.321(6)-2.602(4) 6 3D G 293k C2/c - this work
Ce;Pr;Nd;Sm (XRPD) -- -- 6 - - C2/c - this work
Phase 1I"°°™ temperature
Pr DCTA - 6 3D SE at208 12/a ALALUUO1 7r
Nd DMSA-DTTP 2.50 (medium) 6 3D SE at 205« 12/aorla AQMAND 7b
Eu DMSA 2.310(5)-2.532(5) 6 3D G293k 12/a XUBJAFO1 7i
Gd DMSA 2.308(2)-2.597(2) 6 3D G at293k 12/a AKUHOD 7k
Gd DMSA 2.308(2)-2.587(2) 6 3D G at293k 12/a AKUHODO02 7m
Phase "law temperature
Eu DCA 2.287(4)-2.605(7) 6 3D G at173K la XUBJAF 7i
Gd CAP 2.273(5)-2.608(6) 6 3D G at173k la AKUHODO3 7m
[Lny(mal)3(H,0)6].-2nH,0 9(6-0, 3-04)
Nd DMSA 2.41(1)-2.72(1) 8 3D SE at205¢ Pbcn AMALND 7a
Pr - - 8 3D SE 41208k Pnab EPUIII 7r
Ce DMSA 2.436(4)-2.729(3) 8 3 G at303K Pbcn - this work
[Lnz(mal)3(H;0)s]-3nH,0 9(6-0c, 3-04); 8(6-Oc, 2-04)
Eu DTTP; DSA 2.37(2)-2.84(2) 8 2D SE at205¢ Pnma AMALEU 7c
Gd DMSA; DSA 2.344(7)-2.820(8) 7 2D G at293k Pmnb VEWDIL 7m
Ho DMSA; DSA 2.307(4)-2.843(4) 7 2D G at303K Pnma - this work
Gd;Eu;Th;Dy;Ho;Er;Yb(XRPD) DMSA; DSA 2.307(4)-2.843(4) 7 - P at203 Pnma - this work
[Lnz(mal)3(H;0)a]-nH,0 10(8-0, 2-0,,)
la 2.412(3)-2.688(2) 5 3D SE 4205k c2/c CEWNIB 78
[Lna(mal)3(H;0)s]+-2nH,0 9(6-O, 3-04); 10(8-Oc, 2-Ou)
Pr DMSA; DBD 2.394(5)-2.719(5) 5 2D G 295k P2, LOSWAR 7h
La 5 2D SE at 205« P2:/n POPKAG 7e
Ce DMSA; DBD 2.394(5)-2.719(5) 5 2D G at303K P2, LOSWAR this work
[Lny(Hmal)(mal)(H,0),]-H,0 10(8-0,, 2-0y,)
La DTT 3 2D SE at 205« P2;/n YEGRUX 7f
[Ln(Hmal)(mal)]-4H,0 9(6-O, 3-Ou)
Sm DMSA 2.453(6)-2.51(6) 4 3D SE at333k Pbnc 7w

Compound: XRPD = X-Ray Powder Diffraction; Coordination Geometry: O, = carboxylate-oxygen; O,, = water-oxygen; DMSA = Distorted Monocapped Square-Antiprism; DTTP =
Distorted Tricapped Trigonal Prism; DCTA = Distorted Capped Tetragonal Antiprism; DCA = Distorted Capped Antiprism; CSA = Monocapped Square Antiprism; DTTP = Distorted
Tricapped Trigonal Prism; DSA = Distorted Square Antiprism; DBD = Distorted Bicapped Dodecahedron; DTT = Distorted Tetracapped Trigonal; Dimensionality = nD (n = 2, 3);
Synthesis: G = Gel; H = Hydrothermal; SE = Slow Evaporation; P = Precipitation.
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a) DINUCLEAR COMPLEXES
[Lny(mal)3(H,0)¢],

[Lnz(mal)s(H,0)¢l,-2nH,0

o 9 X :»;j

C2/c 12/a la 5 Pbcn
Byap [Lny(mal)s(H;0)s],-2nH,0 20 G | :
[Lny(mal)s(H;O)s], 2nH;0 — ) = o £, G, Ho
| Ing(mal)y(H,0)lynH,0 S tn=ta
! " . Sm, Eu, Gd, Dy
P2, ! A Sl
Pnma [Ln,(Hmal)(mal)(H,0),],-nH,0 | - e % .Q_‘
8.6 0 wigh . -
Pnmb P2,/n c2fe ) - (8

Ln = La, Ce, Nd, Sm, Eu, Gd

Ln = Ce, Pr, Eu, Gd, Ho Ln=Pr, Eu

Fig. 16. Views of the oligonuclear units for the malonate-based complexes listed in
Table 3.

Fig. 17. Coordination modes of the malonate ligand in its homometallic lanthanide complexes:
(a) £0,0% (b) p—x0:K°0°0" (¢) p—KkO:k0": (d) W~k O:K0": K°O"K0" (&) P~k O:k° 0", 0”2 KO

In general, looking at the structure of the Ln(lll)-malonate
compounds, it can be seen that changes in the conditions of the gel
synthesis lead to different phases, demonstrating that this type of
synthetic route is appropriate to obtain different phases.
Furthermore, a mixed-ligand complex of formula
{Na[Gd(mal)(ox)(H,0)]}, (ox = oxalate) was obtained using the
malonic acid as the only Iigam:l.7m For such a compound, this
reaction is most likely mediated by the silica gel medium. After the
incorporation of the gadolinium(lil) salt into the gel and once the
reaction starts, the initial conditions (pH and concentration of the
reactants) change due to uncontrolled variable parameters inside
the gel (reaction speed, product formation, etc.). Although it seems
that such a part of the reaction is out of control, this situation let us
explore thoroughly multiple synthetic conditions in one experiment
looking for stable complexes. Then, the synthetic conditions which
allowed the formation of the new ligand from the starting reagents
could be achieved in the gel. The preference of the lanthanide(lll)
ions for the nine-coordination deserves also to be outlined.

c) Coordination modes of the malonate

We have used the Cambridge Structural Database (CSD)26 search
ConQuest program to retrieve the cif files corresponding to the
malonate-containing homometallic lanthanide(lll) complexes in
order to look for all the reported coordination modes of this ligand.
We restrain the search to those structures with an R-factor less
than 10% and we skipped the structures described in the present
work (Table 3). Once we got the cif-files, we analyse the
coordination of the malonate groups in each retrieved structure. To
enhance this task, we used the Diamond program that allowed us
to represent conveniently the coordination mode of the malonate
groups for each compound. The seven different coordination
modes that we found are depicted in Fig. 17. One can see therein
that the oxygen atoms of the two carboxylate groups of the
malonate ligand are always involved in its coordination to the
lanthanide ions with a marked trend to adopt bridging modes. The
six-membered chelate ring commonly observed in the malonate
complexes with the first-row transition metal ions is present here in
four of the seven coordination modes and the occurrence of the
bis-chelation through the two carboxylate groups is also quite
common in the lanthanide complexes with malonate (three cases in
Fig. 17).
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7% (£) us—1C0,0%K°0": kO™ and (g) 4~k 0:x0"K°0"": KO,
d) Topological analysis

A topological analysis among the 23 previously reported malonate-
based lanthanide compounds shows the occurrence of nine
families of compounds. Six of them present 2D and 3D
. 12 -3 P . _7b,7i,7k, 7m, 7r, 7t
arrangements being (4™° 6°)-pcu a—Po primitive cubic,
(4° 4°),(4% 6° 8%)-mog,” ™ 7V 7™ 7% 75 74 63 b Shubnikov hexagonal
plane,”® "™ (4* 62)(4" 6°)-tcs’® and 3,3,3,4,5L5"" networks (see Table
3).

4. Conclusions

In summary, we have successfully assembled malonate and Ln(lll)
salts into a series of 3D coordination frameworks,
[Ln,(mal)3(H,0)s]-2H,0 with Ln = Ho (1), Tb (1a), Dy (1b), Er (1c) and
Yb (1d), [Lny(mal)3(H,0)¢] with Ln = Sm (2), Ce (2a),
[Cey(mal)3(H,0)6]-2H,0 (3) and [Ce,(mal);(H,0)3]-2H,0 (4). It was
found that the synthetic conditions in the reaction process play a
crucial role on the structural control of the complexes. The
thermogravimetric analysis of 1-3 revealed the presence of thermal
induced reversible phase transitions for compound 3 and also
shows that different metal ions in the malonate complexes have
important effects on the course of their thermal decomposition.
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Graphical abstract

The synthesis, structural characterization and thermal investigation of several
malonate-containing lanthanide(lll) complexes are provided herein together with a
detailed structural overview of the twenty-three previously reported homometallic
Ln(lll)-malonate systems.




