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Inorganic–Organic Hybrids

Size-Dependent Self-Assembly of Lanthanide-Based
Coordination Frameworks with Phenanthroline-2,9-dicarboxylic
Acid as a Preorganized Ligand in Hybrid Materials
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Abstract: A family of lanthanide-based inorganic–organic
hybrids, [Ce4(PDA)4(H2O)9(SiW12O40)]·6H2O (1, PDA = 1,10-phen-
anthroline-2,9-dicarboxylic acid), [Nd5(PDA)5(H2O)13(OH)-
(SiW12O40)]·8H2O (2), [Sm3(PDA)2(H2O)13(OH)(SiW12O40)]·
16.5H2O (3), and [Dy4(PDA)4(H2O)11(SiW12O40)]·7H2O (4), has
been hydrothermally synthesized with the [SiW12O40]4– Keggin-
type anion as a building block. Characterization by IR spectro-
scopy, elemental analysis, thermogravimetric analysis (TGA),
and single-crystal X-ray diffraction revealed that 1–4 are all co-
ordination polymers with different structural features owing to
the lanthanide-contraction effect. Compound 1 is composed of

Introduction
Recent years have seen an increase in published reviews related
to the applications of lanthanide-based coordination polymers
in various fields such as luminescence,[1] magnetism,[2] and
chemical sensing;[3] therefore, the research filed is clearly mov-
ing towards a new generation of technological developments.[4]

In this respect, the engineering of functional materials with new
topologies plays a decisive role in the production of new physi-
cal or chemical properties.[5] The rational choice of bridging
organic ligands is definitely one of the focal points for the de-
sign of new polymers, as they can determine the dimensionality
of the final structure. Multidentate macrocyclic or rigid ligands
might even enforce a particular structure on a metal complex.[6]

If the ligand shows a strong preference for some specific metal
ions, the thermodynamic stability of the complex is related to
a high level of preorganization.[6,7] As a desired situation, the
preorganized ligand does not change its conformation upon
complexation to a metal ion. This would be consistent with a
low-strain situation, which is due to an ideal size and shape
match with the specific metal ion. Greater preorganization pro-
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cationic layers interconnected by Keggin anions in three dimen-
sions. Compounds 2 and 3 are 1D rectangular tubelike and 1D
ladderlike coordination polymers, respectively. The Keggin an-
ion appears to play a different role in each of these hybrid
structures, as its coordination mode varies between mono-,
bi-, and tetradentate in 3, 1, and 2, respectively. In 4, the Keggin
anions only reside in the interspace between two adjacent 2D
cationic layers as discrete counterions. Magnetic measurements
indicate that 4 exhibits frequency-dependent alternating-cur-
rent (ac) magnetic susceptibilities indicative of slow relaxation
of the magnetization.

vides complexes of greater thermodynamic stability and greater
selectivity for target metal ions. An example of such highly pre-
organized ligands is the non-macrocyclic ligand based on the
rigid phenanthroline backbone with donor groups at the 2- and
9-positions. Along this line, the metal ion complexing proper-
ties of 1,10-phenanthroline-2,9-dicarboxylic acid (PDA) have
been examined recently by Hancock et al., who reported the
formation constants for a series of metal ions in aqueous me-
dia.[8] These studies confirmed that PDA displays strong size-
based selectivity, owing to the formation of three rigid five-
membered chelate rings upon complex formation. More pre-
cisely, PDA provides a fixed distance between the two poten-
tially coordinating oxygen donors of the carboxylate groups
(4.8 Å), which require larger metal ions with ionic radii of ca.
1.0 Å to fit into this cavity.[7b,8,9] For instance, Gd3+ and Ca2+

ions fit perfectly into the coordination pocket provided by PDA
and consequently lead to the highest thermodynamic stabiliza-
tion observed for PDA complexes.[8a] The stabilization effect is
even larger for tetravalent actinide ions with the appropriate
size, such as U4+ ions, owing to the higher charge at the metal
center.[7b] To prove whether this can be confirmed by solid-state
structural data, we performed a Cambridge Structural Database
(CSD) analysis. This led to the identification of the possible coor-
dination modes of PDA in all currently reported crystal struc-
tures (45 compounds), and these can be classified into 11 differ-
ent modes of coordination (I–XI, see Figure 1).

The coordination mode of PDA is highly dependent on the
size of the metal ion. For example, small ions such as Ni2+ and
Co2+ ions[10] are coordinated in a tridentate fashion with one
carboxylate group not coordinated to the central metal ion in
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Figure 1. Classification of the coordination modes found for PDA ligands in
the CSD. The new modes XII and XIII are solely observed in this work.

the coordination pocket (modes I–III). In contrast, the structures
of PDA in complexes of large Ca2+ or lanthanide ions show how
a metal ion with an appropriate size can bind to all four donor
atoms of the pocket with M–N and M–O bond lengths in the
expected range. On the other hand, if comparatively small ions
are present in mode IV, two M–O bonds are formed at the ex-
pense of an elongation of the M–N bonds. For example, the
Cu–N bond lengths in mode I are 1.960 and 2.279 Å but 2.365
and 2.361 Å for mode IV.

An interesting case is observed for a series of a highly sym-
metric hexanuclear clusters containing octahedral cobalt cen-
ters generated by a halide template effect, as they show a
change in coordination mode from IX to III for the PDA ligand
upon a single-crystal to single-crystal transformation.[11] In all
compounds with comparatively small metal ions, the M–O
bonds are always considerably longer than the M′-O bonds
(e.g., for Ni2+, Ni–O = 2.549 Å and Ni′–O = 1.994 Å or for Co2+,
Co–O = 2.387 Å and Co′–O = 2.066 Å), which is consistent with
the constrained situation given by the PDA ligand. In addition,
Hancock et al. showed by molecular mechanics calculations
that the two carboxylate groups at the 2- and 9-position of the
PDA ligand are constrained quite strongly to remain in the
plane of the aromatic part of the ligand.[8a] Therefore, one can
define the N–C–C–O torsion angle (τ) as an indicator for the
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distortion observed upon the complexation of the individual
carboxylate groups (Figure 2). For most cases, it is clear that the
carboxylic groups are indeed nearly coplanar with the phen-
anthroline moiety within a range of 0–8° (see Figure 2). The
ideal τ = 0° for both carboxylate groups was found for
[UO2(PDA)], in accordance with the stability derived from solu-
tion studies.[8b]

Figure 2. Distribution of the N–C–C–O torsion angle for the carboxylate
groups of PDA ligands in the CSD.

Although the PDA ligand binds strongly to lanthanides, the
solid-state chemistry of this promising ligand has not been
well-explored, except in a few cases.[12] Therefore, we used PDA
as a rational choice for the construction of new coordination
polymers. Moreover, the covalent attachment of multinuclear
lanthanide clusters to various polyoxometalates (POMs) is cur-
rently a hot topic in crystal engineering and materials chemis-
try.[13] POMs are good candidates as linkers because they have
many nucleophilic surface oxygen atoms, which make them act
as multidentate inorganic ligands to extend the dimensionality
of the structure. In particular the [SiW12O40]4– Keggin anion acts
as such a building block.[14] Utilizing this approach, we synthe-
sized four new inorganic–organic hybrid compounds contain-
ing lanthanide ions, Keggin anions, and PDA ligands by hydro-
thermal synthesis.

Results and Discussion

Synthesis, IR Spectroscopy, and Thermogravimetric Study

For the synthesis of the cerium (1), neodymium (2), samarium
(3), and dysprosium (4) compounds, the corresponding nitrates
were used as starting materials. The applied reaction conditions
such as temperature, pH, and molar ratio of reactants were opti-
mized. The hydrothermal syntheses used for the preparation
of the four new compounds were performed in stainless-steel
autoclaves with Teflon liners. The reactants were added to de-
ionized water, and the pH value was adjusted to 2.5 with aque-
ous sodium hydroxide for the reaction. These mixtures were
heated to 130 °C for 3 d and cooled slowly to room temperature



Full Paper

at a rate of 5 °C h–1. Attempts to utilize other nitrates from the
lanthanide series as well as chloride anions were unsuccessful,
and no crystalline materials could be isolated from the reaction
mixtures.

The IR spectra of 1–4 are very similar. The presence of
[SiW12O40]4– Keggin-type anions is confirmed by the character-
istic vibration patterns in the region below ν̃ = 1000 cm–1

(Figure S1). Four bands are attributed to ν(Si–Oa), ν(W=Ot),
ν(W–Ob), and ν(W–Oc) stretching vibrations, which appear at
ν̃ = 1010, 960, 869, and 762/712 cm–1, respectively (Ot = termi-
nal oxygen atom, Ob = bridging oxygen atom, Oa = internal
oxygen atoms, and Oc = bridging oxygen atoms within the
edge-sharing octahedra). Compared with those of the typical
parent anion in H4[α-SiW12O40], the ν(W=Ot) vibrational fre-
quencies related to the terminal oxo groups are redshifted by
ca. 15 cm–1. This shows that the terminal oxygen atoms (Ot) are
most affected by the coordination to the lanthanide centers.
Moreover, the signal associated with the ν(W–Oc) stretching vi-
bration is split into two bands as a consequence of the de-
creased symmetry of the Keggin anions in 1–4. The characteris-
tic pattern in the region ν̃ = 1000–1600 cm–1 can be attributed
to the coordinated PDA ligands. The absence of ν(C=O) stretch-
ing vibrations at ν̃ ≈ 1700–1720 cm–1 demonstrates the com-
plete deprotonation of the carboxylic groups in the PDA li-
gands. Strong asymmetric and symmetric stretching frequen-
cies for the carboxylate groups appear at ν̃ = 1594 and
1386 cm–1, respectively. The bands resulting from the vibrations
of the aromatic skeleton also appear at ν̃ ≈ 1460 cm–1. The
broad band between ν̃ = 3000 and 3500 cm–1 is attributed
to the ν(OH) vibrations of the lattice and coordinated water
molecules.

The thermal stabilities of 1–4 were studied by thermogravi-
metric analysis (TGA) under an air atmosphere (Figures S2–S5).
For 1, the TGA curve exhibits a multistep continuous process
from 25 to 290 °C with no stable intermediate and a weight
loss of 5.66 % (calcd. 5.91 %), which corresponds to the loss of
all lattice and coordinated water molecules. The weight loss of
22.25 % (calcd. 22.19 %) from 290 to 700 °C corresponds to the
loss of the four PDA ligands. For 2, the TGA curve exhibits three
main stages. The first two between 25 and 250 °C show weight
losses of 4.48 and 2.62 % (calcd. 4.71 and 2.69 %), which are
attributed to the loss of 14 coordinated and eight lattice water
molecules, respectively. Between 320 and 700 °C, a further
weight loss of 24.07 % is observed and attributed to the release
of the five PDA molecules, in good agreement with the calcu-
lated value of 24.92 %. For 3, the first weight loss of 8.68 %
between 25 and 320 °C can be attributed to the loss of 21
lattice and coordinated water molecules. This indicates that
some of the lattice water molecules were already released be-
fore the TGA measurement, on the basis of the number of water
molecules assigned in the crystal structure. The second weight-
loss step between 320 and 700 °C of 11.99 % (calcd. 11.92 %) is
assigned to the loss of the two PDA ligands. Similarly, two main
weight-loss steps are observed for 4. The first step between 25
and 320 °C with a loss of 6.39 % (calcd. 6.59 %) corresponds to
the total of 18 water molecules present in the crystal structure.
The second step observed in the range 350–700 °C relates to a
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weight loss of 20.39 % (calcd. 21.67 %) and can be attributed
to the loss of the four PDA ligands.

Crystal Structures

[Ce4(PDA)4(H2O)9(SiW12O40)]·6H2O (1)

This compound crystallizes in the monoclinic space group
P21/c. The asymmetric unit contains one Keggin anion, four
cerium(III) ions, and four deprotonated PDA ligands (Figure S6).
All four cerium(III) ions are nine-coordinate with a CeN2O7 coor-
dination environment [Ce–NPDA = 2.613(10)–2.709(11) Å,
Ce–OPDA = 2.401(9)–2.655(9) Å, Ce–OSiW12

= 2.567(9)–2.605(9) Å,
Ce–Owater = 2.470(10)–2.555(11) Å]. The coordination modes
have similarities, as every cerium ion is coordinated by a PDA
ligand and each ligand bridges between two neighboring
metal centers. The overall structure is best described as com-
posed of two different cationic layers of cerium(III) complexes
(Figure 3), which are linked by bidentate Keggin anions to fi-
nally form a 3D coordination polymer.

Figure 3. Representation of cationic layers A (a) and B (b) in 1 viewed along
the crystallographic a axis. Tetranuclear clusters are represented by colored
polyhedra, which are color-matched with the topological nodes from Fig-
ure 5.

The smallest repeating unit in layer A consists of four
cerium(III) ions, which form a cyclic tetranuclear unit by sharing
the carboxylate oxygen atoms of their PDA ligands in coordina-
tion mode XI (Figure 4). In this tetramer, two pairs of edge-
sharing cerium polyhedra with a Ce1···Ce2 distance of 4.350 Å
benefit from multiple intracluster O–H···O hydrogen bonds
(Table S1). These units are interconnected with four neighbor-
ing units through carboxylate oxygen atoms (O4B) belonging
to the PDA ligand (and its symmetry equivalent) to form a 2D
framework (Figure 3a). The second layer B is similarly composed
of tetranuclear repeating units, which consist of four PDA li-
gands linked to the four cerium(III) ions in coordination modes
XI and XII. This results in edge-sharing coordination polyhedra
with distances of 4.207 and 4.362 Å for Ce3···Ce4 and Ce3···Ce3,
respectively (Figure 4).
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Figure 4. Representation of the tetranuclear units in layers A and B in 1.

These tetranuclear units are likewise stabilized by hydrogen
bonds (cf. Table S1) and linked to four adjacent tetramers
through O4D atoms from PDA ligands to form layer B as a sec-
ond independent 2D framework (Figure 3b). Eventually, each
[SiW12O40]4– anion provides two terminal oxygen atoms to link
these layers, which are arranged in alternating ABAB mode with
the space between them occupied by the Keggin anions (Fig-
ure 5a). This is the most frequently observed coordination
mode of [SiW12O40]4– Keggin-type anions.[13b] In addition to
these covalent interactions, the terminal oxygen atoms of the
Keggin anion (O10W, O12W, and O14) interact with the oxygen

Figure 5. (a) Representation of the ABAB arrangement of layers in 1 con-
nected covalently by Keggin anions. (b) Simplified topological representation
of the 3D network of 1. View along the crystallographic c axis.
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atoms of the coordinated water molecules (O1C1, O2D1, and
O1B1) of the neighboring cerium(III) complex units through
hydrogen bonds that stabilize the layered structural arrange-
ment (see Figure S7 and Table S1).

To gain better insight into the 3D framework structure of 1,
a topological analysis was performed (Figure 5b and Tables S2
and S3). The edge-shared dimers in layer A and the tetrameric
unit in layer B were considered as four- and six-connected
nodes, respectively (these units are highlighted as colored poly-
hedra in Figure 3). The [SiW12O40]4– anions were reduced to
linkers; thus, the topology of the whole structure can be ration-
alized as a three-dimensional tck network with point symbol
(42.64)2(48.66.8). The establishment of this network by the alter-
nating combination of two-dimensional hcb and sql layers con-
nected by Keggin anions as linkers is shown clearly in Figure S8.
To the best of our knowledge, 1 is the first 3D coordination
polymer based on the PDA ligand.

[Nd5(PDA)5(H2O)13(OH)(SiW12O40)]·8H2O (2)

Compound 2 crystallizes in the triclinic space group P1̄, and the
asymmetric unit contains one Keggin anion, five neodymium(III)
ions, and five deprotonated PDA ligands (Figure S9). For charge
balance, one of the coordinated water molecules is regarded as
deprotonated to form a hydroxide anion in the formula. The
neodymium(III) ions are all nine-coordinate with NdN2O7

coordination environments [Nd–NPDA = 2.579(10)–2.677(9) Å,
Nd–OPDA = 2.353(8)–2.630(8) Å, Nd–OSiW12

= 2.512(8)–2.588(8) Å,
Nd–Owater = 2.392(8)–2.660(9) Å]. In 2, the PDA ligands are ob-
served in the coordination modes VI and XIII. The [SiW12O40]4–

Keggin anion behaves as an asymmetric tetradentate ligand,
which is among its most frequently observed coordination
modes.[13b] A detailed analysis shows multiple weak O–H···O
hydrogen bonds between adjacent coordinated water mol-
ecules and the oxygen atoms belonging to PDA ligands or Keg-
gin anions with O···O distances of 2.687–3.121 Å (Table S4). The
overall arrangement leads to the formation of a 1D rectangular
tubelike coordination polymer along the crystallographic a axis
(Figure 6).

Figure 6. Representation of the 1D chain structure in 2 viewed along the
crystallographic c axis. (hydrogen atoms are omitted for clarity).

A striking feature of this compound is the relative orientation
of all aromatic rings with respect to each other in a T-shaped
configuration that leads to C–H···π interactions within the 1D
chain (Figure S10). The packing arrangement of these 1D chains
is represented in Figure S11. Moreover, neighboring chains are
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Figure 7. (a) Polyhedral representation of two independent nodes in 2. (b) Simplification of the 1D network of 2 by topological analysis; viewed along the a
axis. (c) View of the same net along the c axis.

further connected through O–H···O hydrogen-bonding interac-
tions with short distances (O18···O6A = 2.767 and O6B···O2D =
2.620 Å), which greatly enhance the stability of the structure
(Figure S12). In addition, one of the terminal oxygen atoms (O7)
of the [SiW12O40]4– Keggin anion is oriented toward the π face
of the benzene ring of a neighboring PDA ligand with a dis-
tance of 3.179 Å, which indicates a strong anion···π interaction
(Figure S12).

The analysis of the topology of the crystal structure of 2
revealed a binodal net (Tables S5 and S6). For the topological
representation, both the complex related to Nd4 and the Keg-
gin anion were reduced to three- and four-connected nodes,
respectively. The underlying net was then found to be a 3,4-
C4 net with the point symbol (3.4.5)(32.42.5.6), as illustrated in
Figure 7.

[Sm3(PDA)2(H2O)13(OH)(SiW12O40)]·16.5H2O (3)

Compound 3 crystallizes in the monoclinic space group P21/c.
The asymmetric unit contains one Keggin anion, three sama-
rium(III) ions, and two deprotonated PDA ligands (Figure S13).
For charge balance, one of the coordinated water molecules
is regarded as deprotonated. All samarium(III) ions are nine-
coordinate with two different SmN2O7 (Sm1, Sm2) and SmO9

(Sm3) coordination environments [Sm–NPDA = 2.544(10)–
2.584(11) Å, Sm–OPDA = 2.407(9)–2.566(9) Å, Sm–OSiW12

=
2.474(9) Å, Sm–Owater = 2.402(10)–2.534(11) Å]. As illustrated in
Figure 8a, three different metal complex moieties assemble the
backbone of the 1D ladderlike coordination polymer.

The first moiety is a dinuclear unit composed of two symme-
try-equivalent samarium(III) complexes (Sm1) that lie on each
rung of the ladderlike chain. This dimer consists of edge-shared
polyhedra with a Sm···Sm distance of 4.248 Å. For the PDA li-
gand of this unit, the coordination mode XI is observed, as the
ligand not only bridges the two symmetry-equivalent Sm1 cen-
ters but also connects to the Sm2 ions located on the side-rails
of the ladderlike chain. Of particular interest in this unit is the
presence of a pendent Keggin anion that utilizes only one oxy-
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Figure 8. Representation of the 1D chain structure of 3. (a) View along the c
axis. (b) View along the b axis (note: for clarity, the W atoms are represented
in two different colored polyhedra).

gen atom as a donor to coordinate to the Sm1 center (Fig-
ure 8b). Here, the [SiW12O40]4– Keggin-type anion acts as a
monodentate ligand, which is rare in POM chemistry. The sec-
ond moiety consists of a mononuclear Sm2 complex with one
PDA ligand in the coordination mode X. The oxygen atoms of
the carboxylate groups connect the metal centers to the adja-
cent Sm3 ions, which are located between the Sm2 units in an
alternating fashion to propagate the ladderlike structure. The
ladderlike 1D chains are further linked by hydrogen bonds to
form a 3D supramolecular network (short distances:
O12···O6C1 = 2.802 Å, O39···O2B1 = 2.833 Å, and O9···O7C1 =
2.922 Å; Figure S14).

The underlying net for 3 was obtained by removing the ter-
minally bonded Keggin anions to form the simplified poly-
hedral representation depicted in Figure 9. In the topological
analysis, the Sm2 complex units represent the nodes, whereas
the Sm1 and Sm3 centers were reduced to linkers (Tables S7
and S8). This analysis gave a uninodal SP1 periodic net with
point symbol 42.6, as depicted in Figure 9.
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Figure 9. Representation of the ladderlike topology of the chains in 3. (a)
View along the chain after the removal of the pendant Keggin anions. (b)
Side view along the a axis. (c) Topological representation with the three-
connected nodes.

[Dy4(PDA)4(H2O)11(SiW12O40)]·7H2O (4)

Compound 4 crystallizes in the monoclinic space group
P21/c. The asymmetric unit contains two half-units of
[SiW12O40]4– Keggin-type anions, four dysprosium(III) ions, and
four deprotonated PDA ligands (Figure S15). The dysprosium(III)
ions are eight- and nine-coordinate with DyN2O6 (Dy1, Dy3, and
Dy4) and DyN2O7 (Dy2) coordination environments, respectively
[Dy–NPDA = 2.466(9)–2.555(9) Å, Dy–OPDA = 2.306(8)–2.480(7) Å,
Dy–Owater = 2.326(8)–2.457(8) Å]. Interestingly, for each dyspro-
sium(III) center, a different coordination mode of the PDA ligand
is observed, that is, the ligands chelating Dy1 to Dy4 are found
in modes V, X, VI, and XI, respectively. The overall structure of
4 is best described as 2D cationic layers of dysprosium(III) com-
plexes in the crystallographic bc plane stacked along the a axis.
Unlike those in the other compounds, the POM units in 4 reside
in the interspaces between two adjacent layers as discrete
counterions and do not show any coordinating behavior (Fig-
ure 10).

Figure 10. Packing arrangement in 4 along the crystallographic b axis.

The existence of abundant intermolecular hydrogen bonding
supports the 2D sheet structure (Figure S16). Furthermore, ex-
tensive hydrogen bonding occurs between the surface oxygen
atoms of the Keggin anion and neighboring layers to form a
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3D supramolecular framework (O16D···O5C = 2.833 Å,
O6D···O6WB = 2.869 Å, O6A···O2WA = 2.756 Å, O7C···O4WA =
2.774 Å, O5A···O1WA = 2.730 Å, and O5D···O5WB = 2.765 Å).

The topological analysis of 4 reveals the presence of a bi-
nodal net (Tables S9 and S10). The simplification of the network
results in two independent three-connected nodes, which were
represented by a dinuclear unit (Dy1 and Dy4) and the complex
fragment Dy2 highlighted as colored polyhedra in Figure 11a.
The resulting honeycomb 3,3-coordinated topology (hcb net)
with the point symbol 63 is depicted in Figure 11b.

Figure 11. (a) Polyhedral representation of two nodes in the 2D layers of 4
from topological analysis; viewed along a axis. (b) The hcb net viewed along
the same axis.

Structural Comparison

The [SiW12O40]4– Keggin-type anion could be introduced suc-
cessfully into all of the final products, albeit with varying coordi-
nation modes. Moreover, although we used the same experi-
mental conditions for all compounds, that is, the same starting
materials, type of lanthanide salt, pH value, solvent, tempera-
ture program, and molar ratio, it is interesting to note that each
compound exhibits a different structure. As we described in the
previous sections, 1 is a 3D coordination polymer composed of
cationic layers further connected by anionic Keggin units,
whereas 2 has a rectangular tubelike 1D structure, and 3 is a
ladderlike 1D coordination polymer. Compound 4 is con-
structed from 2D lanthanide coordination layers with Keggin
anions between them. Undoubtedly, these structural variations
arise from the different sizes of the lanthanide ions, the so-
called lanthanide-contraction effect. One of the interesting ob-
servations for the lanthanide-contraction effect is the decrease
in the metal–ligand bond length from cerium(III) to dyspro-
sium(III) (Figure S17) and the consequent decrease of coordina-
tion number from 9 to 8 for the smaller dysprosium(III) ion in
4. On the one hand, there are many examples that support the
fact that lanthanide complexes can be isostructural compounds
owing to their chemical similarity.[14a,14b,15] On the flip side,
many cases likewise abound that show that the contraction ef-
fect causes different structural assemblies.[16] In Figure 1, we
showed how the coordination mode of the preorganized PDA
ligand is sensitive to the size of the coordinated metal ions.
Even the slight differences in the ionic radii of the lanthanide
ions (1.20, 1.16, 1.13, and 1.08 Å for CeIII, NdIII, SmIII, and DyIII,
respectively, for coordination number 9)[17] can induce a varia-
tion of the coordination mode of the PDA ligand and conse-
quently large differences in the related structures (see
Table S11). The related characteristics for the N–C–C–O torsion
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angle (τ) of the carboxylate groups with respect to the ligand
backbone and the deviations of the metal ions from the plane
of the N,O-donor chelating ligand (d) observed for 1–4 are sum-
marized in Table 1. Notable distortions exist, especially for the
second carboxylate group, with a slight decreasing tendency
from 1 to 4. This is probably caused by the larger ionic radii of
the early lanthanide ions.[12d] Therefore, the PDA ligand, which
has a cavity suitable for a metal ionic radius of ca. 1 Å, has to
undergo a slight conformational change during complexation.
On the other hand, the metal ions also show some displace-
ment from the chelate plane to fit into the ligand cavity, as is
clear from the displacement parameter d.

Table 1. Geometric characteristics of PDA in 1–4.

Compound Atom d /Å τ1 /° τ2 /°

1 Ce1 0.705 4.618(2) 12.516(2)
1 Ce2 0.440 2.112(2) 26.321(2)
1 Ce3 0.578 4.954(2) 5.740(2)
1 Ce4 0.534 7.181(2) 16.808(2)
2 Nd1 0.201 9.680(3) 13.276(4)
2 Nd2 0.625 3.270(4) 8.809(4)
2 Nd3 0.588 2.642(4) 3.265(4)
2 Nd4 0.611 5.494(4) 7.721(4)
2 Nd5 0.247 0.347(4) 16.200(4)
3 Sm1 0.603 0.731(2) 11.419(2)
3 Sm2 0.622 1.178(2) 9.664(2)
4 Dy1 0.058 0.434(4) 6.840(4)
4 Dy2 0.544 0.728(4) 10.440(4)
4 Dy3 0.086 2.825(4) 25.394(4)
4 Dy4 0.220 0.857(4) 1.298(4)

Magnetic Properties

The magnetic susceptibility of 4 was investigated in the tem-
perature range 2 to 300 K in an applied direct-current (dc) field
of 1000 Oe. The variable-temperature �T plot is depicted in
Figure 12. The room-temperature �T value of 55 cm3 K mol–1 is
in good agreement with the value expected for four independ-
ent dysprosium(III) ions with a 6H15/2 ground state (g = 4/3) of
56.7 cm3 K mol–1.[18] As the temperature decreases, the �T value
decreases to a minimum of ca. 48 cm3 K mol–1 at 12 K. This
decrease can probably be ascribed to the depopulation of ex-
cited Stark sublevels. Upon further cooling below 12 K, the �T

Figure 12. Temperature-dependent magnetic behavior of 4 in an applied field
of 2000 Oe.
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values show a marked increase to reach a value of
53 cm3 K mol–1 at 2 K.

The latter suggests the presence of ferromagnetic interac-
tions between the dysprosium(III) ions that can most likely be
assigned to the interactions within the dinuclear unit composed
of Dy1 and Dy4 depicted in Figure 13. This is a well-known
behavior described for some μ2-O bridged dinuclear dyspro-
sium(III) complexes.[19]

Figure 13. Representation of the μ2-bridged dinuclear dysprosium(III) unit in
4.

As dysprosium(III) complexes exhibit slow magnetic relaxa-
tion at low temperature,[2b,20] the dynamics of the magnetiza-
tion in terms of the in-phase (�′) and out-of-phase (�′′) compo-
nents of the alternating-current (ac) susceptibility (� = �′ – i�′′)
were investigated through ac susceptibility measurements in
different applied dc fields. The temperature dependence of �′′
measured in zero dc field is depicted in Figure 14 (for �′, see
Figure S18) for different frequencies of applied ac field. The
observation of significant signals below 12 K indicates the pres-
ence of single-molecule magnet (SMM) behavior. Similar behav-
ior is found for the ac measurements under applied dc fields of
400 and 1000 Oe (see Figure S19 and S20). Interestingly, 4
shows a �′′ signal even without an applied dc field; this signal
is probably due to ferromagnetic exchange interactions be-
tween the dysprosium(III) ions.[21] The overall characteristics of
the measured temperature dependence of �′′ indicates the
presence of relaxation mechanisms in addition to the Orbach
process, at least for low temperatures, that is, the signals clearly

Figure 14. Imaginary part of the ac susceptibility at various frequencies of 4
at zero applied field.
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deviate from the expected Lorentzian shape and show a consid-
erable intensity at low temperature.

The ac susceptibility data were fitted in the temperature
range from 2 to ca. 10 K, as described in the Experimental Sec-
tion. The resulting Cole–Cole plots depicted in Figure S21 show
that the simulations with the derived parameter sets (see
Tables S12–S14) are in excellent agreement with the experimen-
tal data. The magnetization relaxation times derived under dif-
ferent applied dc fields are depicted in Figure 15 as Arrhenius-
type plots of ln(τc) versus 1/T. As expected for a thermally con-
trolled Orbach process, a nearly linear dependence of the ln(τc)
value on 1/T is observed for high temperatures. This can be
analyzed with Equation (1) to yield the activation barrier for the
thermal relaxation process.

τc = τ0 exp(
Ueff

kT
) (1)

Figure 15. Arrhenius plot of the relaxation time versus temperature for 4.

The data obtained under zero dc field agree perfectly with
the measurement under an applied dc field of 400 Oe, and the
individual data points virtually superimpose. The fit of these
data to Equation (1) results in an energy barrier of Ueff = 37.8 K,
which is in good agreement with previous values reported for
dysprosium coordination polymers.[22] Although the data ob-
tained at low temperatures indicates the presence of additional
relaxation processes, the attempted fits were unsuccessful.
However, the data indicate that even low-temperature direct or
Raman processes must by operative in addition to the expected
quantum tunneling. This is corroborated by the data obtained
under the higher dc field of 1000 Oe, which show that field-
dependent processes must be operative in this temperature
range.

Conclusions

We have described four new inorganic–organic hybrid materials
based on rare-earth metals and a Keggin polyoxometalate. They
all utilize the preorganized phenanthroline-2,9-dicarboxylic acid
(PDA) for the primary coordination of the lanthanide ions. De-
spite the steric restrictions given by the ligand planarity, the
resulting complex fragments can lead to various possible bridg-
ing modes through the carboxylate oxygen atoms. Together
with the coordinative ability of the Keggin anions, and this re-
sults in different framework architectures. This clearly contra-
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dicts any simple assumption of the isostructural replacement of
lanthanide ions but rather shows that subtle changes in the
size of the ions can result in major impacts on the assembly of
such hybrid materials. This has been corroborated by the analy-
sis of CSD-derived structural data for the PDA ligand. The
lanthanide PDA complexes assemble into different substruc-
tures, which are either zero- (2), one- (3), or two-dimensional
(1 and 4). For 1 and 2, these substructures are further con-
nected by the Keggin anions to yield three- and one-dimen-
sional coordination frameworks, respectively. In contrast, for 3
and 4, the dimensionality is not changed by interactions with
the Keggin anions, and the Keggin anions display different co-
ordination modes by acting as either discrete (4), monodentate
(3), bidentate (1), or tetradentate (2) inorganic ligands. The
magnetic data of 4 suggest the presence of ferromagnetic inter-
actions between pairs of dysprosium(III) ions and indicate the
presence of slow relaxation of magnetization leading to SMM
behavior. The observed structural versatility may open up new
windows for the design of future materials with desirable topol-
ogies and encourages further research in this area.

Experimental Section
Materials and Methods: All commercially available chemicals were
of reagent-grade and were used without further purification, except
for PDA, which was synthesized according to a reported proce-
dure.[23] The IR spectra were recorded with a Bruker VERTEX 70
spectrometer equipped with a Specac diamond attenuated total
reflectance (ATR) unit. Elemental analyses were determined with
LECO CHNS/932 and VARIO EL III elemental analyzers. Thermogravi-
metric analyses (TGA) for powdered samples were performed with
a NETZSCH STA409PC Luxx apparatus under a constant flow of air
from room temperature to 1000 °C at a heating rate of 5 °C min–1.

Compound 1: A mixture of H4SiW12O40·xH2O (288 mg, 0.1 mmol),
Ce(NO3)3·6H2O (108 mg, 0.25 mmol), PDA (67 mg, 0.25 mmol), and
deionized water (10 mL) was stirred for ca. 30 min in air. Then,
NH4VO3 (23 mg, 0.2 mmol) was added, and the solution was stirred
for an extra 30 min. Finally, the pH was adjusted to 2.5 with aqueous
NaOH solution. The mixture was then transferred into a 23 mL Tef-
lon-lined autoclave and kept at 130 °C for 3 d. After slow cooling
(5 °C h–1) to room temperature, 1 was isolated as orange cubic crys-
tals in 37 % yield based on H4SiW12O40. C56H54Ce4N8O71SiW12

(4769.82): calcd. C 14.10, H 1.14, N 2.35; found C 14.29, H 1.09, N
2.38. IR (selected bands): ν̃ = 3223 (bs), 1592 (s), 1561 (s), 1498 (w),
1455 (m), 1428 (w), 1375 (s), 1361 (s), 1303 (m), 1267 (w), 1200 (w),
1176 (w), 1133 (w), 967 (w), 876 (m), 843 (m), 805 (s), 783 (s), 713
(s), 649 (m), 590 (m), 428 (s), 382 (s) cm–1.

Compound 2: Compound 2 was prepared similarly to 1, except
that Nd(NO3)3·6H2O (110 mg, 0.25 mmol) was used in place of
Ce(NO3)3·6H2O. Yellow plate crystals were obtained in 45 % yield
based on H4SiW12O40. C70H73N10Nd5O82SiW12 (5321.85): calcd. C
15.80, H 1.38, N 2.63; found C 15.98, H 1.22, N 2.61. IR (selected
bands): ν̃ = 3169 (bs), 1594 (s), 1562 (s), 1500 (w), 1461 (m), 1431
(w), 1386 (s), 1305 (m), 1269 (w), 1201 (w), 1175 (w), 1010 (w), 960
(m), 908 (s), 869 (s), 762 (s), 712 (s), 649 (m), 595 (m), 525 (m), 430
(m), 372 (s) cm–1.

Compound 3: Compound 3 was prepared similarly to 1, except
that Sm(NO3)3·6H2O (111 mg, 0.25 mmol) was used in place of
Ce(NO3)3·6H2O. Yellow needle crystals were obtained in 32 % yield
based on H4SiW12O40. C28H72N4O78.5SiSm3W12 (4406.34): calcd. C
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Table 2. Crystal data and refinement details for the X-ray structure determinations of 1–4.

Compound 1 2 3 4

Formula C56H54Ce4N8O71SiW12 C70H73N10Nd5 O82SiW12 C28H72N4O78.5SiSm3W12 C56H60Dy4N8O74SiW12

Fw /g mol–1 4769.84 5321.87 4406.24 4913.41
T /°C –140(2) –140(2) –140(2) –140(2)
Crystal system monoclinic triclinic monoclinic monoclinic
Space group P21/c P1̄ P21/c P21/c
a /Å 26.5449(3) 14.7315(2) 13.1683(2) 33.3960(7)
b /Å 23.1117(3) 18.4509(3) 26.5104(4) 13.8087(3)
c /Å 15.0791(2) 20.4492(2) 24.4422(5) 21.1409(5)
α /° 90 88.971(1) 90 90
� /° 97.210(1) 85.842(1) 102.741(1) 98.158(1)
γ /° 90 84.584(1) 90 90
V /Å3 9177.8(2) 5518.56(13) 8322.6(2) 9650.6(4)
Z 4 2 4 4
Dc /g cm–3 3.452 3.204 3.517 3.357
μ /cm–1 170.43 148.85 187.3 174.23
Measured data 106292 64531 70606 115909
Data with I > 2σ(I) 19407 23512 14719 17778
Unique data (Rint) 20221/0.0494 25086/0.0313 15729/0.0470 21300/0.0646
wR2 (all data, on F2)[a] 0.1286 0.1143 0.1286 0.0997
R1 [I > 2σ(I)][a] 0.0556 0.0494 0.0481 0.0478
S[b] 1.112 1.202 1.095 1.210
CCDC no. 1450233 1450234 1450235 1450236

[a] R1 = (Σ||Fo| – |Fc||)/Σ|Fo|; wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2 with w–1 = σ2(Fo

2) + (aP)2 + bP; P = [2Fc
2 + max(Fo

2)]/3. [b] S = {Σ[w(Fo
2 – Fc

2)2]/(No – Np)}1/2.

7.63, H 1.65, N 1.27; found C 8.02, H 1.60, N 1.34. IR (selected bands):
ν̃ = 3373 (bs), 1596 (s), 1560 (s), 1504 (w), 1464 (m), 1435 (w), 1379
(s), 1307 (m), 1269 (w), 1204 (w), 1166 (w), 1012 (w), 965 (m), 913
(s), 874 (s), 766 (s), 713 (s), 651 (m), 592 (w), 519 (m), 428 (m), 371
(s) cm–1. For 3, the mixture was filtered, and the resulting filtrate
left for slow evaporation and crystallization over a few days.

Compound 4: Compound 4 was prepared similarly to 1, except
that Dy(NO3)3·6H2O (114 mg, 0.25 mmol) was used in place of
Ce(NO3)3·6H2O. Pale-yellow bladelike crystals were obtained in 55 %
yield based on H4SiW12O40. C56H60Dy4N8O74SiW12 (4913.39): calcd.
C 13.69, H 1.23, N 2.28; found C 13.79, H 1.11, N 2.24. IR (selected
bands): ν̃ = 3368 (bs), 1598 (s), 1565 (s), 1502 (w), 1462 (m), 1437
(w), 1380 (s), 1309 (m), 1270 (w), 1204 (w), 1164 (w), 1012 (w), 964
(m), 913 (s), 886 (s), 771 (s), 712 (s), 653 (m), 593 (w), 513 (m), 429
(m), 372 (s) cm–1.

Magnetic Properties

The variable-temperature magnetic susceptibility data were meas-
ured with a Quantum-Design MPMS-5 superconducting quantum
interference device (SQUID) magnetometer equipped with a 5 T
magnet in the range from 300 to 2 K with an applied magnetic
field of 1000 Oe. The data were corrected for the diamagnetic back-
ground of the sample holder and the sample with Pascal constants
for the latter. The measurements of the ac susceptibility were per-
formed with an alternating field of 1 Oe at constant dc fields of 0,
400, and 1000 Oe in the frequency range 10 to 1500 Hz and at
temperatures from 2 to 14 K. The experimental data were fitted for
each temperature to Equation (2), as described previously.[24] This
allows one to extract the adiabatic and isothermal susceptibility (�s

and �0), the magnetization relaxation time (τc), and the distribution
width (α) with OriginPro 8.5.

�(ω) = �S +
�0 – �S

[1 + (iω)τc]1–α
(2)

X-ray Structure Determination

The intensity data for the compounds were collected with a Nonius
Kappa CCD diffractometer with graphite-monochromated Mo-Kα ra-
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diation. The data were corrected for Lorentz and polarization ef-
fects; absorption was taken into account on a semi-empirical basis
through multiple scans.[25–27] The structures were solved by direct
methods (SHELXS) and refined by full-matrix least-squares tech-
niques against Fo

2 (SHELXL-97).[28] All hydrogen atoms were in-
cluded at calculated positions with fixed thermal parameters. All
non-hydrogen and non-disordered atoms were refined anisotropi-
cally.[28] The Keggin anions in 4 were located on crystallographic
inversion centers, and this led to a commonly observed disorder.[29]

The crystallographic data as well as the structure-solution and re-
finement details for 1–4 are summarized in Table 2. Diamond
4.1.2[30] and Mercury 3.7[31] were used for structure representations.
Topological analyses of the frameworks were performed with TO-
POS 5.0,[32] and the corresponding data are summarized in
Tables S2, S3, S5–S10, and S15.

CCDC 1450233 (for 1), 1450234 (for 2), 1450235 (for 3), and 1450236
(for 4) contain the supplementary crystallographic data for this pa-
per. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre.

Supporting Information (see footnote on the first page of this
article): Additional structural information, IR spectra, TG curves, to-
pologies, and magnetic parameters.
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