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{[Ln2(PDOA)3(H2O)6]∙2H2O}n (Ln = Gd, 1; Ln = Ce, 2; H2PDOA = o-phenylenedioxydiacetic
acid) has been synthesized and characterized by chemical analyses, IR spectroscopy, and thermal
analyses. Single-crystal X-ray structure analyses revealed that both 1 and 2 are polymeric and built
up of a ladder-like arrangement of Ln(III) ions linked by short syn-anti carboxylate bridges and long
bridges (legs of the ladder) formed by a second crystallographically independent PDOA. Ln(III) in
both 1 and 2 is nine-coordinate with an O9 donor set formed by one chelating/bridging and one
bridging PDOA, and an additional three waters. In the asymmetric unit, there is one crystallographi-
cally independent water of crystallization, which is involved in a rich system of hydrogen bonds of
the O–H···O type. The identities of the bulk and single crystal phases were corroborated by powder
X-ray diffraction. Variable temperature (2–300 K) magnetic studies indicate the presence of only
weak antiferromagnetic interactions between pairs of paramagnetic Ln(III) ions with J/hc = −0.004
and −0.13 cm−1, for 1 and 2.
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1. Introduction

Complexes of lanthanides are studied due to their interesting properties and possible appli-
cations [1–4], especially with regard to their magnetic properties [5–10].

Various carboxylates are used in lanthanide complexes [11–15] due to the rich bonding
possibilities of carboxylate, which often lead to polymeric structures with various
dimensionalities [16–22]. Among organic acids, o-phenylenedioxydiacetic acid (H2PDOA,
scheme 1) is, after deprotonation, a versatile multi-dentate chelating/bridging ligand which
contains, besides carboxylate, a pair of ether oxygen donors. PDOA can contribute to the
formation of secondary structure via the formation of hydrogen bonds and/or π–π stacking
interactions [23, 24]. Surprisingly, the potential of this multi-dentate ligand has only scarcely
been exploited; few compounds containing PDOA with f-block metals have been reported,
e.g. [Ln2(PDOA)3(phen)2(H2O)2]∙2H2O (Ln = Eu, Tb, Dy) (phen = 1,10-phenanthroline),
[La(PDOA)(H2PDOA)(OH)(H2O)]∙5H2O [25, 26] and {[Ln2(PDOA)3(H2O)6]∙2H2O}n
(Ln = Sm, Eu, Dy) [27]. Moreover, luminescence properties of {[Gd2(PDOA)3(H2O)6]
∙2H2O}n have been studied, and the Gd(III) complex is isostructural with the structurally char-
acterized {[Dy2(PDOA)3(H2O)6]∙2H2O}n [28]. As part of our broader study on lanthanide
complexes with PDOA [29], here we report our results on the syntheses, crystal structures,
and thermal and magnetic properties of {[Ln2(PDOA)3(H2O)6]∙2H2O}n [Ln = Gd (1), Ce (2)].

2. Experimental

2.1. Materials

Gadolinium(III) carbonate hydrate [Gd2(CO3)3∙H2O, 99.9%, Aldrich], cerium(III) carbonate
hydrate [Ce2(CO3)3∙H2O, 99.9%, Aldrich], and o-phenylenedioxydiacetic acid (H2PDOA,
C10H10O6, 98%, Aldrich) were purchased.

2.2. Synthesis of {[Ln2(PDOA)3(H2O)6]∙2H2O}n (Ln = Gd, 1; Ln = Ce, 2)

A mixture of Ln2(CO3)3∙H2O (0.3 mM), H2PDOA (0.9 mM), and water (10 mL) was placed
in a 25 mL Teflon liner, which was heated at 393 K for 30 h and then cooled to room tem-
perature at a rate of 8 °/h. Block crystals of 1 and 2, insoluble in water and suitable for
X-ray structure analyses, were formed. The crystalline product was separated by filtration,
followed by washing with distilled water, and finally dried in air. Yields: 56% (1); 59% (2).

Scheme 1. Structure of H2PDOA.
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(1): Anal. Calcd for C15H20GdO13 (M = 565.56 gM−1) (%): C, 31.86; H, 3.56. Found: C,
31.70; H, 3.49. IR (cm−1): 3520(w); 3087(w); 1582(s); 1498(s); 1432(s); 1415(m); 1343
(m); 1334(m); 1294(w); 1259(m); 1245(s); 1234(m); 1204(m); 1194(m); 1161(w); 1134(m);
1121(s); 1072(w); 1048(m); 1021(m); 959(m); 920(m); 824(m); 762(m); 750(s); 722(s);
689(m); 598(s); 584(s); 500(m); 468(m); 379(m); 321(m).

(2): Anal. Calcd for C15H20CeO13 (M = 548.43 gM−1) (%): C, 32.85; H, 3.68. Found: C,
32.85; H, 3.94. IR (cm−1): 3183(w); 2933(w); 1592(s); 1501(s); 1457(m); 1433(s); 1419(s);
1406(s); 1343(m); 1333(m); 1295(w); 1259(m); 1250(s); 1236(s); 1198(s); 1194(m); 1169
(w); 1123(s); 1069(w); 1042(m); 1025(s); 958(m); 920(w); 820(m); 765(m); 749(s); 717(s);
694(m); 612(m); 581(s); 524(m); 460(m); 371(w); 320(m).

2.3. Physical measurements

CHN analyses were performed on a Perkin Elmer 2400 Series II CHNS/O analyzer. Infrared
spectra were recorded on a Perkin Elmer Spectrum 100 CsI DTGS FTIR Spectrometer with
UATR 1 bounce-KRS-5 from 4000 to 300 cm−1.

Powder X-ray patterns were taken on a RIGAKU D-Max/2500 diffractometer with rotat-
ing anode and RINT2000 vertical goniometer in the range 3°–60° 2θ. The calculated pat-
terns were obtained using the program Mercury CSD 3.1.1 Development.

TG and DTG curves were recorded on a 2960 SDT V3.0 F instrument (aluminum cruci-
bles) in a nitrogen atmosphere from 20 to 250 °C with a heating rate of 5°/min.

2.4. Magnetic measurements

The magnetic data were measured using a SQUID apparatus (MPMS-XL7, Quantum
Design) using the RSO mode of detection with ca. 25 mg of the sample encapsulated in a
gelatin-made sample holder. The molar susceptibility χM taken at B = 0.1 T was corrected
for the underlying diamagnetism and converted to the effective magnetic moment μeff. The
magnetization MM was measured at two temperatures: T = 2.0 and 4.6 K.

2.5. X-ray experiment

Collection of single-crystal X-ray data was performed on a Bruker CCD-based four-circle
diffractometer at 100(1) K (1) and on an Oxford Diffraction Xcalibur diffractometer
equipped with a Sapphire3 CCD detector at 173(1) K (2). Both diffractometers were
equipped with a graphite monochromator utilizing MoKα radiation (λ = 0.71073 Å).
Absorption corrections based on the multi-scan method using SADABS were applied for 1
[30], while data for 2 were corrected based on the multi-scan technique using CrysAlis
[31]. The structures were solved by SIR92 [32] and refined against the F2 data using full-
matrix least squares methods with the program SHELXL-97 [33]. Anisotropic displacement
parameters were refined for all non-H atoms. Hydrogens bonded to carbon and oxygen were
included at idealized positions and refined as riders with isotropic displacement parameters
assigned as 1.2 times the Ueq values of the corresponding bonding partners. The crystal and
experimental data are given in table 1 and the selected geometric parameters are given in
table 2. Possible hydrogen bonds are gathered in tables 3 and 4. The structural figures were
drawn using Diamond [34].

1048 M. Stolárová et al.
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3. Results and discussion

3.1. Synthesis, identification, and thermal study of dehydration

From the aqueous systems Ln(III) – H2PDOA (Ln = Ce, Gd) using hydrothermal conditions
1 and 2, {[Ln2(PDOA)3(H2O)6]∙2H2O}n, were formed in the form of single crystals suitable
for X-ray data collection. The results of chemical analyses corroborated the fact that the
composition of 1 and 2 corresponds to that of previously characterized analogous com-
plexes with Ln = Sm, Eu, and Dy [27–29]. The phase purity and identity of the samples

Table 1. Crystal data and structure refinements for 1 and 2.

1 2

Empirical formula C15H20GdO13 C15H20CeO13

Molecular weight 565.56 548.43
Crystal system Orthorhombic Monoclinic
Space group Pbcn C2/c
Unit-cell dimensions
a (Å) 34.1184 (15) 34.1989 (8)
b (Å) 12.5956 (5) 12.4413 (2)
c (Å) 8.3102 (4) 8.8330 (2)
β (°) 90 91.210 (2)
V (Å3) 3571.2 (5) 3757.39 (14)
Z 8 8
DCalcd (Mg m−3) 2.104 1.939
T (K) 100 (1) 173 (1)
μ (mm−1) 3.787 2.495
Crystal dimensions (mm) 0.146 × 0.093 × 0.066 0.25 × 0.18 × 0.04
Crystal color/form Colorless/plate Colorless/plate
Index ranges −43 ≤ h ≤ 43 −47 ≤ h ≤ 48

−15 ≤ k ≤ 16 −16 ≤ k ≤ 17
−6 ≤ l ≤ 10 −12 ≤ l ≤ 12

θ Ranges (°) 1.72–26.95 1.74–28.64
Reflections collected 3884 5422
Independent reflections 3517 (Rint = 0.0328) 4747 (Rint = 0.0322)
Absorption corr. method Multi-scan Multi-scan
Tmin Tmax 0.8015–1.0000 0.7348–1.0000
Goodness-of-fit on F2 1.080 1.048
R indices [I > 2σ(I)] R1 = 0.0215, wR2 = 0.0486 R1 = 0.0237, wR2 = 0.0468
R indices (all data) R1 = 0.0252, wR2 = 0.0501 R1 = 0.0301, wR2 = 0.0504
Diff. peak and hole (e Å−3) 0.733; −0.939 1.063; −0.589

Table 2. Selected geometric parameters [Å, °] for 1 and 2.

1 2 1 2

Ln1–O1 2.415 (2) 2.473 (2) O7–C11 1.267 (3) 1.252 (3)
Ln1–O2 2.412 (2) 2.482 (2) O8–C11 1.237 (3) 1.236 (3)
Ln1–O3 2.562 (2) 2.636 (2) O1–Ln1–O3 61.84 (6) 91.41 (10)
Ln1–O4 2.642 (2) 2.703 (2) O3–Ln1–O4 59.28 (5) 58.63 (4)
Ln1–O5 2.401 (2) 2.472 (2) O4–Ln1–O5 62.68 (5) 60.34 (5)
Ln1–O7 2.297 (2) 2.380 (2) O5–Ln1–O7 90.66 (6) 86.12 (6)
Ln1–O10w 2.351 (2) 2.516 (2) O5–Ln1–O2i 142.26 (2) 143.51 (2)
Ln1–O11w 2.434 (3) 2.560 (2) O7–Ln1–O11w 82.29 (7) 80.95 (6)
Ln1–O12w 2.507 (3) 2.517 (2) O5–C10–O6 125.76 (2) 124.87 (2)
O5–C10 1.265 (3) 1.265 (2) Ln1–O7–C11 169.66 (2) 172.42 (2)
O6–C10 1.252 (3) 1.244 (3)

Note: Symmetry code: (i) x, 1 − y, z − 1/2.

o-Phenylenedioxydiacetate complexes 1049
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were checked by powder X-ray diffraction (figure S1, see online supplemental material at
http://dx.doi.org/10.1080/00958972.2014.898756). It should be noted that complex 1
(Ln = Gd) was previously mentioned in the literature, but that product was prepared from
aqueous solution using the perchlorate salt of Gd(III) and H2PDOA [28].

In order to estimate the water content and to follow the dehydration in 1 (figure S2) and
2 (figure 1), their TG and DTA curves up to 250 °C were recorded. The dehydration pro-
cesses in 1 and 2 are analogous, so they will be discussed simultaneously and the data from
2 will be given in parentheses. The dehydration of 1 is observed from 51 to 170 °C
(47–195 °C for 2), and the observed weight loss is 12.7% (13.6%). This value corresponds
well to the calculated value of 12.7% (13.1%) for complete dehydration. In the analogous
complex with Ln = Dy, the dehydration occurred from 73 to 149 °C, indicating its higher
thermal stability [27]. As indicated by the DTA curves, the dehydrations of both 1 and 2
are endothermic multi-step processes.

In the case of 2, the dehydration was also followed by IR spectroscopy. As can be seen
from figure 1, in the IR spectrum of the dehydrated sample 2a prepared by static heating at
160 °C for 30 min, the absorption bands arising from ν(OH) stretching and δ(H2O) deforma-
tion are missing.

3.2. IR spectra

IR spectra of 1 and 2 (figure S3) are dominated by the PDOA ligand, so the identification
and tentative assignment of the observed absorptions to the individual vibration types was
only partially possible. Several weak absorptions positioned below 3000 cm−1 in both 1 and
2 can be attributed to ν(CH) of the methylene groups. Weak bands above 3000 cm−1 may

Table 3. Possible hydrogen bonds for 1 [Å and °].

D–H…A d(D–H) d(H…A) d(D…A) \(DHA)

O(10W)–H(10C)…O(6)iv 0.81 (5) 1.88 (5) 2.689 (3) 174 (4)
O(10W)–H(10D)…O(6)v 0.75 (4) 2.09 (4) 2.810 (3) 162 (4)
O(11W)–H(11C)…O(1)i 0.81 (4) 1.94 (4) 2.721 (3) 162 (4)
O(11W)–H(11D)…O(13W) 0.81 (4) 1.86 (4) 2.648 (3) 167 (4)
O(12W)–H(12C)…O(5)iv 0.79 (4) 2.11 (4) 2.891 (3) 169 (3)
O(12W)–H(12D)…O(6)vi 0.74 (3) 2.50 (3) 3.194 (3) 157 (4)
O(12W)–H(12D)…O(11W)iv 0.74 (3) 2.58 (4) 2.994 (3) 117 (3)
O(13W)–H(13D)…O(12W)vii 0.73 (5) 2.18 (5) 2.874 (3) 160 (5)
O(13W)–H(13C)…O(8) 0.98 (5) 1.71 (5) 2.681 (3) 173 (4)

Note: Symmetry codes: (i) x, 1 − y, z − 1/2; (iv) 3/2 − x, 3/2 − y, z + 1/2; (v) 3/2 − x, y − 1/2, z; (vi) x, 2 − y, z + 1/2; (vii)
x, y, z − 1.

Table 4. Possible hydrogen bonds for 2 [Å and °].

D–H…A d(D–H) d(H…A) d(D…A) \(DHA)

O(10W)–H(10C)…O(13w)viii 0.74 (3) 2.29 (3) 2.978 (3) 154 (4)
O(10W)–H(10D)…O(6)viii 0.87 (3) 1.84 (3) 2.706 (2) 177 (3)
O(10W)–H(10D)…O(5)viii 0.84 (3) 1.92 (3) 2.760 (2) 177 (3)
O(11W)–H(11C)…O(1)i 0.81 (3) 1.92 (3) 2.699 (2) 160 (3)
O(12W)–H(12C)…O(13w)ix 0.79 (3) 1.95 (3) 2.723 (3) 164 (3)
O(12W)–H(12D)…O(6)vi 0.81 (3) 2.00 (3) 2.800 (2) 171 (3)
O(13W)–H(13D)…O(11W) 0.80 (4) 2.03 (4) 2.821 (3) 170 (4)
O(13W)–H(13C)…O(8) 0.81 (4) 1.95 (4) 2.752 (3) 173 (4)

Note: Symmetry codes: (i) x, 1 − y, z − 1/2; (vi) x, 2 − y, z + 1/2; (viii) 3/2 − x, 3/2 − y, 1 − z; (ix) x, y, z + 1.

1050 M. Stolárová et al.
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arise from the ν(CH) of the aromatic rings. The presence of water manifests itself by a
rather sharp ν(OH) absorption at 3520 cm−1 in 1 and further broad absorptions centered
around 3300 cm−1. While the weak peak at 3520 cm−1 can be assigned to ν(OH) of the
O9–H9WB, which is apparently not involved in hydrogen bond (HB) formation, the
remaining water hydrogens are involved in HBs which shift their absorption to lower wave-
numbers. The corresponding deformation vibration δ(OH2) can be found as a weak shoulder

Figure 1. TG and DTA curves for 2 (a); IR spectra of 2 (room temperature; above) and 2a (previously heated at
160 °C; below) (b).

o-Phenylenedioxydiacetate complexes 1051
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Figure 2. The coordination modes of the Gd(III) and Ce(III) atoms in 1 (a) and 2 (b). The thermal ellipsoids are
drawn at the 50% probability level. Hydrogen atoms are omitted for the sake of clarity.
Note: Symmetry codes: (i) x, 1 − y, z − 1/2; (ii) 1− x, y, 1/2 − z; (iii) x, 1 − y, 1/2 + z.

1052 M. Stolárová et al.
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at 1673 cm−1 in 1. In the spectrum of 2 a typical broad, medium-intensity absorption for
hydrogen bonded water is centered around 3183 cm−1, accompanied by a weak shoulder at
3500 cm−1. The corresponding deformation vibration δ(OH2) can be found as a weak shoul-
der at 1694 cm−1.

Absorption bands due to asymmetric and symmetric ν(COO) vibrations of the carboxyl-
ates can be found in the spectrum of 1 at 1582 cm−1 (1592 cm−1 for 2) and 1432 cm−1

(1433 cm−1 for 2), respectively. The presence of the aromatic rings can be deduced from
the sharp absorptions at 1498 cm−1 (1501 cm−1 for 2); this band can be found at 1505 cm−1

in the spectrum of H2PDOA.

3.3. Crystal structures

The crystal structures of both compounds {[Ln2(PDOA)3(H2O)6]∙2H2O}n (Ln = Gd for 1
and Ce for 2) (figure 2) are formed by a staircase- or ladder-like arrangement of Gd(III) and
Ce(III), respectively (figures 3 and S3). The same type of ladder-like structure was already
described for analogous compounds with Ln = Sm, Eu and Dy [27–29]: the ladders are built
up of two [–Ln–O–C–O–]n zigzag chains interlinked by bidentate PDOA. Within the chains
running along the c axis Ln(III) ions are linked by syn-anti carboxylate bridges. The result-
ing arrangement topologically recalls the β-sheet secondary structure of the proteins (figure
3). The shortest Ln···Ln distances are found within a given chain [6.149(3) Å for Gd···Gd
in 1 and 6.332(2) Å for Ce···Ce in 2]; the inter-chain Ln(III) contacts are longer [13.987(5)
Å in 1 and 14.219(4) Å in 2]. These values are comparable with the corresponding distances
of 6.276(5) and 14.128(5) Å observed in {[Sm2(PDOA)3(H2O)6]∙2H2O}n [27].

The central Ln(III) in both 1 and 2, as in the previously studied compounds with Dy,
Sm, and Eu [27], exhibit nine-coordination with an O4O3O2 donor set; the polyhedron can
be described as a deformed triply capped trigonal prism (figure 4). Four oxygens (O1, O3,
O4, and O5) originate from the chelate of the pentadentate PDOA (the fifth oxygen is used
for syn-anti bridging) and a further two oxygens (O2 and O7) are from two crystallographi-
cally different PDOA ligands, both linking Ln(III) ions: O2 is from the PDOA which links
neighboring Ln(III) ions via a syn-anti bridging carboxylate. O7 belongs to the bridging

Figure 3. Ladder-like arrangement of Gd(III) atoms in 1 linked by short syn-anti carboxylate bridges and long
bridges through the PDOA ligands. Only atoms forming the bridges are shown.
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bidentate PDOA which exhibits twofold internal symmetry. Additionally, Ln(III) is coordi-
nated by three waters (O10w, O11w, and O12w).

The Gd–O bonds are 2.351(2)−2.642(2) Å with the longest bonds of 2.562(2) and 2.642
(2) Å formed by O3 and O4 phenolate, suggesting their weaker coordination (table 2). In
[Gd2(H2bta)(bta)(H2O)2]n·4nH2O (H4bta = 1,2,4,5-benzenetetracarboxylic acid), in which
only carboxylate and water oxygens coordinate to Gd(III), the Gd–O distances were 2.3433
(19)−2.5731(18) Å [35]. The corresponding Ce–O distances in 2 are 2.3802(17)−2.7032
(14) Å (table 2); the largest Ce–O distances [2.6357(16) and 2.7032(14) Å] are formed with
the phenolato oxygens. A similar range of Ce–O bonds [2.390(3)−2.698(3) Å] was
observed in [Ce(Hcit)(H2O)]n (H4cit = citric acid) [36].

Compounds 1 and 2 exhibit different packing of the neighboring ladders (figure S4),
reflected in the different crystal systems and space groups of the two structures – 1 is ortho-
rhombic (Pbcn) and 2 is monoclinic (C2/c). A similar situation, as noted [27], was observed
for analogous compounds with Dy(III) (Pbcn), Sm (C2/c), and Eu (C2/c); compounds crys-
tallizing in the same space group are isostructural. The analogous Eu(III) complex,

Figure 4. Coordination polyhedra of the Gd1 (a) and Ce1 atoms (b) in 1 and 2, respectively.
Note: Symmetry code: (i) x, 1 − y, z − 1/2.
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[Eu2(PDOA)3(H2O)6]∙2H2O, was described in both orthorhombic [28] and monoclinic [27]
forms; as the respective diffraction data were collected at laboratory (296 K, monoclinic,
C2/c) and low (100 K, orthorhombic, Pbcn) temperatures, it was not immediately clear if
the observed polymorphism is a manifestation of a phase transition or whether both phases
can coexist. We measured the cell parameters of 1 and 2 at room temperature; both com-
pounds retain their symmetries and cell dimensions at both room temperature and low tem-
perature, which provides experimental confirmation that there is no phase transition. A
closer look at the structures (figure S5) reveals packing arrangements that would require
major structural reorganization in order to produce a phase transition from one to the other.

An interesting point which should be mentioned concerns the unusually large and prolate
displacement surfaces of the phenyl carbons of the bidentate bridging PDOA in 2. As can
be seen in figure 5(a), the displacement ellipsoids of the carbons forming the phenyl group
of the bridging PDOA ligand in 1 display normal values. In 2, the analogous carbons exhi-
bit rather high displacement [figure 5(b)]. In 1, the distance between the centroids (Cg1) of
the neighboring aromatic rings is 4.486(2) Å while the perpendicular distance between aro-
matic rings is 3.2529(12) Å, suggesting weak π–π interaction. On the other hand, in 2 the
corresponding distance between the centroids is longer, 4.713(3) Å, and the perpendicular
distance is 3.6986(19) Å. These observations suggest that the high thermal motion of the
carbons can be interpreted as an approach of the aromatic rings to each other in order to

Figure 5. Weak π–π interactions and large thermal motion of the phenyl group carbon atoms in 1 (a) and 2 (b).
Note: Symmetry codes: (xiv) 1− x, 1 − y, −z; (xv) 1 − x, 1 − y, 1− z.
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maximize the attractive interaction; the observed data do not allow us to distinguish
between a static and dynamic model of the observed disorder.

The crystal structures of both 1 and 2 are additionally stabilized by hydrogen bonds of
the O–H···O type from carboxylate oxygens, coordinated water, and the one crystallograph-
ically independent solvate water (O13w) (figure 6, table 3).

3.4. Magnetic properties

Gd(III) possesses the ground electronic term 8S that is orbitally non-degenerate and well
separated from the excited terms. For this reason, the magnetogyric factor stays g ~ 2. The

Figure 6. Hydrogen bonding systems in 1 (a) and 2 (b).
Note: Symmetry codes: (x) 3/2− x, 3/2 − y, z − 1/2; (xi) 3/2 − x, y − 1/2, 3/2 − z; (xii) 3/2 − x, y − 1/2, 1/2 − z; (xiii)
3/2 − x, 3/2 − y, 2− z.
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high-temperature limit of the effective magnetic moment for a single Gd(III) with spin
s = 7/2 and g = 2 is μeff(Gd) = g[s(s + 1)]1/2 = 7.94 μB; for a pair of them it is μeff(2Gd) =
11.2 μB. Dealing with the formula unit C30H40O24Gd2·2(H2O) and M = 1131.12 gM−1 the
magnetic data for 1 are displayed in figure 7. The effective magnetic moment at room tem-
perature adopts the value of μeff = 11.4 μB and stays nearly constant down to T = 1.9 K. The
magnetic susceptibility increases monotonously on cooling, confirming that the Curie law is
obeyed almost perfectly. The magnetization per formula unit saturates at B = 7 T and
T = 2.0 K to the value of M1 =MM/NAμB = 14.5 that is close to the spin-only value (14.0 for
the dinuclear unit).

The fitting procedure applied to both data-sets (temperature dependence of the suscepti-
bility and field dependence of the magnetization) gave the following set of magnetic param-
eters: isotropic exchange coupling constant J/hc = −0.0040 cm−1, g = 2.042, and the
temperature-independent term χTIM = −4.0 × 10−9 m3M−1. The last term compensates the
uncertainties in the estimates of the underlying diamagnetism and reflects a diamagnetic sig-
nal of the sample holder. The discrepancy factor for the susceptibility and magnetization are
R(χ) = 0.0037 and R(M) = 0.014, respectively. The very small value of the exchange cou-
pling constant confirms that the paramagnetic centers are almost uncoupled.

The magnetic data for the Ce(III) complex, 2, are in many respects different (figure 8).
The effective magnetic moment gradually decreases from its room temperature value of
μeff = 3.25 μB to the value of μeff = 2.54 μB at T = 1.9 K. The spin-only value for two
uncoupled s = 1/2 centers is μeff = g[2s(s + 1)]1/2 = 2.25 μB. The magnetization per formula
unit saturates at B = 7 T and T = 2.0 K to the value of M1 =MM/NAμB = 2.46 that is higher
relative to the spin-only value (2.0 for the dinuclear unit composed of s = 1/2 spins). These
features confirm that some orbital contribution raises the g-factor and, in addition,
close-lying excited states exist.

Figure 7. Magnetic functions for 1. Left – temperature dependence of the effective magnetic moment, right – field
dependence of the magnetization, inset – temperature dependence of the molar magnetic susceptibility. Open circles
– experimental data; lines – fitted.
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The fitting procedure applied to the susceptibility and magnetization data-set gave
J/hc = −0.13 cm−1, g = 2.455, and χTIM = 23 × 10−9 m3M−1; R(χ) = 0.040 and R(M) = 0.027.
The negative value of the exchange coupling constant arises from the ground state S = 0.

Figure 8. Magnetic functions for 2. Left – temperature dependence of the effective magnetic moment, right – field
dependence of the magnetization, inset – temperature dependence of the molar magnetic susceptibility. Open circles
– experimental data; lines – fitted.

Figure 9. Modeling of the product function for mononuclear one-electron systems. The spin-orbit splitting param-
eter for Ce(III) ion is λ/k = ξ/k = 920 K.
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Then, the magnetic susceptibility on cooling should pass through a maximum at |J|kTmax =
1.599, so that Tmax = 0.12 K and is not experimentally detected [37].

The fitted data of the effective magnetic moments follow a straight line; however, the
experimental data show some curvature. Figure 9 brings the results of modeling of the dimen-
sionless product function χT versus reduced temperature for a number of limiting cases:
(i) 2F term of the f1 configuration in a free atom; (ii) 2D term of the d1 configuration in the
free atom; (iii) 2T2g term of the d1 configuration in the octahedral environment; and (iv) 2B2g

term of the d1 configuration in the geometry of an elongated tetragonal bipyramid (D4h).
None of these model systems are appropriate to the present case since we are dealing with
nine-coordination of a d1 system at low crystal-field symmetry; most close to this situation is
the case (iv), where the orbital degeneracy is switched off by the low symmetry of the crystal
field.

4. Conclusion

{[Gd2(PDOA)3(H2O)6]∙2H2O}n (1) and {[Ce2(PDOA)3(H2O)6]∙2H2O}n (2) were prepared
using hydrothermal methods, which are commonly used for the preparation of new coordi-
nation compounds with Ln(III) [20, 25, 38, 39]. X-ray structure analyses corroborated the
fact that both 1 and 2 contain ladder-like arrangements of the nine-coordinated Gd(III) and
Ce(III) (the donor set is O9), which are linked by short syn-anti carboxylate bridges and
long bridges formed by PDOA. The phase identities of the single-crystal phases and those
of the bulk samples were confirmed by powder X-ray diffractometry. Magnetic studies at
temperatures down to 2 K revealed only very weak antiferromagnetic interactions between
pairs of Ln(III) ions. Similar antiferromagnetic interactions in Gd(III) and Ce(III) complexes
were already observed [40, 41].

Supplementary material

Crystallographic data for 1 and 2 have been deposited with the Cambridge Crystallographic Data
Center, CCDC 974013 (1) and CCDC 974014 (2). Copies of the information may be obtained
free of charge from The Director, CCDC, 12 Union Road, Cambridge, CB21EZ, UK
(Fax: +44-1223-336033; E-mail: deposit@ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk).
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