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a b s t r a c t

Treatments of p-ferrocenylbenzoate [p-NaOOCH4C6Fc, Fc ¼ (Z5-C5H5)Fe(Z5-C5H4)] with Ln(NO3)3 �nH2O

afford seven p-ferrocenylbenzoate lanthanide complexes {[Ln(OOCH4C6Fc)2(m2-OOCH4C6Fc)2(H2O)2]

(H3O)}n [Ln ¼ Ce (1), Pr (2), Sm (3), Eu (4), Gd (5), Tb (6) and Dy (7)]. X-ray crystallographic analysis

reveals that the isomorphous complexes {[Ce(OOCH4C6Fc)2(m2-OOCH4C6Fc)2(H2O)2](H3O)}n (1) and

{[Pr(OOCH4C6Fc)2(m2-OOCH4C6Fc)2(H2O)2](H3O)}n (2) form a unique 1D double-bridged infinite chain

structure bridged by m2-OOCH4C6Fc groups. Each Ln(III) ion adopts a dodecahedron coordination

environment with eight coordinated oxygen atoms from two terminal monodentate coordinated

FcC6H4COO� units, two terminal monodentate coordinated H2O molecules and four m2-�OOCH4C6Fc

units. The luminescent spectra reveal that only 4 and 6 exhibit characteristic emissions of lanthanide

ions, Eu(III) and Tb(III) ions, respectively. The variable-temperature magnetic properties of 5 and 7
suggest that a ferromagnetic coupling between spin carriers may exist in 5.

& 2009 Published by Elsevier Inc.
1. Introduction

Carboxylate lanthanide complexes have been studied exten-
sively in view of their structural diversity and physicochemical
properties [1–11]. It is known that carboxylate usually adopt
multiform binding modes such as terminal monodentate, chelat-
ing to one metal center, bridging bidentate in a syn–syn, syn–anti,
anti–anti configuration to two metal centers, and bridging
tridentate to two metal centers [12–14]. Moreover, almost
all known carboxylate lanthanide complexes are coordination
polymers. This may be attributed to the high coordination number
and flexible coordination geometry of lanthanide ions. However,
most of the previous documents have been focused on organic
carboxylates such as oxalate, malonate, succinate, fumarate,
maleate, terephthalate, and 1,3,5-benzenetricarboxylate. Organo-
metallic carboxylate lanthanide complexes are rarely documen-
ted. As an important derivative of organometallic carboxylates,
ferrocenecarboxylate has attracted much attention in coordina-
tion chemistry and magnetic properties in recent years [15–19].
Studies have revealed that ferrocenecarboxylate anions can act
as terminal monodentate, bidentate and O,O-bridging ligands.
Elsevier Inc.

ga@chem.keio.ac.jp
A number of ferrocenecarboxylate transitional metal complexes
have been reported [20–29]. Nevertheless, to our best knowledge,
only three papers have been published on ferrocenecarboxylate
lanthanide complexes. The first ferrocenecarboxylate lanthanide
complex, [Eu2(Fcdc)3(H2O)4]n �nH2O (H2Fcdc ¼ 1,10-ferrocenedi-
carboxylic acid) featuring a 2D interlinking zigzag-chain d-f
mixed-metal network, was documented by Wong et al. in 2002
[18]. Hou et al. reported three ferrocenecarboxylato-bridged
lanthanide dimmers [Gd2(m2-OOCFc)2(OOCFc)4(MeOH)2(H2O)2] �
2MeOH �2H2O (Fc ¼ (Z5-C5H5)Fe(Z5-C5H4)), [Nd2(m2-OOCFc)2

(OOCFc)4(H2O)4] �2MeOH �H2O, and [Y2(m2-OOCFc)2(OOCFc)4

(H2O)4] �2MeOH and their magnetic properties in 2003 [19].
Meng et al. revealed a 2D mixed-metal ferrocenyl-based coordi-
nation polymer, [Sm2L3(H2O)5] (H2L ¼ 1,10-ferrocenedicarboxylic
acid), and studied its solid-state electrochemical property in
2003 [30]. It shall be noted that only 1,10-ferrocenecarboxylate
and 1-ferrocenedicarboxylate are found in the five known
ferrocenecarboxylate lanthanide complexes. Other ferrocenecar-
boxylate lanthanide complexes are not documented. In view of
versatile ferrocenecarboxylate ligands applied in transition metal
complexes and the potential importance of the unique physico-
chemical properties of their lanthanide complexes, in this paper, a
series of p-ferrocenylbenzoate lanthanide complexes with 1D
chain structure are synthesized and described for the first time.
Their magnetism and fluorescence have been examined and
discussed.

www.sciencedirect.com/science/journal/yjssc
www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2009.01.015
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2. Experimental section

2.1. General details

p-ferrocenylbenzoic acid and its sodium salt were prepared
according to literature method [18]. Ln(NO3)3 �nH2O were pre-
pared by reactions of lanthanide oxide and nitric acid. All other
chemicals were used as purchased. Elemental (C and H) analyses
were performed on a Perkin-Elmer 2400 analyzer. IR spectra
were conducted on Perkin-Elmer 60000 spectrophotometer with
KBr pellets in the 400–4000 cm�1 region. UV–vis spectra were
recorded on UV–2501 spectrophotometer in the range of
200–600 nm. Fluorescent spectra were taken on a LS-55 fluores-
cence photometer. Temperature-dependent magnetic susceptibil-
ity measurements on powder samples were conducted on a
SQUID magnetometer (MPMS Quantum Design) over the tem-
perature range 2–300 K. The magnetic field applied was 5000 Oe.
The observed susceptibility data were corrected for underlying
diamagnetism by using Pascal’s constants. Diffraction intensity
data for single crystal of complexes 1 and 2 were collected on a
Rigaku R-AXIS RAPID imaging-plate X-ray diffractometer at 293 K.
The structures were solved by the direct method and refined by
the Full-matrix least squares on F2 using the SHELXTL-97 software
package [19]. All non-hydrogen atoms were refined anisotropi-
Table 1
Crystallographic data and structure refinement for 1 and 2.

1 2

Empirical formula C68H59Fe4O11Ce C68H59Fe4O11Pr

Formula weight 1415.05 1416.46

Temperature (K) 293(2) 293(2)

Wavelength (Å) 0.71073 0.71073

Crystal system Monoclinic Monoclinic

Space group C2/c C2/c

a (Å) 44.863(9) 44.848(14)

b (Å) 14.714(3) 14.739(4)

c (Å) 10.474(2) 10.454(2)

a (1) 90 90

b (1) 97.43(3) 97.452(3)

g (1) 90 90

V (Å3) 6856(2) 6856(2)

Z 4 2

Calculated density (g/cm3) 1.382 1.372

m (mm�1) 1.532 1.578

F(000) 2880 2868

y range for data collection (1) 3.14–27.48 3.14–27.45

Reflections collected/unique 32566/7778 32028/7802

Rint 0.1381 0.1246

R1, wR2 (I42s(I))a 0.1007, 0.2870 0.0968, 0.2289

R1, wR2 (all data)a 0.1649, 0.2870 0.1518, 0.2610

Goodness-of-fit on F2 0.948 1.043

a R1 ¼ S||Fo|�|Fc||/S|Fo| and wR2 ¼ {S[w(Fo
2
�Fc

2)2]/S[w(Fo
2)2]}1/2.

Fe
COONa

p-NaOOCH4C6Fc

Ln(NO3)3·nH2O

{[Ln(OOCH

Ln = Ce (1),

+
H2O

CH3OH

Scheme 1. Synth
cally. Crystallographic data and important refinement parameters
for 1 and 2 are summarized in Table 1.
2.2. Synthesis of {[Ln(OOCH4C6Fc)2(m2-OOCH4C6Fc)2(H2O)2](H3O)}n

[Ln ¼ Ce (1), Pr (2), Sm (3), Eu (4), Gd (5), Tb (6) and Dy (7)]

Complexes 1–7 were prepared in a similar manner as 1
(Scheme 1). A methanol solution (16 mL) of p-NaOOCH4C6Fc
(98.4 mg, 0.3 mmol) was layered on an aqueous solution (16 mL)
of Ce(NO3)3 �6H2O (43.4 mg, 0.1 mmol) in a long tube. The tube
was sealed and stored in darkness at ambient temperature.
Complex 1 was gained and isolated in two weeks.

1, orange crystals, yield: 76.4 mg, 72%; Elementary anal. (%)
Calc. for C68H59Fe4O11Ce (1415.05): C, 57.66; H, 4.17. Found: C,
57.59; H, 4.14. IR (KBr, cm�1): 3441 (m), 3083 (w), 1608 (s), 1574
(s), 1521 (s), 1395 (s), 1103 (w), 1002 (w), 793 (m), 705 (w), 478
(m). UV–vis (THF, nm): 253, 288.

2, orange crystals, yield: 74.4 mg, 70%; Elementary anal. (%)
Calc. for C68H59Fe4O11Pr (1416.46): C, 57.61; H, 4.16. Found: C,
57.63; H, 4.17. IR (KBr, cm�1): 3434 (m), 3080 (w), 1604 (s), 1583
(s), 1513 (s), 1405 (s), 1181 (w), 1097 (w), 1004 (w), 795 (m), 710
(w), 478 (w). UV–Vis (THF, nm): 253, 288.

3, orange crystals, yield: 85.6 mg, 80%; Elementary anal. (%)
Calc. for C68H59Fe4O11Sm (1427.07): C, 57.18; H, 4.13. Found: C,
57.25; H, 4.20. IR (KBr, cm�1): 3414 (m), 3083 (w), 1602 (s), 1574
(s), 1512 (s), 1409 (s), 782 (m), 472 (m). UV–vis (THF, nm): 255,
287.

4, orange crystals, yield: 83.5 mg, 78%; Elementary anal. (%)
Calc. for C68H59Fe4O11Eu (1428.07): C, 57.14; H, 4.13. Found: C,
57.26; H, 4.19. IR (KBr, cm�1): 3390 (m), 3091 (m), 2962 (w), 1607
(s), 1578 (s), 1518 (s), 1404 (s), 1279 (w), 1182 (w), 1104 (m), 1080
(w), 1000 (w), 887 (w), 809 (m), 786 (s), 709 (m), 501 (m), 472 (s).
UV–vis (THF, nm): 255, 287. Fluorescence spectrum (solid, nm):
lex ¼ 270; lem ¼ 546, 592, 616, 650, 700.

5, orange crystals, yield: 87.1 mg, 81%; Elementary anal. (%)
Calc. for C68H59Fe4O11Gd (1433.07): C, 56.94; H, 4.12. Found: C,
57.09; H, 4.07. IR (KBr, cm�1): 3369 (w), 3089 (w), 1607 (s), 1581
(s), 1534 (s), 1423 (s), 118 (w), 1104 (m), 1000 (w), 888 (w), 808
(m), 786 (s), 707 (m), 503 (w), 473 (s). UV–Vis (THF, nm): 255,
289.

6, orange crystals, yield: 91.4 mg, 85%; Elementary anal. (%)
Calc. for C68H59Fe4O11Tb (1434.07): C, 56.90; H, 4.11. Found: C,
56.82; H, 4.19. IR (KBr, cm�1): 3411 (w), 3089 (w), 1607 (s), 1581
(s), 1516 (s), 1414 (s), 1402 (s), 1281 (w), 1183 (w), 1105 (m), 1001
(w), 888 (w), 809 (m), 778 (s), 708 (m), 501 (w), 472 (s). UV–vis
(THF, nm): 256, 287. Fluorescence spectrum (solid, nm):
lex ¼ 265; lem ¼ 485, 558, 595.

7, orange crystals, yield: 88.5 mg, 82%; Elementary anal. (%)
Calc. for C68H59Fe4O11Dy (1439.07): C, 56.70; H, 4.10. Found: C,
56.75; H, 4.10. IR (KBr, cm�1): 3410 (w), 3089 (w), 2920 (m), 2850
(w), 1607 (s), 1582 (s), 1517 (s), 1421 (s), 1280 (w), 1181 (w), 1104
4C6Fc)2(μ2-OOCH4C6Fc)2(H2O)2](H3O)}n

Pr (2), Sm (3), Eu (4), Gd (5), Tb (6) and Dy (7)

esis of 1–7.



ARTICLE IN PRESS

P.F. Yan et al. / Journal of Solid State Chemistry 182 (2009) 1685–1690 1687
(w), 999 (w), 858 (w), 807 (m), 785 (s), 708 (m), 500 (w), 471 (s).
UV–vis (THF, nm): 255, 288.
Fig. 2. 1D chain structure of 1 viewing along b-axis (hydrogen atoms and

interstitial water molecules are omitted for clarity).

Table 2
Selected bond lengths (Å) and bond angles (1) of 1 and 2.

1 2

Ce1–O2 2.491(7) Pr1–O2 2.497(7)

Ce1–O3iii 2.416(6) Pr1–O3iii 2.389(7)

Ce1–O4 2.407(6) Pr1–O4 2.382(6)

Ce1–O5 2.601(8) Pr1–O5 2.560(8)

O2–Ce1–O5 129.3(3) O2ii–Pr1–O2 76.7(4)

O2i–Ce1–O2 77.7(4) O2ii–Pr1–O5 129.4(3)

O2i–Ce1–O5 128.9(3) O2–Pr1–O5 129.2(3)

O3ii–Ce1–O2 72.8(3) O3iii–Pr1–O3i 146.9(4)

O3ii–Ce1–O2i 81.8(3) O3i–Pr1–O2 81.1(3)

O3ii–Ce1–O3iii 147.4(4) O3i–Pr1–O2ii 73.0(3)

O3ii–Ce1–O5 70.7(3) O3i–Pr1–O5 142.3(3)

O3ii–Ce1–O5i 141.8(3) O3i–Pr1–O5ii 70.7(3)

O4–Ce1–O2 148.9(3) O4ii–Pr1–O4 140.5(4)

O4–Ce1–O3ii 100.4(2) O4–Pr1–O2 148.1(3)

O4–Ce1–O3iii 90.7(2) O4–Pr1–O2ii 71.4(3)

O4–Ce1–O4i 139.8(4) O4–Pr1–O3i 91.3(2)

O4–Ce1–O5 72.5(2) O4–Pr1–O3iii 99.8(2)

O4i–Ce1–O2 71.3(3) O4–Pr1–O5 73.1(3)

O4i–Ce1–O5 75.2(3) O4–Pr1–O5ii 75.3(3)

O5i–Ce1–O5 71.9(4) O5ii–Pr1–O5 72.2(4)
3. Results and discussion

3.1. Structural description of {[Ln(OOCH4C6Fc)2(m2-

OOCH4C6Fc)2(H2O)2](H3O)}n [Ln ¼ Ce (1), Pr (2)]

X-ray crystallographic analysis reveals that 1 and 2 are
isomorphous crystallizing in the space group C2/c. In 1, each
Ce(III) ion is eight-coordinated by eight oxygen atoms in
which two are from two water molecules, two are from two
terminal monodentate coordinated FcC6H4COO� units and four
are from four bidentate bridging m2-FcC6H4COO� groups, respec-
tively (Fig. 1a). The ORTEP drawing with the atom labeling scheme
of the coordination geometry of Ce(III) is depicted in Fig. 1b. In
light of the dihedronal angle of 86.321 between two echelon
planes of O2–O2i–O4–O4i and O3ii–O3iii–O5i–O5, which is close to
the right angle, the coordinated Ce(III) ions are suggested to
take the distorted triangle dodecahedron geometry. Obviously,
two coordination modes for FcC6H4COO� are revealed, namely,
terminal monodentate coordinated FcC6H4COO� and bidentate
bridging m2-FcC6H4COO� groups. Although such two types of
coordination modes are observed in ferrocenecarboxylate transi-
tion metal complexes {[Mn(OOCH4C6Fc)2(m2-OH2)(H2O)2](H2O)}n

and [Mn(m2-OOCH4C6Fc)2(phen)]n (phen ¼ 1,10-phenanthroline),
respectively [31], they were not reported in their lanthanide
analogues. Previously reported ferrocenecarboxylate ligand
adopted bidentate chelating and tridentate m-Z2:Z1-coordi-
nating modes [18,19,30]. We suggest that the steric effect of
the FcC6H4COO� group may dominate the differences. It is
the bidentate bridging m2-FcC6H4COO� groups that connect the
adjacent Ln(III) ions, forming a 1D double-bridged chain with
the ferrocene moieties hanging on the two sides of these chain
(Fig. 2). All phenylene rings in the complex are coplanar. The two
neighboring phenylene rings are nearly perpendicular to each
other. The dihedral angle between the two ring planes is 88.81.
The two corresponding phenylene rings are parallel to each other
along the 1D chain. The dihedral angle between the two adjacent
planes is 01. The shortest distance between two parallel phenylene
rings is 14.5 Å, which is too far away for efficient p?p interactions
between two phenylene rings. Such a topology structure is
somewhat similar to its transition metal analogue [Mn(m2-OOCH4

C6Fc)2(phen)]n although the coordinating modes of FcC6H4COO�

ligand are not the same. Nevertheless, it differs from the
five known ferrocenecarboxylate lanthanide complexes, e.g. [Eu2

(Fcdc)3(H2O)4]n �nH2O (H2Fcdc ¼ 1,10-ferrocenedicarboxylic acid)
exhibited a 2D interlinking zigzag-chain network [18], [Gd2
Fig. 1. (a) Crystal structure of 1 (hydrogen atoms, interstitial water molecules and ferroc

dodecahedron coordination geometry for Ce(III) ion in 1.
(m2-OOCFc)2(OOCFc)4(MeOH)2(H2O)2] �2MeOH �2H2O, [Nd2(m2-
OOCFc)2(OOCFc)4(H2O)4] �2MeOH �H2O and [Y2(m2-OOCFc)2

(OOCFc)4(H2O)4] �2MeOH revealed the dimeric structures [19],
[Sm2L3(H2O)5] took a 2D mixed-metal ferrocenyl-based coordina-
tion polymer [30]. In 1, the distances of Ce–O bonds are in the
range of 2.407–2.601 Å (Table 2). The longest bond is the Ce–O
enyl moieties are omitted for clarity); (b) Perspective view of the distorted triangle
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Fig. 3. Crystal packing structure of 1 or 2 viewing along c-axis.

300

0

40

80

120

160

270 nm

5D0
7F4

5D0
7F3

5D0
7F2

5D0
7F1

5D0
7F0

In
te

ns
ity

 (a
.u

.)

Wavelength (nm)

 Excitation
 Emission

400 500 600 700
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(water) of 2.601(8) Å and the shortest bond is the Ce–O (bridging
COO�) of 2.407(6) Å. The bond distance of Ce–O (terminal COO�)
of 2.491(7) Å is in between. It suggests that the bonding sequence
from strong to weak is the Ce–O (bridging COO�), Ce–O (terminal
COO�) and the Ce–O (water) bonds. The average bond distance of
Ce–O is 2.504 Å. It is in aggreement with that in {Ce2(FcCOO)6}
[32]. The Ce?Ce distance of 5.358 Å in 1 is close to that in
{Ce2(FcCOO)6}. In 2, the tendency of bond distance for Pr–O is
similar to that of 1. The bond distances of Pr–O are in the range
of 2.382–2.560 Å. The average bond distance is ca. 2.471 Å.
It is similar to 2.436 Å (ave.) in {[Pr2(L-Pro)6(H2O)4](ClO4)6}n

(L-Pro ¼ L-Proline) [33]. The Pr � � �Pr distance is 5.341 Å. It is close
to 5.323 Å in {[Pr2(L-Pro)6(H2O)4](ClO4)6}n.

Crystal packing structure of 1 or 2 along the c axis (Fig. 3)
reveals that all the well-separated infinite chains are parallel to
each other and packed along the c direction. It is similar to that of
{[Mn(OOCH4C6Fc)2(m2-OH2)(H2O)2](H2O)}n but differs from other
ferrocenecarboxylato lanthanide analogues.
300

0

Wavelength (nm)
400 500 600 700

Fig. 5. Excitation and emission spectra of 6.
3.2. Luminescence

The excitation and emission spectra of 4 and 6 in solid state
excited at 270 nm (Fig. 4 and 5) exhibit the characteristic
emissions of Eu(III) and Tb(III) ions, respectively. For 4 five peaks
are observed that are attributed to the leaps of 5D0-

7F0 (546 nm),
5D0-

7F1 (592 nm), 5D0-
7F2 (616 nm), 5D0-

7F3 (650 nm) and
5D0-

7F4 (700 nm) (Fig. 4). As the 5D0-
7F0 transition is relative

weak, the spectrum reveals that Eu(III) in 4 occupies sites
with low symmetry and without an inversion center, which is
consistent with the crystal structures (Fig. 1b). The intensity of the
5D0-

7F1 transition, magnetic dipole transitions, depends only
slightly on the environment of the Eu(III) center. However, the
intensity of the 5D0-

7F2 transition, electric dipole transitions, is
extremely sensitive to chemical bonds around Eu(III) ion, which
increases as the site symmetry of the Eu(III) center decreases.
Thus, the I(5D0-

7F2)/I(5D0-
7F1) ratio is widely used as a criterion

of the coordination state and site symmetry of the lanthanide
ions. For 4, the intensity ratio I(5D0-

7F2)/I(5D0-
7F1) is equal to

ca. 6, which further indicates the low site symmetry of the Eu(III)
ion. The intense 5D0-

7F2 transition suggests a highly polarizable
chemical environment around the Eu(III) ion that is responsible
for the red emission of 4. It is similar to the characteristic emission
of Eu(III) ion in several complexes, e.g. {[Eu2(L)3(H2O)3] �3H2O}n

(H3L ¼ 3,5-pyrazoledicarboxylic acid) [34], [Eu2(XA)6(DMSO)2]
(HXA ¼ xanthene-9-carboxylic acid; DMSO ¼ dimethylsulfoxide)
[35], [Eu5L4(OH)2(NO3)4(H2O)2] �NO3 �3H2O, (H2L ¼ N,N0-bis
(5-bromo-3-methoxysalicylidene)phenylene-1,2-diamine) [36],
[EuCd(C8H7O3)5(phen)(H2O)] (C8H7O3 ¼ 4-methoxybenzoato;
phen ¼ 1,10-phenanthroline) [37], [L3Eu2] (L ¼ chiral tartaric acid
derived bis(b-diketonate) [38], [Eu(tta)3(Fc2phen)] (tta ¼ 2-the-
noyltrifluoroacetonate; Fc2phen ¼ bis(ferrocenyl-ethynyl)-1,10-
phenanthroline), [Eu(fta)3(phen)] (fta ¼ ferrocenoyltrifluoro-
acetone; phen ¼ 1,10-phenanthroline) [39] and [Eu(H2salen)1.5

(NO3)3] (H2salen ¼ N,N’-ethylenebis(salicylideneimine)) [40].
For 6, three peaks are revealed at 485, 558 and 595 nm that are
assigned to the transitions of 5D4-

7F6, 5D4-
7F5 and 5D4-

7F4,
respectively (Fig. 5). However, the peak at 558 nm (5D4-

7F5) is
much stronger than other two bands. It is in agreement with
the characteristic emission of Tb(III) ion in [Tb3(BDC)4.5(DMF)2

(H2O)3 � (DMF)(H2O)] (BDC ¼ 1,4-benzenedicarboxylic acid;
DMF ¼ N,N’-dimethylformamide) [41], {[Tb2(L)3(H2O)3] �3H2O}n

[34], [Tb2(XA)6(DMSO)2] [35], [TbCd(C8H7O3)5(phen)(H2O)],
[Tb(H2L)(NO3)3] (H2L ¼ N,N0-ethylene-bis(3-methoxysalicylide-
neimine)) [42], [(H2L)Tb(NO3)3] (H2L ¼ N,N0-bis(2-hydroxy-3-
methoxybenzylidene)-N-ethylic-1,2-dimine) [43] and [Tb2(3,4-
pyda)3(phen)(H2O) �H2O]n (3,4-pyda ¼ pyridine-3,4-dicarboxylic
acid) [44]. Noticeably, the transition intensity of 4 is three times
stronger than that of 6. It means that the energy transfer from the
organic ligand to Eu(III) ion is more effective than that to Tb(III)
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ion. Since the characteristic emissions of corresponding Sm(III)
and Dy(III) ions of 3 and 7 were not observed, the energy transfer
from the p-ferrocenylbenzoic ligand to Sm(III) and Dy(III) ions is
inefficient according to the theory of energy transfer [45,46].
3.3. Magnetism

The variable-temperature magnetic susceptibility measure-
ments of 5 and 7 were performed in the temperature range of
2–300 K at 5000 Oe field. Fig. 6 and 7 show the temperature
dependence of the magnetic susceptibility of 5 and 7 in the forms
of wmT vs T and wm

�1 vs T, respectively. The value of wmT at 300 K
for 5 is 8.13 emu mol�1 K which is close to the value for one
free Gd(III) ion (wmT ¼ 7.88 emu mol�1 K, g ¼ 2) [47]. When the
temperature is decreased, the value of wmT increases up to a
maximum of 8.46 emu mol�1 K at ca. 50 K and then abruptly
decreases down to a minimum 7.25 emu mol�1 K at 2 K. The
thermal evolution of wm

�1 for 5 obeys the Curie–Weiss law,
wm ¼ C/(T�y), over the temperature range from 50 to 300 K with
C ¼ 8.13 emu mol�1 K and y ¼ 3.35 K. All of these results suggest
that a ferromagnetic coupling between Gd(III) ions exists in 5
although the Gd?Gd distance is long up to 5 Å in the 1D chain
[48,49]. The carboxyl bridge may provide an effective interaction
path for the ferromagnetic coupling.
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Fig. 6. Plots of wmT vs T and wm
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Fig. 7. Plots of wmT vs T and wm
�1 vs T for 7.
In contrast to 5, it is very difficult to explain 7’s magnetic
properties because of the orbital contribution although they have
the same structure. Usually, the spin-orbital coupling leads the 4fn

configuration of Ln(III) ions, except for Gd(III), to split into 2S+1LJ

states, and the latter further splits into Stark components under
the crystal-field perturbation [50]. The wmT value of 7 at 300 K is
14.40 emu mol�1 K that is slightly higher than the value for one
isolated Dy(III) ion (wmT ¼ 14.17 emu mol�1 K, g ¼ 4/3) [47]. As the
temperature is lowered, the wmT value decreases gradually and
reaches 8.32 emu mol�1 K at 2 K. The thermal population of wm

�1

for 7 is fit to the Curie–Weiss law, wm ¼ C/(T-y), over the high
temperature range with C ¼ 14.80 emu mol�1 K and y ¼ �3.92 K.
The whole profile of the wmT versus T curve and the negative y
value should derive from the thermal depopulation of the Stark
levels of Dy(III) ion and/or the antiferromagnetic coupling
between Dy(III) ions through the carboxyl bridge, because these
two magnetic behaviors all lead to the decrease of the wmT value
with the cooling temperature [49,50].
4. Conclusion

Isolation and characterization of 1 and 2 demonstrate that
p-ferrocenylbenzoate can stabilize lanthanide ions to form a
unique 1D double bridge chain structure for the first time, in
which FcC6H4COO� unit coordinated to the Ln(III) ion by two
coordination modes. It differs from p-ferrocenylbenzoate transi-
tion metal complexes. These data together with previous
literatures may provide important information on the design
and synthesis of organometallic carboxylate lanthanide com-
plexes. Various ferrocenylcarboxylate lanthanide complexes could
be synthesized by using versatile ferrocenylcarboxylate ligands
depending on the function need. Luminescence studied proposed
that the p-ferrocenylbenzoate ligand exhibits a good antennae
effect with respect to the Eu(III) and Tb(III) ions due to the
ligand to metal energy transfer. Magnetic data suggest that
ferromagnetic interactions appear in Gd(III) complex, however,
the depopulation of Stark levels in Dy(III) complex dominates
the magnetic properties in the whole temperature range. This
approach of incorporating p-ferrocenylbenzoate group into
lanthanide ions presents opportunities for the design of multi-
functional materials.
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Crystallographic data (excluding structure factors) for the
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