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Three organic-inorganic hybrid monolacunary Keggin silicotungstate-based 3d-4f heterometallic deriva-
tives NaH[Cu(dap),(H20)][Cu(dap); J45[Ln(ca-SiW11039)2]-7H20 (Ln=Sm" for 1, Dy for 2, Gd" for 3)
have been prepared by the hydrothermal reaction of Najg[A-0-SiWg034]-18H,0, CuCl,-2H,0, LnCl3
and dap (dap=1,2-diaminopropane) and characterized by elemental analyses, IR spectra and X-ray
single-crystal diffraction. 1-3 display the novel 3D Cu!'-Ln'! heterometallic frameworks with the scarce
5-connected (4°.6%) topology and their common features are that they all consist of 1:2-type [Ln(o-
SiW11039)2]'3~ subunits and [Cu(dap); ]** connectors. To the best of our knowledge, 1-3 represent the rare
3D organic-inorganic hybrid Keggin silicotungstate-based 3d-4f heterometallic derivatives. In addition,
the photoluminescence properties of 1 and 2 have been investigated and the magnetic susceptibilities of
1-3 have been measured.
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1. Introduction

Polyoxometalates (POMs), as a unique class of anionic metal-
oxygen clusters, have attracted considerable attention in recent
years owing to not only their remarkable variety of structures
but also their potential applications in catalysis, photochemistry,
electrochemistry and magnetism [1-5]. Among them, Keggin-type
POMs can often act as useful inorganic polydentate ligands,
which can be functionalized by transition-metal (TM) or lan-
thanide (Ln) cations, forming TM-substituted POMs (TMSPs)
or Ln-substituted POMs (LSPs) [6-11]. Currently, exploring
and discovering novel 3d-4f heterometallic Keggin-type POMs
remain a severe challenge and a longstanding task although
some similar species have been successively synthesized [12-21]
such as [{Ln (PWy;030);}H{Cua(bpy)a(p-0x)}1°~ (Ln=Lalll, Prll,
Eulll, Gd™, yb') [12], [Kc{FeCe(AsW1q03g)(H0)2}3]'4~ [13],
[{Ce(a-PW11039)>}Cu(en), |~ [14], [Cu(en),{Er(a-PW1;039),}
Cu(en);]”~ [14], {[Cu(en);]2[Nay(H;0);75][K(H;0)3][Dy2(H,0);
(GeW11039)3]}'"= [15], {[Cu(en);]2[Ce(a-PW11039)1}5~ [16],
{[Cu(dap)2]45[Dy(a-PW11039)2]}2~  [16], {[Cu(en)];s[Cu(en)
(2,2-bipy)(H20)n]Ln[(a-PW11039): 135~ (Ln=Ce', Prl") [17],
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{[Cu(en);](H,0)[Cu(en)(2,2'-bipy)|Ln[(a-HPW11 039 )2 ]}*~ (Ln=
Gd™, TbM, ErMMy [17] and {[Cu(en);]5[Cu(en)(2,2’-bipy)]Nd
[(a-HsPW11039);1}3~ [17]. However, reports on 3d-4f het-
erometallic Keggin-type silicotungstates (STs) remain very limited.
During the course of 2007-2011, Wang and coworkers addressed
several inorganic 3d-4f heterometallic STs [{Ce(H;0);}>Mny
Si;W150gs(H20)21%~ [22], {Ndy(H20)12Cuy (H20)2(SiWg034), 16~
[23] and [KgLHGFEG(Hzo)lz(SiWu)Ogg)6]26_ (Ll’l=Dym, Tbm) [24]
In 2009-2010, three novel {LnCu3(OH)3;0}-cubane inserted
STs {[Cu(en)y(H20)][(Cu(en)(OH))3Ln(SiW11039)(H20)]}2-20H,0
(Ln=La™, Gd"M, Eu") and a 1D double-chain [(y-SiW;90O3s)>
(Cr(OH)(H,0))3(La(H,0)7)]*~ were isolated by Mialane et al.
[25,26]. Recently, Niu’s group obtained a family of novel
3d-4f heterometallic ST hybrids {[Cu(en);];s5Ln[(a-SiWqy
039)21}2%%~ (Ln=Gd™, Tb", Dy, Er'™, Lu'l) [27], {[Cu(en)z]1 s
Ln[(a-SiWq1039)]}%~  (Ln=La"l, Ce') [27], Cu(en);(H,0)l,
{[Cu(en)2]2[Cu(pzda); ][(a-H2SiW11039)Ce(H0)]2}-nH,0 - [28]
and  [Cu(en)y(H20)]z{[Cu(en);][Cu(en)z(H20)]  [(x-SiW11039)
Ln(H,0)(pzda)]},%~ (Ln=Y", Dy, yb!!I, Lu") [28]. Very recently,
we have expanded our research to prepare novel high-dimensional
organic-inorganic hybrid 3d-4f heterometallic STs by reaction
of Najg[A-a-SiWg034]-18H,0, CuCl,-2H,0, LnCl; and dap under
hydrothermal conditions based on the following ideas: (a) The
trivacant Keggin-type [A-a-SiWg034]10~ precursor are accessible,
which provide us the ample initial material to prepare novel
3d-4f heterometallic STs; (b) the copper ions adopt the flexi-
ble coordination geometries such as trigonal bipyramid, square
pyramid and octahedron and the obvious Jahn-Teller effect and
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pseudo-Jahn-Teller effect whereas the Ln cations have the strong
oxophilicity and multiple coordination requirements, which favor
to combine with the in situ generated ST intermediate phases;
(c) because the combination of Ln cations with lacunary STs
often leads to precipitation, the hydrothermal method has been
untilized to enhance the solubility of all the reactants. Finally,
three organic-inorganic hybrid 3d-4f heterometallic ST deriva-
tives, NaH[Cu(dap);(H>0)][Cu(dap)2]45[Ln(a-SiW11039)2]-7H20
(Ln=Sm!"!" for 1, Dyl for 2, Gd! for 3) have been successfully
synthesized. The common features of 1-3 are that they are all
constructed by 1:2-type [Ln(a-SiW;1039)2]'3~ subunits and
[Cu(dap);]** bridges. As far as we know, 1-3 represent the rare 3D
organic-inorganic hybrid ST-based 3d-4f heterometallic deriva-
tives. The luminescence properties of 1 and 2 are mainly derived
from the contribution of the Sm'' and the Dy'! ions. The magnetic
properties of 1-3 have been measured.

2. Experimental

2.1. Materials and physical measurements

The precursor Najg[A-a-SiWg034]-18H,0 was synthesized
according to the reference [29] and confirmed by IR spectra.
Other chemical reagents were used as purchased without fur-
ther purification. Elemental analyses (C, H and N) were conducted
on a Perkin-Elmer 2400-11 CHNS/O elemental analyzer. IR spec-
tra were obtained from a solid sample palletized with KBr on
Nicolet FT-IR 360 spectrometer in the range of 4000-400cm™!.
Emission/excitation spectra were recorded on a HITACHI F-7000
fluorescence spectrophotometer. Magnetic susceptibility measure-
ments were carried out with a Quantum Design MPMS-XL-7
magnetometer in the temperature range of 2-300K. The suscep-
tibility data were corrected from the diamagnetic contributions as
deduced by using Pascal’s constant tables.

2.2. Synthesis of 1-3

2.2.1. Synthesis of 1

A mixture of Najg[A-a-SiWg034]-18H,0 (0.138 g, 0.049 mmol),
CuCl,-2H,0 (0.145g, 0.850 mmol), SmCl3 (0.050g, 0.195 mmol),
dap (0.20mL, 2.401 mmol), H,O (5mL, 278 mmol) and HCIl
(0.30mL, 2molL-') (pH;=5.3) was stirred for 3h, sealed in a
25mL Teflon-lined steel autoclave, kept at 160°C for 5 days
and then slowly cooled to room temperature (pHy=4.8). Black

prismatic crystals were collected by filtration, washed with dis-
tilled water and dried in air at ambient temperature. Yield: ca. 21%
(based on Naqg[A-a-SiWg034]-18H,0). Anal. Calcd. (found %) for
C33H127N22086NaSmCu5,5Si2W22 (1) C5.80 (591), H 1.87 (199),
N 4.51 (4.38).

2.2.2. Synthesis of 2

A mixture of Najg[A-a-SiWg034]-18H,0 (0.130 g, 0.047 mmol),
CuCl,-2H,0 (0.148 g, 0.868 mmol), DyCl3 (0.053 g, 0.197 mmol),
dap(0.15mL, 1.801 mmol), H,O (6 mL,334 mmol)and HCI (0.30 mL,
2molL-1) (pH;=5.0) was stirred for 3h, sealed in a 25mL
Teflon-lined steel autoclave, kept at 160°C for 5 days and
then slowly cooled to room temperature (pHy=4.6). Purple pris-
matic crystals were collected by filtration, washed with distilled
water and dried in air at ambient temperature. Yield: ca. 25%
(based on Naqg[A-a-SiWg034]-18H,0). Anal. Calcd. (found %) for
C33H]27N22086N3DYCU5.5512W22 (2)2 C5.79 (5.95), H 1.87 (2.02), N
4,50 (4.61).

2.2.3. Synthesis of 3

A mixture of Najg[A-a-SiWg034]-18H50 (0.135 g, 0.048 mmol),
CuCl,-2H,0 (0.148 g, 0.868 mmol), GdCl; (0.051g, 0.193 mmol),
dap(0.20 mL, 2.401 mmol), H,0 (4 mL, 222 mmol)and HCI (0.30 mL,
2molL-1) (pH;=5.3) was stirred for 3h, sealed in a 25mL
Teflon-lined steel autoclave, kept at 160°C for 5 days and
then slowly cooled to room temperature (pHg=4.8). Purple pris-
matic crystals were collected by filtration, washed with distilled
water and dried in air at ambient temperature. Yield: ca. 32%
(based on Najg[A-a-SiWg034]-18H,0). Anal. Calcd. (found %) for
C33H127N220gGNaGdCU5.5Si2W22 (3)2 C5.80 (5.69), H1.87 (1.97), N
4,51 (4.39).

2.3. X-ray crystallography

Intensity data for 1-3 were collected on a Bruker APEX-
I CCD diffractometer using graphite monochromatized Mo Ko
radiation (A=0.71073 A) at 296(2)K. Direct methods were used
to solve their structures and to locate the heavy atoms using
the SHELXTL-97 program package [30,31]. The remaining atoms
were found from successive full-matrix least-squares refinements
on F? and Fourier syntheses. Lorentz polarization and empirical
absorption corrections were applied. All non-hydrogen atoms were
refined anisotropically. Positions of the hydrogen atoms attached
to the carbon and nitrogen atoms were geometrically placed. All

Table 1
Summary of crystallographic data and structure refinements for 1-3.

Data 1

Empirical formula C33H127N32086NaSmCus 5Si; Wo»

Formula weight 6832.26

Crystal system Triclinic

Space group P-1

a(A) 18.297(2)

b(A) 19.911(2)

c(A) 20.270(2)

o (°) 87.251(2)

B() 66.210(2)

y (%) 83.315(2)

V(A3) 6711.3(13)

Z 2

D¢ (gcm™3) 3.381

4 (mm-1) 20.160
—21<h<21

Limiting indices —-22<k=<23
-18<l<24

Goodness-of-fit on F? 1.039

Ry, WR; [I>20(1)]
R1, WR; [all data]

0.0572,0.1259
0.0866, 0.1345

2 3
C33H127N2,086NaDyCus 5Si; Wa; C33H127N22086NaGdCus 5Sip W33
6844.41 6839.16
Triclinic Triclinic
P-1 P-1
18.31(3) 18.245(6)
19.86(3) 19.916(6)
20.20(4) 20.221(3)
87.28(3) 87.202(7)
66.25(4) 66.248(6)
83.43(3) 83.332(6)
6676(20) 6680(3)

2 2

3.405 3.400
20.385 20.312
—11<h<21 —21<h<16
—-23<k<23 —-23<k<23
-18<l1<24 —24<I1<12
0.980 1.047

0.0700, 0.1540
0.1658, 0.1802

0.0713, 0.1454
0.1271, 0.1567
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hydrogen atoms were refined isotropically as a riding mode using
the default SHELXTL parameters. No hydrogen atoms associated
with the water molecules were located from the difference Fourier
map. Crystal data and structure refinements for 1-3 are summa-
rized in Table 1.

3. Results and discussion
3.1. IR spectra

The IR spectra of 1-3 have been recorded between 4000
and 400 cm~! with KBr pellets (Fig. 1) and display characteristic
vibration patterns derived from the Keggin-type POM frame-
work in the low-wavenumber region. Observably, four groups
of the characteristic vibration bands attributable to v(W-0¢),
V(Si-0,), v(W-0p,) and v(W-0.) are observed at 938, 882, 771
and 703 cm~! for 1, 938, 886, 774 and 702cm™! for 2, and 938,
883, 773 and 701 cm~! for 3, respectively. The similarity of their
IR spectra in the low-wavenumber region may result from the
presence of the monovacant Keggin-type [o-SiW11039]8~ frag-
ment in their skeletons. In contrast, their IR spectra are obviously
different from that of Na;g[A-a-SiWg034]-18H, 0 (Fig. 1), which fur-
ther confirms the structural transformation of [A-a-SiWg034]10~
to [a-SiW11039]3~. Moreover, the characteristic vibration bands
of dap ligands are also observed in the IR spectra. The res-
onance signals at 3286-3125cm~! and 2963-2873cm~! are
ascribed to the v(NH;) and v(CHj) stretching vibration whereas
the bending vibration bands of v(NH;) and v(CH,) appear at
1635-1582cm~! and 1457-1396 cm~'. Additionally, the vibration
band at 3437-3450cm™! is indicative of the presence of water
molecules. In conclusion, the results of the IR spectra are good
agreement with the X-ray single-crystal structural analyses.

3.2. Structural description

X-ray diffraction structural analyses reveal that 1-3 are isomor-
phous and crystallize in the triclinic space group P—1. Furthermore,
they all exhibit the scarce 3D frameworks built up from [Ln(o-
SiW11039)2]'3~ (Ln=Sm!! for 1, Dy for 2, Gd! for 3) subunits
and [Cu(dap),]?* cations. Therefore, only the structure of 1 is dis-
cussed in detail here. The molecular structural unit of 1 consists

Na, [a-SiW,0,].18H,0

" 1 i

1 1 1
3000 2500 2000 1500
Wavenumber / cm'

1
1000 500

i i

4000 3500

Fig. 1. Comparison of the IR spectra of 1-3 and Najo[A-a-SiWg034]-18H,0.

Fig. 2. (a) Combined polyhedral/ball-and-stick representation of 1 with selected
numbering scheme. The atoms with “A, B, C, D” in their labels are symmetrically
generated (A: —x,—y,1-z;B: —x,1-y,1-z;C: =1 -x,1-y,1—-z;D: 1+x,y,—1+2).
(b) The polyhedral view of the 1:2-type [Sm(-SiW{;039)2]'3~ unit. (c) The distorted
square antiprismatic configuration of the Sm'" in 1 constituted by eight O atoms from
the vacant sites of two adjacent [«-SiW11039]3~ moieties.

of 1 1:2-type [Sm(c-SiW11039)2]13~ fragment, 4.5 [Cu(dap),]**
cations, 1 free [Cu(dap),(H,0)]?* cation, 1e Na* cation, 1 H* pro-
ton and 7 lattice water molecules (Fig. 2a). In 1, there are six
crystallographically independent Cu'! cations (Cul, Cu2, Cu3, Cu4,
Cu5 and Cu6), in which the Cul cation is situated on the special
position with the site occupancy factor of 0.5 while the remain-
ing copper cations occupy the usual sites with the site occupancy
factor of 1 for each. The bridging [Cul(dap);]%*, [Cu2(dap),]**,
[Cu5(dap);]®* and [Cu6(dap),]** cations all exhibit the six-
coordinate octahedral geometry, in which four N atoms from two
dap ligands build the basal plane [Cu—N: 1.965(14)-2.05(2)A],
two O atoms from two adjacent [Sm(a-SiW11039)2]13~ fragments
[Cu—0: 2.387(14)-2.855(13)A] occupy two axial positions. To
be more specific, two axial O atoms on the [Cul(dap);]** and
[Cu2(dap),]%* cations come from the terminal O atoms of the adja-
cent different [Sm(a-SiW11039)2]!3~ fragments, two axial O atoms
on the [Cu5(dap);]?* cation are from two bridging O atoms of the
adjacent different [Sm(a-SiW71039)2]'3~ fragments and two axial
0 atoms on the [Cu6(dap),]?* cation are derived from one termi-
nal O atom and one bridging O atom. The pendent [Cu3(dap),]**
and free [Cu4(dap);(H,0)]?* cations exhibit the square pyra-
mid geometry established by four N atoms from dap ligands
with Cu—N bond lengths ranging from 1.966(16) to 2.054(17)A
and one terminal/water O atom with Cu—O bond lengths of
2.359(13)-2.465(19)A. The 1:2-type [Sm(a-SiW11039)2]13~ sub-
unit is constituted by an eight-coordinate Sm'!! cation sandwiched
by two monolacunary [a-SiW1039]8~ moieties resulting in a
well-known sandwich-type bis(undecatungstosilicate)lanthanate
structure (Fig. 2b). Such 1:2-type structural type was firstly discov-
ered by Peacock and Weakly in 1971 [10] and this 1:2 structural
series made up of one Ln cation and two monovacant Keggin-
type POM units have been widely investigated [32,33]. In the
[Sm(a-SiW11039)2]13~ subunit, the Sm!"! cation adopts a distorted
square antiprismatic configuration defined by eight O atoms (042,
046, 056, 061, 024, 027, 034, 039) from the vacant sites of
two adjacent [a-SiW;;039]8~ moieties with Sm—0 distances of
2.397(10)-2.433(11) A and their average of 2.417 A (Fig. 2c). In the
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Fig. 3. (a) The 2-D sheet constructed from [Sm(a-SiW11039)2]'*~ units linked
by [Cul(dap);]?*, [Cu3(dap),]**, [Cu5(dap);]*>* and [Cu6(dap);]|** bridges. (b) The
resulting 3D 3d-4f heterometallic POM framework.

coordination polyhedron around the Sm!! cation, 042, 046, 056,
061 group and 024, 027, 034, 039 group constitute two bottom
planes of the square antiprism and their standard deviations from
their least-squares planes are 0.0022 and 0.0091 A, respectively.
The dihedral angle for the two bottom surfacesis 1.8°. The distances
of the Sm!" cation and two bottom surfaces are 1.2776 and 1.3045 A,
respectively. The above-mentioned data indicate that the square
antiprism is severely distorted. In the [Sm(a-SiW11039)2]3~ sub-
unit, the Si atoms reside in the center of SiO4 tetrahedra, which
have been somewhat distorted resulting from the removal of one
[W=0¢]* unit and the incorporation of the Sm'l cation into the
monovacant POM subunit as compared to the saturated Keggin-
type structure. The Si—O bond lengths vary from 1.587(12) to
1.636(11)A, and the 0—Si—0 bond lengths are in the range of
107.6(6)-112.7(6) A. Similarly, all the WOg octahedra are distorted
to some degree.

It is worth noting that adjacent [Sm(o-SiWi1039)2]13~
units are linked together by [Cul(dap);]%*, [Cu3(dap),]?*,
[Cu5(dap);]%*, [Cu6(dap),]?>* bridging cations giving rise to
the 2D sheet structure (Fig. 3a). More intriguingly, adjacent 2D
sheets are interconnected through the [Cu2(dap),]?** cations

constructing a fascinating 3D framework (Fig. 3b). As far as we
know, such organic-inorganic hybrid 3D 3d-4f heterometallic
STs are very scarce up to now except that two examples of
(enHz)2{[Cu(en)2(H20)][Cu(en); ]2 Pr[(c-Hq 55iW11039)2]}-6H20
and (enHy){[Cu(en);(H,0)][Cu(Hen); ][Cu(en); ],Sm[(c-
Ho5SiW11039)2]}-6H,0 have been recently reported by Niu and
coworkers [27]. From the topological point of view, the circuit sym-
bols Schlifli (vertex) notations can be used to describe topologies
and facilitate comparison of networks of different composition
and metrics [34]. If each [Cu(dap),(H,0)][Cu(dap)z]as5[Sm(c-
SiW11039)2]2~ unit is considered as a 5-connected node (Fig. 4a),
the 3D framework of 1 can be described as a 5-connected
3D network with the short vertex (Schlifli) symbol of (45.64)
(Fig. 4b) and the long topological (O’Keeffe) vertex symbol of
(6.6.4-4.6.4.-4.4.4.63).

3.3. Photoluminescence properties

Trivalent Ln cations display unique photophysical properties
including sharp and characteristic transitions in the visible or near-
infrared regions. Generally, the Ln cations, when directly excited,
can exhibit weak emission because of the low molar absorption
coefficient resulting from the Laporte forbidden f-f transitions [35].
The Ln cations with energy levels suitable for emitting visible light
are Sm'l, Eu", Tb™, Dy and Tm', with Eu'" (red emission) and
Tb!!! (green emission) the most extensively studied because of their
longer emission lifetimes [35]. As they can exhibit extremely sharp
emission bands attributed to their 4f electrons, Ln elements have
always played a prominent role in lighting and light conversion
technologies such as lasers, light-emitting diodes and cathode ray
tubes [36]. It was realized that the peculiar luminescent proper-
ties of Ln complexes can be exploited in extensive applications,
such as biomedical, sensing areas and luminescence imaging for
their high color purity and potentially high internal quantum effi-
ciency in coordination chemistry [37]. Therefore, the solid-state
photoluminescence properties of 1-3 are measured at room tem-
perature upon photoexcitation and only 1-2 display the weak
photoluminescence. Low emission intensities at room temper-
ature for some Ln-POMs are mainly attributed to radiationless
deactivation via Ln'V-WV charge-transfer states [35]. Excited at
302 nm at room temperature, 1 reveals three characteristic emis-
sion bands of the Sm!! cation at 576, 605 and 635nm, which
originate from the 4Gs; — ®Hsp, Gsjp — ®Hypp and 4Gsj, — SHo)
transitions, respectively (Fig. 5a), being in good accordance to the
previous results [38]. Excitation of the as-synthesized solid of 2
at 285 nm yields the characteristic emission bands of the Dyl ion
(Fig. 5b). Two characteristic bands can be seen at 493 and 572 nm
in the emission spectrum of 2, which are respectively attributed to
the 4Fg, — SHysp; and 4Fgj, — SHy3; transitions of the Dy!!! cation.
The 4Fq), — 6Hjs, transition clearly split into double peaks, which
may be the result of the Stark sublevel splitting from the 5Hysp
energy level by the ligand field [38]. The mechanism of energy
transfer from the ligand to the metal has been widely discussed
to interpret the luminescence of Ln-complexes [39-41]. When the
triplet-state energy of the ligand is greater than or equal to the
energy gap (AE) between the excited state and ground state of the
metal ion, efficient luminescence could be obtained [42,43]. From
the results discussed above, we could presume that the energy gap
(AE) of the Sm' cation may be smaller than that of the Dy'! cation.
It means that the ligand-to-metal charge transfer of the Sm!! cation
is more effective than that of the Dy!!! cation.

3.4. Magnetic properties

In recent years, 3d-4f heterometallic complexes have attracted
a growing interest due to the presence of exchange interactions
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Fig. 4. (a) The combination of each [Cu(dap),(H,0)][Cu(dap); ]45[Sm(a-SiW11039)2]>~ unit with adjacent five same ones. (b) The topology structure of 1.

between spin carriers in the solid-state chemistry and material
science [44,45]. As a result, the magnetic susceptibilities of 1-3
have been measured for polycrystalline sample in the temper-
ature range of 2-300K at an applied field of 20000e and the
plots of xm, xmT and xym~! versus T are shown in Figs. 6-8. Since
the orbital contribution occurs for the most Ln cations and the
ligand field effect on the magnetic characteristics of the cations
displays the spin-orbit coupling, not much is known about the

a

i : 4Gs;a—CH7p
Gsj2 —°Hspo

Intensity/ a.u.

4Gs5;2—5Hop

600

575 625
Al nm
For—8H1s12
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=
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Fig. 5. (a) The solid-state emission spectrum of 1 at room temperature
(Aex =302 nm). (b) The solid-state emission spectrum of 2 at room temperature

(hex =285nm).

nature and magnitude of the coupling in the Ln-complexes and
the evolution of the magnetic properties along the Ln series [46].
In general, the 25*1L group term of the 4f" configuration for a Ln
cation is often split into 25*1L; spectroscopic levels by interelec-
tronic repulsion and spin-orbit coupling. Each of these states is
further split into Stark sublevels by the crystal field perturbation
[46,47]. Therefore, the major difficulty in analyzing the magnetic
properties of the 3d-4f hetrometallic complexes lies in the case
that the ground state of the Ln cations (Ln # La'l, Gd"', Lu") has
a first-order angular momentum, preventing the use of the spin-
only isotropic Hamiltonian [48-50]. At room temperature, all Stark
sublevels of the 25*1L; ground state or those of the low-lying first
excited states for Sm!! and Eu'l! cations are thermally populated.
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Fig. 6. (a) and (b) Plots of the temperature dependence of ym, xmT and yu ! for 1.
The solid line in b is generated from the best fit by the Curie-Weiss expression.
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As the temperature drops, a depopulation of these sublevels occurs
and consequently the xy T decreases. The temperature dependence
of the y\ deviates with respect to the Curie-Weiss law [46,48].
Thus, the magnetic properties of 1-3 are preliminarily investi-
gated. For 1, the temperature dependence of the x); shows a slight
increase from 0.01 emumol~! to 0.09 emu mol-! from 300 to 27 K.
This tendency becomes more pronounced below 27 K, leading to an
exponential increase between 27 and 2 K. Finally, a sharp increase
reaches 0.75 emumol-! (Fig. 6a). The yuT value decreases from
3.29emuKmol-!at300Kt02.14emuKmol~! at2 Kwhen the tem-
perature is lowered. The x) T value at 300 K is evidently higher than
the contribution (2.15 emuKmol~!) corresponding to 5.5 uncou-
pling Cu' cations (S=1/2) with g=2.00 and 1 free Sm!! cation in
the 6H5/2 group state (J=5/2,g=2/7)[51], which reveals the occur-
rence of the spin-orbital coupling and the crystal field effect. The
6Hsj, ground state for the free Sm' cation in the crystal field is
split into six states by spin—orbit coupling, and the spin-orbit cou-
pling parameter is 1200cm!, so the crystal field effect and the
possible thermal population of the high energy states should be
considered for 1 [52]. The curve of xy~! versus T in 300-93K
can be described using the Curie-Weiss law [ x =C/(T—6), C is the
Curie constant, and 6 is the Curie-Weiss temperature] affording
the Curie constant C=3.60emuKmol-! (Fig. 6b) and the Weiss
constant =—-25.79K, but the relation of yy~! versus T between
93 and 2 K somewhat deviates from the Curie-Weiss law that is
caused by first- and second-order Zeeman effect contributions of
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Fig. 8. (a) and (b) Plots of the temperature dependence of ym, xmT and xu~' for 3.
The solid line in f is generated from the best fit by the Curie-Weiss expression.

the ground (°Hs,, ) and first excited (°Hy; ) states of the Sm'! cation,
which are close in energy and thermally populated at room tem-
perature because of the relatively low spin-orbit coupling effect
[53]. For 2, the value of xy gradually increases from 0.06 emu mol !
at 300K to 1.69emumol~! at 24K, and then sharply reaches to
the maximum value of 12.80 emumol-! at 2K (Fig. 7a). The value
of ymT at 300K is 17.22 emumol~!K, being slightly higher than
the sum (16.23 emu K mol~1) of the contribution attributable to 5.5
non-interacting Cu! cations (S=1/2) with g=2.00 and 1 free Dy"
cationinthe 6H15/2 group state(J=15/2,g=4/3)[41,54,55]. The ymT
increases to a maximum of 40.72 emu mol~! K at 28 K upon cooling.
This behavior of the x\T versus T plot illustrates the ferromagnetic
coupling interactions. Fitting the high-temperature susceptibil-
ity (205<T<300) to the Curie-Weiss law results in values of
C=10.09 emu Kmol~! and 0 =129.87 K (Fig. 7b), which is consistent
with the ferromagnetic coupling interactions. The decrease in xyT
on decreasing the temperature from 28 to 2K can be ascribed to
the intermolecular antiferromagnetic interactions and the thermal
depopulation of Stark sublevels of the Dy!!! cations [56,57]. Gener-
ally, the Dy!!! cation with a first-order orbital momentum has the
61—[15/2 ground state, which is split into eight Stark components in
the low symmetrical crystal field, each of them being a Kramers
doublet. The energy gap between highest and lowest Kramers dou-
blets is on the order of a few hundreds of wavenumbers [58]. Upon
cooling, the highest Kramers doublets are progressively depopu-
lated, and at 2K only the ground Kramers doublet is populated.
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This situation often results in the pronounced deviation of the
magnetic behavior from the Curie law (Fig. 7b). For 3, the xm
gradually rises from 0.03 emumol~! at 300K to 0.56 emumol~! at
31K, then exponentially to the maximum of 5.52 emumol~! at 2K
(Fig. 8a). At 300K, the xmT is equal to 10.25 emumol~! K, which
is good agreement with that expected value (9.93 emumol~1K)
for 5.5 magnetically uncoupled Cu'! cations assuming g=2 and 1
free GA™ cation in the 8S7, group state (J=7/2, g=1.993) [55]. It
should be noted that the reduced g value of 1.993 is a result of the
large spin-orbit interaction that mixes significant amounts of other
terms into the J=7/2 ground state. The major Russell-Saunders
components of the ground state are 85 (97%) and 6P (2.7%), afford-
ing a g factor of 1.993 [55,59,60]. When the sample is cooled from
300K to 20K, the xuT gradually increases to reach a maximum of
17.59 emu mol~! K at 20 K before dropping to 15.63 emumol~! K at
2 K. This behavior is indicative of the presence of the ferromagnetic
exchange interactions. The inverse magnetic susceptibility data in
the temperature range of 188-300K are fitted to the Curie-Weiss
equation with C=7.33emumol~1K and 0=90.04K (Fig. 8b). The
positive Weiss constant also suggests the occurrence of the ferro-
magnetic interactions. The decrease of y\T observed below 20K
is most likely attributable to the saturation effects [55,61]. Actu-
ally, Costes et al. have already investigated the nature of the overall
Cu-Ln magnetic interactions and concluded that the Cu-Ln interac-
tions are antiferromagnetic when Ln=Cel, N, Sm!, Tm!!l, Yb!!I,
while the Cu-Ln interactions are ferromagnetic when Ln=Gd!,
Tb!!, Dy, Ho'', Er'l, and as for Cu'-Pr'! and Cu""-Eu' complexes,
the Pril' and Eul! cations are nonmagnetic at the low temperature
[62]. As discussed above, the Cu-Ln interactions in 1-3 agree with
the conclusions made by Costes [62].

4. Conclusion

Three organic-inorganic hybrid 3d-4f heterometallic STs 1-3
have been successfully prepared under hydrothermal conditions
and exhibit unique 3D 5-connected (45-6) framework topology
based on 1:2-type [Ln(a-SiW11039)2 ]2~ subunits and [Cu(dap), %
cation bridges. As far as we know, they represent the rare 3D
organic-inorganic hybrid Keggin ST-based 3d-4f heterometallic
derivatives. The successful isolations of 1-3 suggest that one-pot
reaction self-assembly of lacunary POM precursors, Ln salts, TM
salts and organic ligands is an effective strategy in constructing
3d-4f heterometallic POM hybrids. The luminescence properties of
1-2 have been investigated and are mainly derived from the con-
tribution of the Sm'" and the Dy ions. Furthermore, the magnetic
susceptibilities of 1-3 have been measured and preliminarily ana-
lyzed. Further work in this area will be focused on making other
novel 3d-4f heterometallic POMs with unexpected structures and
properties by introducing organic polycarboxylic ligands or the chi-
ral organic ligands to the reaction system.
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