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p-tert-butylsulﬁnylcalix[4]arene†
Yanfeng Bi,a,c Xiu-Teng Wang,b Bing-Wu Wang,b Wuping Liao,*a Xiaofei Wang,a,c Hongjie Zhang,a
Song Gao*b and Deqian Lia
Received 6th October 2008, Accepted 29th January 2009
First published as an Advance Article on the web 17th February 2009
DOI: 10.1039/b817515b
Two 3d-4f heterometallic compounds of p-tert-butylsulﬁnylcalix[4]arene were synthesized by the
solvothermal method and characterized by some hinged double-dumbbell-like subunits in which two
perpendicular dumbbell entities were constructed by an in-between isosceles triangle MnII LnIII 2 , and
two tail-to-tail calixarene molecules, and hinged by the lanthanide–sulﬁnyl group bonding. The
magnetic properties of the title compounds were examined.

Introduction
3d-4f Heterometallic complexes have attracted considerable
attention1,2 because of their magnetic properties since Gatteschi
et al. reported ferromagnetic coupling between GdIII and CuII in
two Cu2 Gd trinuclear compounds.3,4 Although a series of copper–
lanthanide compounds5 have been synthesized successfully and
characterized, there are few reports on Mn–Ln complexes.6,7 Most
recently, our group reported a 3d-4f MnII 2 GdIII 2 tetranuclear
cluster of p-tert-butyltetrathiacalix-[4]arene (TC4A).8 On the other
hand, p-tert-butylsulﬁnylcalix[4]arene (H4 L, Scheme 1) bearing

Scheme 1 p-tert-Butylsulﬁnylcalix[4]arene (H4 L).
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eight adjacent oxygen atoms at the lower rim and the bridgings, has
proved to be a potential candidate to give polynuclear complexes
with limited transition metal ions. For instance, Luneau and
co-worker reported a MnII 4 core which can be regarded as a
manganese square sandwiched between two L ligands,9 and Iki
et al. obtained a PdII 2 compound involving 1,2- and 1,3-alternate
L, and a CuII 4 core with all stereoisomers of L.10,11 However, to
our best knowledge, there are no reports on lanthanide complexes or 3d-4f heterometallic compounds incorporating p-tertbutylsulﬁnylcalix[4]arene.12 Our interest was focused on preparing
new 3d-4f heterometallic complexes using this ligand for magnetic
studies. Herein we report the syntheses, structures, and magnetic
properties of two unprecedented MnII 2 LnIII 4 compounds, namely,
[Mn2 Ln4 (L)4 (H2 O)2 ]·(H2 O)m (CHCl3 )n (Ln = Gd, m = 6.3, n = 7.7
for 1, and Ln = Eu, m = 5.3, n = 7.6 for 2).
Compounds 1 and 2 were synthesized by the solvothermal
method as we described previously.8 The reaction of the multidentate ligand H4 L with two equivalents of Mn(Ac)2 ·4H2 O and one
equivalent of Ln(Ac)3 ·4H2 O (Ln = Gd for 1, and Eu for 2) in a 1 : 1
chloroform–methanol mixed solvent with several drops of water
afforded the title compounds in good yields. Single-crystal X-ray
diffraction determination reveals that isostructural compounds 1
and 2 are constructed by supramolecular stacking of some isolated
hinged double-dumbbell-like subunits in which the dumbbells
contain two tail-to-tail calixarenes and an in-between triangular
MnII LnIII 2 cluster, and are hinged by the bonding between the
lanthanide and the bridging sulﬁnyl groups.

Experimental
Materials and instrumentation
p-tert-Butylsulﬁnylcalix[4]arene (H4 L) was synthesized as reported
in the literature,13 and the other reagents were purchased from
commercial sources and used as received. Mn and Gd analyses
were determined by a HITACHI S-4800 scanning electron microscope. Magnetic susceptibility measurements for 1 and 2 were
performed on a Quantum Design MPMS XL-5 SQUID system in
the range of 2–300 K. Diamagnetic corrections for the sample and
sample holder were applied to the data.
This journal is © The Royal Society of Chemistry 2009

Synthesis

Description of structure

1 and 2: Colorless block-shaped crystals of compound 1
and yellow crystals of 2 were obtained from the mixture of p-tert-butylsulﬁnylcalix[4]arene (0.081 g, 0.1 mmol),
Mn(CH3 COO)2 ·4H2 O (0.049 g, 0.2 mmol), Ln(CH3 COO)3 ·4H2 O
(Ln = Gd for 1 and Eu for 2, 0.06 g, ca. 0.15 mmol), CHCl3 (5 ml),
CH3 OH (5 ml) and several drops of water in a 20 ml Teﬂon-lined
autoclave which was kept at 130 ◦ C for 3 days and then slowly
cooled to 20 ◦ C at about 4 ◦ C h-1 . The crystals were isolated by
ﬁltration and then washed with methanol and chloroform. Yield:
ca. 65% for both compounds with respect to calixarene. The EDS
analysis of 1 reveals that the molar ratio of Mn to Gd molar is
1 : 2.01, comparable with the expected 1 : 2.

In the structures, there are two different crystallographic positions
found for the metal atoms, Mn1 and Ln1 (Fig. 1). Mn1 is
coordinated by four phenoxyl oxygen atoms (O1, O1A, O4, and
O4A), two halves of sulﬁnyl oxygen atoms (O5 and O5A), and a m3 OH2 (O9) with Mn–O distances being of 2.096(5)–2.234(3) Å. The
bond lengths and angles (Table S1†) are similar to those reported
in the monometallic MnII –L complex.9 The lanthanide cation is
surrounded by eight oxygen atoms from four phenoxyl groups,
three sulﬁnyl groups from three different L ligands, and a m3 -OH2 ,
and all the bond lengths and angles are located in the normal
range.16 Mn1, Ln1 and Ln1A generated by a reﬂection operation
on Ln1 form an isosceles triangle trinuclear core (shown in Fig. 2)
with the Mn–Ln/Ln–Ln distances being of 3.31/4.73 Å for 1,
and 3.31/4.75 Å for 2, and the Mn–Ln–Ln/Ln–Mn–Ln angles
being of 44.39/91.22◦ for 1, and 44.19/91.61◦ for 2, respectively.
Furthermore, the trinuclear core is bonded by two tail-to-tail L
ligands to form a dumbbell-like entity. The dihedral angle between
two planes formed by the bridging sulfur atoms of the upper and
bottom calixarenes is ca. 7◦ which is smaller than that in the
MnII 2 GdIII 2 -(TC4A)2 sandwich (ca. 14◦ ).8 The smaller dihedral
angle may be reasoned to the fact that the metals are bonded to
the oxygen atoms of the bridging sulﬁnyl groups but not to S atoms
as in the MnII 2 GdIII 2 -(TC4A)2 sandwich,8 which suggests that the
coordination of metals to sulﬁnyl S or O atoms is not governed
by the metal-donor afﬁnity but by stereochemistry.11 By another

X-Ray crystallography
The X-ray intensity data for compounds 1 and 2 were collected
on a Bruker SMART APEX CCD diffractometer with graphitemonochromatized Mo Ka radiation (l = 0.71073 Å) operated
at 2.0 kW (50 kV, 40 mA). The crystal structure was solved
by means of Direct Methods and reﬁned employing full-matrix
least squares on F 2 (SHELXTL-97).14 All the non-hydrogen atoms
were reﬁned anisotropically except some isolated molecular atoms.
The sulﬁnyl oxygen atom (O5) was reﬁned with two disordered
sites (O5 and O5¢) both with the occupation factor being of
0.5. Unfortunately, it was not possible to locate all hydrogen
atoms on water molecular (O9, O10, O11) from the Fourier
difference map for this to be clariﬁed. In addition, the high R1
and wR2 factor of compounds 1 and 2 are due to the weak crystal
diffraction quality and the disorder of the solvent molecules.
Therefore the crystal structures treated by the “SQUEEZE”
method as implemented in PLATON15 are presented here and
those unsqueezed are available in the ESI (see Table 1 and ESI for
details).†

Table 1 Crystallographic data obtained by the reﬁnement using the
“SQUEEZE” command in PLATON for compounds 1–2
1-Squeezed

2-Squeezed

Formula
C160 H176 Gd4 Mn2 O34 S16
C160 H176 Eu4 Mn2 O34 S16
Formula wt.
3894.85
3873.69
Crystal system
Tetragonal
Tetragonal
Space group
I41 /a
I41 /a
a/Å
19.7575(6)
19.6997(8)
b/Å
19.7575(6)
19.6997(8)
c/Å
65.511(3)
65.255(4)
V /Å3
25572.8(16)
25324(2)
Z
4
4
Dc /g cm-3
1.012
1.016
m/mm-1
1.295
1.251
F(000)
7880
7864
Tot. data
124362
256781
Uniq. data
14640
15242
Rint
0.030
0.055
GOF
1.075
1.028
R1 a [I > 2s(I)]
0.0413
0.0430
wR2 b (all data)
0.1195
0.1204




a
b
2
R1 = F 0 | - |F c  |F 0 |. wR2 = [w(F 0 - F c 2 )2 ]/ [w(F 0 2 )2 ]1/2 .
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Fig. 1 Molecular structures of isostructural compounds 1 and 2. The
hydrogen atoms and solvent molecules are omitted for clarity.

Fig. 2 Ball-and-stick representation of an isosceles triangle MnII LnIII 2
core.
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4-fold rotoinversion operation along the axis perpendicular to
the dumbbell, another dumbbell-like entity has been generated
and then these two dumbbells are hinged by the bonding between
lanthanides and sulﬁnyl groups to form a Mn2 Ln4 –L4 hexanuclear
subunit. Within these hexanuclear subunits, the shortest M–M
distance between two trinuclear entities reaches ca. 7.63 Å, that
is, these two trinuclear entities are well separated by a void of
ca. 5.78 Å in diameter based on the nearest opposite sulfur
atoms.
In the extended structures, the hinged double-dumbbell subunits
are well separated from each other by the solvent water and
chloroform molecules. They are stacked together by van der Waals
forces. In addition, according to the deﬁnition of four possible
stereoisomer conﬁgurations (rccc, rcct, rctt, and rtct, where r =
reference S=O group, c = cis, and t = trans) of sulﬁnylcalix[4]arene
suggested by Iki et al.,11,17 one can ﬁnd that a part of the L
ligands should adopt rcct conﬁguration while the others adopt
rtct conﬁguration due to the disordered O5 site.
Magnetic susceptibility measurements
Magnetic susceptibility measurements for 1 and 2 have been
performed in the range of 2–300 K. The temperature dependencies
of c M T and c M -1 of 1 are presented in Fig. 3. For 1, the
experimental c M T at 300 K are 39.62 cm3 K mol-1 which is
in agreement with the presence of two MnII ions (4.375 cm3 K
mol-1 expected for g = 2) and four GdIII ions (7.875 cm3 K mol-1
with g = 2).1,6 Upon cooling, the c M T value decreases slightly to
38.91 cm3 K mol-1 at 100 K, and then decreases dramatically to
21.92 cm3 K mol-1 at 2 K, suggesting that the compound has a
large ground-state spin value. The susceptibility data of 1 above
20 K obeys the Curie–Weiss law with the Curie constant C =
+40.1 cm3 K mol-1 and the Weiss constant q = -3.92 K, which
indicates dominant antiferromagnetic interactions between the
metals. Because of the long distance between the two trinuclear
entities in an isolated hexanuclear double-dumbbell, the hexamer
of compound 1 can be viewed as two MnGd2 trimers and the
overall antiferromagnetic interactions exist in the trinuclear entity.
Considering the topology and connectivity, there are two different
magnetic interactions within the MnGd2 trimer, namely, J 1 and
J 2 , representing the couplings between Mn and Gd, Gd and Gd,

respectively. The Heisenberg spin Hamiltonian was used for an
isotropic exchange coupling approximately with SMn = 5/2 and
SGd = 7/2.
H = -2J 1 (SMn1 SGd1 + SMn1 SGd1A ) - 2J 2 SGd1 SGd1A
The magnetic data are simulated by a least-squares ﬁtting
MAGPACK program18 with a full-matrix diagonalization of
exchange coupling. The best parameters in the range of 10 to
300 K are obtained: J 1 = -0.263 cm-1 , J 2 = -0.091 cm-1 , g =


2.005 with R = 2.5 ¥ 10-5 [R = [ (c obs - c calc )2 / (c obs )2 ]. Similar
intramolecular antiferromagnetic interaction was also observed
in other Mn–Gd compounds.6,7 The blue solid line in Fig. 3
represents the simulation. The signs of the exchange couplings
and the estimated values indicate AF couplings through the two
phenoxyl oxygen bridges and the m3 -OH2 connections. Thus spin
frustration plays an important role in the MnGd2 trimer unit since
the triangular arrangement of coupled metal ions is the textbook
topology for this competing effect. At the lowest temperature the
c M T value is fairly large, not close to zero, suggesting that the
compound has a large ground-state spin value. The ground state
of 1 may be a mixture of a series of spin states due to a high density
of spin states and/or the presence of spin frustration effects.19
The temperature dependencies of the zero-ﬁeld cooled and the
ﬁeld-cooled magnetization were measured at a low ﬁeld of 10 Oe
(Fig. 3, inset). No divergence of the ZFC and FC plots was
observed. Moreover, in non frequency-dependent ac susceptibility
data no peaks were observed (Fig. S2†). All these results revealed
neither long-range ordering nor single molecule magnet behavior
above 1.9 K.
We investigated the variation of the magnetization M with the
applied magnetic ﬁeld H for 1 in the range 0–50 kOe at 1.9 K
(Fig. 4). The initial increase of magnetization is relatively rapid
with ﬁeld up to 10 kOe, and then becomes almost linear with
a smaller slope up to 26.9 Nb per Mn2 Gd4 unit at 50 kOe, far
from the saturation sum value of two MnII and four GdIII ions,
suggesting the AF coupling between metal ions. No hysteresis
loop is observed, in agreement with the ZFC-FC measurement.

Fig. 4 The ﬁeld-dependencies of magnetization of 1 at 1.9 K. Inset: the
M–H plot at 1.9 K.

Fig. 3 Plots of c M T vs. T and 1/c M vs. T for 1. The red solid line
represents the Curie–Weiss ﬁtting and the blue one is the best ﬁtting of
magnetic susceptibilities calculated by MAGPACK. Inset: the ZFC-FC
plot of 1 at 10 Oe.
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For 2, the observed c M T value at room temperature is 14.80 cm3
K mol-1 , which is consistent with the calculated value 14.7 cm3 K
mol-1 of two MnII ions and four EuIII ions (1.50 cm3 K mol-1
calculated by the Van Vleck equation allowing for population of
the excited state20 ) (Fig. 5). The 7 F ground term of EuIII is split
This journal is © The Royal Society of Chemistry 2009

In summary, two isostructural heterometallic compounds 1 and
2 have been successfully synthesized and structurally characterized, representing the ﬁrst examples of 3d-4f heterometallic compounds constructed from p-tert-butylsulﬁnylcalix[4]arene. The
structures are featured by some isolated hinged double-dumbbelllike hexanuclear subunits which contain two hinged perpendicular
dumbbell entities and two bridged in-between triangle MnII LnIII 2
clusters. This work provides another example for the design of
polynuclear 3d-4f materials using calixarenes which might lead
to some interesting SMM properties. Our efforts to prepare
isotypic compounds with other transition metals or lanthanides
are ongoing.
Fig. 5 Plots of c M T vs. T and 1/c M vs. T for 2. Inset: the ZFC-FC plot
of 2 at 10 Oe.

into seven states due to the spin–orbit coupling, and the energy
gap of these states are small enough that the excited states may be
thermally populated at room temperature and above. As a result
of the progressive depopulation of the Stark levels for the EuIII
ions, lowering the temperature induces a continuous decrease of
the c M T value. The susceptibility data above 200 K obeys the
Curie–Weiss law because of the presence of thermally populated
excited states of EuIII ions and the magnetic behavior of the two
isolated MnII ions. At the lowest temperature, c M T is 8.0 cm3 K
mol-1 , slightly lower than the expected value of two independent
MnII ions owing to the magnetic saturation effect, indicating a
J = 0 ground state of the EuIII ion (7 F0 ). In compound 2, EuIII ions
have no unpaired electrons and have no spin–spin couplings with
the MnII ions. Therefore the theoretical calculation to evaluate the
magnetic interactions for this compound was avoided.
ZFC-FC measurements at low ﬁeld displayed no irreversibility
above 1.9 K (Fig. 5 inset). Moreover, in non-frequency-dependent
ac susceptibility data no peaks were observed (Fig. S3†). All these
results revealed neither long-range ordering nor single-molecule
magnet (SMM) behavior above 1.9 K.
The magnetization M with the applied magnetic ﬁeld H for 2
in the range 0–50 kOe at 1.9 K is shown in Fig. 6. The M–H plot
shows a gradual increase with H and the magnetization is 9.6 Nb
at 50 kOe, slightly lower than the saturation value of two MnII
ions, indicating the zero ground state of EuIII . No hysteresis loop
is observed.

Fig. 6 The ﬁeld-dependencies of magnetization of 2 at 1.9 K. Inset: the
M–H plot at 1.9 K.
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