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Highly Luminescent Superparamagnetic Diterbium(III) Complex Based on the
Bifunctionality of p-tert-Butylsulfonylcalix|4]arene
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A diterbium(Ill) complex was synthesized by using p-tert-
butylsulfonylcalix[4]arene, which adopts a 1,2-alternate con-
formation, acts as a sensitive optical-antenna chromophore
for UV and near-UV light and causes easy-axis magnetic an-
isotropy in the Tb™ ions. The complex showed efficient ff
emission with a corrected quantum vyield of ca. 85 % even at

room temperature. In addition, it showed superparamagnetic
behaviour due to slow magnetic relaxation at low tempera-
tures.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Lanthanide complexes have attracted considerable atten-
tion due to their electronic properties, including magnet-
ism!"? and luminescence.®# The current focus is on the
construction of multifunctional lanthanide complexes
based on these properties. Thus, we are developing a new
and rational synthetic method for the preparation of multi-
nuclear lanthanide complexes by using p-tert-butylsulfon-
ylcalix[4]arene (H,L, Scheme 1).I51 H,L possesses a large -
conjugated system, which extends over the entire molecule,
and its structural flexibility makes it possible to tune the
energy levels of the frontier orbitals and thus the antenna
chromophore properties for the ff emission.>¥ Because the
T, level of the calixarene is adjacent to the 3D, level of the
Tb™ ions, we can enhance or turn off the luminescence
from the Tb'™! centre by changing the conformation of the
calixarene ligand. When the T level is raised slightly higher
than the °D, level, which occurs when the calixarene adopts
a less-symmetrical conformation, efficient ligand-to-metal
energy transfer (LMET) becomes possible and very high
luminescence from Tb™ could be realized. In the meantime,
utilization of heavy lanthanide ions such as Tb™ and Dy™!!
are becoming more popular in the design of single-molecule
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magnets (SMMs), because of their large angular momenta
(J = 6 with g; = 3/2 for Tb!"!) and strong magnetic aniso-
tropy in the ground multiplet state. It is known that the
symmetry of the crystal field around the Ln™ ion strongly
affects its magnetic anisotropy.”®l The relationship be-
tween the symmetry and the magnetic anisotropy could be
used to control the SMM character by incorporating mag-
netic anisotropy. To realize strong easy-axis anisotropy,
which is advantageous for the construction of SMMs, the
negative charges of the donating atom set should be concen-
trated in a narrow area to stabilize the ground sublevel
|, J,> = |6, £6> from the "Fg4 state of Tb™. Polyphenol
ligands are effective for this purpose, as the calculated nega-
tive charge on the phenoxido oxygen atom is approximately
two times larger than those of other anionic ligands, such
as the nitrate ion, which were estimated from DFT calcula-
tions.” When the calixarene adopts a 1,2-alternate confor-
mation (Scheme 1, right),!® conditions for both strong lumi-
nescence and easy-axis anisotropy should be met. Here we
report the bifunctionality of sulfonylcalix[4]arene in a diter-
bium(I1IT) complex, which showed very strong luminescence
and superparamagnetic behaviour.
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Scheme 1. Structure of HyL (left) and schematic draw of bis(tri-
dentate) coordination fashion in 1,2-alternate conformation (right).
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Results and Discussion

The diterbium(I11) complex was prepared by the reaction
of terbium acetate, terbium nitrate and HyL in a 4:2:3 ratio,
which was followed by recrystallization from a dmf solution
to give pale-yellow crystals of [Tb,(L)(NOj3),(dmf)¢]-2dmf
(1-2dmf, Figure 1). The L* ligand adopts a 1,2-alternate
conformation and acts as a bis(tridentate) facial ligand
through two phenoxido oxygen atoms (O1 and O4) and one
sulfonyl oxygen atom (0O2). Similar tridentate fac coordina-
tion was also reported for (n-BuyN)sLng(L)>(AcO)4(ps-
OH),J;PY however, L* adopted a more symmetrical cone
conformation, and the Ln'! ions were further bridged by
coligands (n3-OH and acetate ions) to form cuboidal clus-
ters. Nitrate ions, as well as bulky dmf molecules, behave as
terminating ligands to avoid cluster formation and expan-
sion in 1.1 The absence of a bridging ligand causes the
calixarene to adopt the 1,2-alternate conformation to mini-
mize the repulsion between the metal centres. Each Tb is
coordinated by three oxygen atoms from the calixarene,
three oxygen atoms from dmf molecules (010, O11 and
0O12) and two oxygen atoms from a nitrate ion in a x>O
coordination fashion (O7 and O8). The coordination geom-
etry can be regarded as a slightly distorted square
antiprism, which is formed with two squares including 02/
04/010/012 and O1/07/08/O11. Single crystals of

[Gd»(L)(NO3),(dmf)g]-2dmf (2-2dmf) were also obtained by
using a similar procedure, and it was isostructural with
1-2dmf.

Figure 1. (left) Crystal structure and (right) ORTEP diagram of the
core of complex 1. Hydrogen atoms were omitted for clarity. Se-
lected bond lengths [A]: Tb-04 2.2821(17), Tb-O1 2.2831(16), Tb—
012 2.3547(18), Tb-0O10 2.3986(18), Tb-0O2 2.4012(16), Tb-O11
2.4218(18), Tb-O7 2.4608(19), Tb-O8 2.4679(18); selected bond
angles [°]: Tb-+Tb(intramolecular) 6.5179(5), Tb-Tb(inter-
molecular) 8.3839(9). Symmetry operation: * 1 —x, 1 -y, —z.

The L* ligand in 2, which exhibited absorptions at
360 nm (27800 cm™') and 337 nm (29700 cm™!) in the solid
state (Figure 2), functions as a sensitive optical-antenna
chromophore for UV and near-UV light. The excited elec-
tronic states of the ligand were estimated from the positions
of the fluorescence and phosphorescence maxima. For this
complex, the fluorescence and phosphorescence peaks were
observed at 439nm (22800cm™') and at 465nm
(21500 cm ™), respectively, at 77 K. On the basis of these
5566
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emissions, the triplet (T;) level is much closer to the pre-
vious dinuclear [Gd,(L)>(H,0)4]* (21400 cm™!) than to the
cuboidal [Gd4(L)»(AcO)4(OH)4J* (20700 cm™"),54 and it is
slightly higher than the Dy, level of the Tb!! ions, which is
advantageous for efficient LMET and strong ff lumines-
cence (Figure 3). Compound 1-2dmf in the solid state
showed an efficient ff emission even at room temperature
upon excitation at 365 nm with a negligible luminescence
from the ligand centre at 439 nm, and a corrected quantum
yield!!% was estimated for four ff bands (intensity was inte-
grated in the range of 450-750 nm) estimated to be 85%.
This extremely strong luminescence may be due to the accu-
rate tuning of the excited level of L* by controlling the
conformation, the long lifetime of the T level of L* esti-
mated as 2.9 ms for 2-:2dmf (Figure S1, which is slightly
longer than those of L*" in cone conformation, 2.5 ms) and
also the presence of two luminescent centres coordinated by
one calixarene, which enhances the probability of ff emis-
sion.
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Figure 2. Ligand-centred absorption spectrum at room temperature
(++) and luminescence (——) and phosphorescence spectra (———) at
77 K measured for a crystalline sample of 2:2dmf (4., = 360 nm)
(left); luminescence spectrum of a crystalline sample of 1:2dmf at
room temperature (Ao, = 365 nm) (right).
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Figure 3. Energy diagram for complex 1-2dmf estimated from the
spectroscopic data.

The dc and ac magnetic susceptibility data were mea-
sured for microcrystalline samples of 1-2dmf (Figure 4).
The ymT values for a randomly oriented sample only
showed slight temperature dependences. The y\7 values
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decrease upon lowering the temperature, which exhibited a
presence of a magnetic anisotropy of the Tb™ ions. Ori-
ented samples, which were aligned in a 5T field at 2 K,
showed completely deferent yy;7-T curves, especially in the
low-temperature region. Because the intra- and intermo-
lecular Tb---Tb distances are long enough to eliminate any
magnetic interactions, the temperature dependence here
should be due to the single-ion magnetic anisotropy of the
Tb'™ jons. The shape of the yyT-T curve is typical for the
presence of an easy-axis-type magnetic anisotropy. The data
were analyzed by using a simple Hamiltonian by consider-
ing a second-order anisotropic parameter [Equation (1)],['!]
and D/kg was estimated to be negative and equal to 7.2 K,
which is essential for single-molecule magnets. The ac
susceptibility data for the aligned sample clearly showed
frequency-dependent 7’ and '’ signals, indicating that slow
magnetic relaxation occurred below 4 K. This superpara-
magnetic behaviour of 1-2dmf is due to the double-well po-
tential formed by the easy-axis anisotropy of the Tb'! ions;
however, a maximum for y'’ was not observed down to
1.8 K, which indicates that fast spin-flipping pathways, such
as a tunnelling process, still dominate in this temperature
range.
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Figure 4. y\T-T plots for aligned (0) and randomly oriented (x)
polycrystalline samples of 1-2dmf, both measured in a 1000 Oe dc
field. For the former, the microcrystalline sample was aligned under
5 T dc field at 2 K, whereas for the latter, randomly oriented micro-
crystallines were fixed in eicosane. Solid curves are temperature
dependence of calculated y\(/)T (for the aligned sample) and
am(UINTI3 + 2(L)T/3 (for the randomly oriented sample) values
by using the parameters described in the main text (left). Tempera-
ture dependences of y\' (@) and yy'’ (0O) of 1-2dmf measured in a
1000-Oe external dc field (right).

Conclusions

We showed that sulfonylcalix[4]arene exhibits bifunction-
ality by using conformational design, and the resulting Tb'
dinuclear complex showed highly efficient luminescence as
well as a relatively strong uniaxial magnetic anisotropy.
Compound 1-:2dmf could be a potential precursor for the
construction of multifunctional nanomagnets, such as op-
tically switchable SMMs and single-chain magnets.
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Experimental Section

1-:2dmf: A mixture of terbium(III) acetate (38 mg, 0.08 mmol), ter-
bium(III) nitrate (18 mg, 0.04 mmol) and H4L (51 mg, 0.06 mmol)
in a 4:2:3 molar ratio in ethanol (10 mL) and dmf (2 mL) was
heated at reflux for 1h, and the colourless reaction solution was
concentrated under reduced pressure to afford a white residue. The
residue was recrystallized from warm dmf solution to give pale-
yellow crystals of [Tb,(L)(NO3),(dmf)g]-2dmf. Yield: 28 mg (50%).
CesH100N1002654Tbs (1871.62): caled. C 40.61, H 5.13, N 6.47;
found C 40.37, H 5.02, N 6.49.

2-2dmf: This compound was synthesized by the procedure outlined
for 1-:2dmf by using terbium(III) acetate and terbium(I1I) nitrate.

Variable-temperature magnetic susceptibility measurements were
performed with a SQUID magnetometer MPMS 5S (Quantum
Design) at 0.1 T. Diamagnetic correction was determined from
Pascal’s constants.

X-ray data for all complexes were collected at low temperature with
a Bruker AXS SMART-1000/CCD area detector by using graphite
monochromated Mo-K, radiation (1 = 0.71073 A). Complete hemi-
spheres of data were collected by using w scans. Integrated inten-
sities were obtained with SAINT+, and SADABS was used for
absorption correction.'?) The structures were solved by direct
methods by using SHELXS-97 and refined by least-squares on F2,
SHELXL-97.1'"l Non-hydrogen atoms were refined anisotropically,
whereas the hydrogen atoms were treated by using a riding model.
CCDC-688245 (for 1) and -688246 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccde.cam.ac.uk/data_request/cif.

Crystal data for 1-2dmf: CgyH qoN;gO26S4Tbs, M, = 1871.62, tri-
clinic, PI, a = 12.4798(13) A, b = 13.3594(14) A, ¢ = 14.3265(15) A,
a = 87.011(2)°, f = 64.387(2)°, y = 68.740(2)°, V = 1991.6(4) A3, Z
=1, T =100 K, F(000) = 956, u(Mo-K,) = 1.946 mm!. Using 492
parameters, wR, = 0.0590 (11465 unique reflections), R; = 0.0336
[9223 reflections with 7>2a6(1)].

Crystal Data for 2-2dmf: CgyH, 00N 9026S,Gd>, M, = 1868.28, tri-
clinic, P1, a = 12.4712(13) A, b = 13.3478(14) A, ¢ = 14.3144(15) A,
a = 86.969(2)°, f = 64.333(2)°, y = 68.719(2)°, V = 1985.8(4) A3, Z
=1, T =200 K, F(000) = 954, u(Mo-K,) = 1.841 mm'. Using 492
parameters, wR, = 0.0626 (11416 unique reflections), R; = 0.0249
[11070 reflections with 7> 2a(1)].

Supporting Information (see footnote on the first page of this arti-
cle): Additional X-ray structure refinement details and luminescent
properties for 1-2dmf and 2-2dmf.

Acknowledgments

We thank Prof. M. Nakano, Osaka University, for useful discussion
of the magnetism. This work was supported by a Grant-in-Aid for
Scientific Research of Priority Areas from the Ministry of Educa-
tion, Culture, Science, Sports, and Technology, Japan (Area
Number 440; T. K.), by a Grant-in-Aid for the Aoyama-Gakuin
21st Century COE program “New Functional Materials for Highly
Efficient Energy Systems”, Tokuyama Science Foundation, a
Grant-in-Aid for Young Scientists A (no. 20685011), and a High-
Tech Research Center project for private universities with the
matching fund subsidy from the Ministry of Education, Culture,
Science, Sports, and Technology, Japan (M. H.). M. H also thanks
the Hayashi Memorial Foundation for Female Natural Scientists,

5567

www.eurjic.org



SHORT COMMUNICATION

T. Kajiwara, M. Hasegawa et al.

the Kansai Research Foundation for Technology Promotion, and
the Asahi Glass Foundation.

(1]

(2]

(3]

(4]
(5]

5568

a) S. Osa, T. Kido, N. Matsumoto, N. Re, A. Pochaba, J. Mron-

zinski, J Am. Chem. Soc. 2004, 126, 420-421; b) C. M. Zaleski,
E. C. Depperman, J. W. Kampf, M. L. Kirk, V. Pecoraro, An-
gew. Chem. Int. Ed. 2004, 43, 3912-3914; ¢) A. Mishra, W.
Wernsdorfer, K. A. Abboud, G. Christou, J Am. Chem. Soc.
2004, 126, 15648-15649; d) C. Aronica, G. Pilet, G. Chastanet,
W. Wernsdorfer, J.-F. Jacquot, D. Luneau, Angew. Chem. Int.
Ed. 2006, 45, 4659-4662; ¢) F. Mori, T. Nyui, T. Ishida, T.
Nogami, K.-Y. Choi, H. Nojiri, J Am. Chem. Soc. 2006, 128,
1440-1441; f) S. Ueki, T. Ishida, T. Nogami, K.-Y. Choi, H.
Nojiri, Chem. Phys. Lett. 2007, 440, 263.

a) N. Ishikawa, M. Sugita, T. Ishikawa, S. Koshihara, Y. Kaizu,
J Am. Chem. Soc. 2003, 125, 8694-8695; b) J. Tang, 1. Hewitt,
N. T. Madhu, G. Chastanet, W. Wernsdorfer, C. E. Anson, C.
Benelli, R. Sessoli, A. K. Powell, Angew. Chem. Int. Ed. 2006,
45, 1729-1733; ¢) M. A. AlDamen, J. M. Clemente-Juan, E.
Coronado, C. Marti-Gastaldo, A. Gaita-Arino, J Am. Chem.
Soc. 2008, 130, 8874-8875.

a) C. Yang, L.-M. Fu, Y. Wang, J.-P. Zhang, W.-T. Wong, X.-
C. Ai, Y.-F. Qiao, B.-S. Zou, L.-L. Gui, Angew. Chem. Int. Ed.
2004, 43, 5010-5013; b) L.-M. Fu, X.-F. Wen, X.-C. Ai, Y. Sun,
Y.-S. Wu, J.-P. Zhang, Y. Wang, Angew. Chem. Int. Ed. 2005,
44, 747-750.

J.-C. G. Biinzli, P. Froidevaux, J. M. Harrowfield, Inorg. Chem.
1993, 32, 3306-3311.

a) T. Kajiwara, S. Yokozawa, T. Ito, N. Iki, N. Morohashi,
S. Miyano, Angew. Chem. Int. Ed. 2002, 41, 2076-2078; b) T.
Kajiwara, H. Wu, T. Ito, N. Iki, S. Miyano, Angew. Chem. Int.

www.eurjic.org

(o]
[7]

(8]
]

Ed 2004, 43, 1832-1835; ¢) T. Kajiwara, K. Katagiri, S. Takai-
shi, M. Yamashita, N. Iki, Chem. Asian J. 2006, 1, 349-351; d)
T. Kajiwara, K. Katagiri, M. Hasegawa, A. Ishii, M. Ferbinte-
anu, S. Takaishi, T. Ito, M. Yamashita, N. Iki, Inorg. Chem.
2006, 45, 4880-4882.

B. Bleaney, J Magn. Reson. 1972, 8, 91-100.

T. Kajiwara, M. Nakano, S. Takaishi, M. Yamashita, Inorg
Chem. 2008, 47, 8604-8606.

T. Kajiwara, S. Yokozawa, T. Ito, N. Iki, N. Morohashi, S. Mi-
yano, Chem. Lett. 2001, 6-7.

Generally, an acetate ion behaves as a bridging ligand for lan-
thanide ions, and more than 400 acetate-bridged lanthanide
complexes have been reported in the Cambridge Crystallo-
graphic Database. In contrast, nitrate ions rarely behave as a
bridging ligand for lanthanide ions (ca. 20 compounds have
been reported), and nitrate ions can behave as a terminating
ligand for lanthanide cluster growth.

[10]Y. Kawamura, H. Sasabe, C. Adachi, Jpn. J. Appl. Phys. 2004,

43, 7729-7730.

[11] Usually low symmetrical terms (such as E), as well as higher-

order anisotropy terms corresponding to the operators of O3,
04,00, etc., should be included in magnetic analysis of rare-
earth compounds in less-symmetrical coordination environ-
ments. However, it appeared that the magnetic susceptibility of
the present complex was fortunately reproducible by consider-
ing only D, which should be assumed as an effective anisotropic
parameter and might include the contributions from the higher
terms, partly owing to the statistical property of thermo-
dynamic quantities.

[12)SHELXTL-PC Package, Bruker, AXS Inc., Madison, Wiscon-

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

sin, USA, 1998.
Received: July 17, 2008
Published Online: November 10, 2008

Eur. J. Inorg. Chem. 2008, 5565-5568



