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The octanuclear complex [Eu8L4(1,4-BDC)2Cl8(MeOH)12]‚4Cl‚2MeOH‚18H2O (2) was obtained from the reaction of
the tetranuclear Eu(III) species [Eu4L2Cl2(OH)4(H2O)4(MeOH)2]‚2Cl‚7MeOH‚2H2O (1) and 1,4-H2BDC (H2L ) bis-
(5-bromo-3-methoxysalicylidene)ethylene-1,2-phenylenediamine, 1,4-H2BDC ) 1,4-benzenedicarboxylic acid). Both
1 and 2 were structurally characterized by X-ray crystallography, and their luminescence properties were determined.
The cagelike structure of 2 encapsulates two chloride anions via MeOH‚‚‚Cl hydrogen bonding. In the solid state,
2 has an open three-dimensional network with extended channels and is capable of reversible MeOH adsorption.

Introduction

Polynuclear metal complexes are currently of interest for
potential applications in optoelectronics and magnetism and
as porous materials.1 For the d-block transition metals, a
variety of macrocycles, cages, and polyhedra can be prepared
using nitrogen-containing heteroaryls, cyano-substituted aro-
matics,o-catecholamides, hydroxamates, and phosphorus-
containing ligands.2 In contrast, the rational design and
synthesis of polynuclear lanthanide complexes is more
challenging and far less developed. This may be caused by
the difficulty in controlling the coordination environment of
the Ln(III) ions which often display high and variable
coordination numbers.3 We recently described a straightfor-
ward strategy directed toward the rational structural design

of polynuclear lanthanide complexes. This involves the use
of two different ligands: one to coordinate Ln(III) ions and
the other to act as a linker between suitably ligated metal
units.4 In this case, we successfully constructed a hexanuclear
Zn4Nd2 prism [Zn4Nd2L4(1,4-BDC)2]2+ using a “salen-style”
Schiff-base ligand with 1,4-benzenedicarboxylate (1,4-BCD)
units. We describe here the further implementation of the
two-ligand approach with the synthesis of a luminescent
octanuclear Eu(III) complex [Eu8L4(1,4-BDC)2Cl8(MeOH)12]‚
4Cl‚2MeOH‚18H2O (2), constructed from two units of a
tetranuclear Eu(III) complex [Eu4L2Cl2(OH)4(H2O)4(MeOH)2]‚
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2Cl‚7MeOH‚2H2O (1) and 1,4-BDC groups (Scheme 1). The
central Eu84+ core of2 has a distorted cubelike structure in
the solid state and encapsulates two Cl- anions simply via
hydrogen bonding with coordinated MeOH molecules.5 In
the solid state,2 forms a supramolecular 3-D open network
structure which allows for the reversible adsorption of small
organic molecules such as MeOH. Although numerous
lanthanide derivatives of salen-type ligands have been
described, most are poorly characterized and are of relatively
low nuclearity.6 To the best of our knowledge,2 is the first
example of an octanuclear Ln(III) salen cage.

Experimental Section

All reactions were performed under dry oxygen-free dinitrogen
atmospheres using standard Schlenk techniques. Metal salts and
solvents were purchased from Aldrich. Solvents for the photo-
physical investigations were dried over molecular sieves and freshly
distilled under dry nitrogen before use. Physical measurements: ESI
mass spectroscopy, Finnigan MAT TSQ 700; NMR, Varian 300
Unity Plus spectrometer (1H, 300 MHz) at 298 K (chemical shifts
referenced to the deuterated solvent); IR, Nicolet IR 200 FT-IR
spectrometer. The absorption spectra were obtained on a BECK-
MAN DU 640 spectrophotometer, and the excitation and visible
emission spectra were obtained on a QuantaMaster PTI fluorimeter.

Synthesis of [Eu4L2Cl2(OH)4(H2O)4(MeOH)2]‚2Cl‚7MeOH‚
2H2O (1). Triethylamine (10 mL of 0.1 M MeCN solution) was
added to a solution of H2L (0.265 g, 0.50 mmol) and EuCl3‚6H2O
(0.365 g, 1 mmol) in 50 mL of MeOH. The mixture was stirred
and refluxed for 30 min, cooled to room temperature, and filtered.
Diethyl ether was allowed to diffuse slowly into this solution at
room temperature, and pale yellow single crystals were obtained
in one month. Yield: 0.367 g (66%). ESI-MS (CH3OH): m/z 930
[M - 2Cl- - 6MeOH]2+. IR (CH3OH, cm-1): ν 3302 (s), 1622
(s), 1500 (s), 1455 (m), 1379 (m), 1312 (m), 1266 (m), 1037 (s),
1242 (m), 1032 (m), 961 (m), 778 (m), 660 (m), 590 (m).

Synthesis of [Eu8L4(1,4-BDC)2Cl8(MeOH)12]‚4Cl‚2MeOH‚
18H2O (2). Triethylamine (2 mL of 0.1 M MeCN solution) was
added to a solution of1 (0.216 g, 0.10 mmol) and 1,4-BDC (0.017
g, 0.10 mmol) in 30 mL of MeOH. The resulting solution was

stirred and refluxed for 10 h. After filtration, the solution was left
standing in air, and yellow single crystals of1 were obtained after
three weeks. Yield: 0.145 g (61%, based on 1,4-BDC). ESI-MS
(CH3OH): m/z1068 [M- 4Cl- - 2MeOH- 14H2O]4+. 1H NMR
(400 MHz, CD3CN): δ -0.587 (5H), 1.109 (5H), 2.585 (5H), 3.259
(1H), 3.410 (3H), 3.840 (3H), 4.205 (4H), 4.627 (2H), 5.726 (5H),
5.981 (3H), 6.704 (1H), 6.960 (1H), 7.025 (1H), 7.138 (2H), 7.461
(1H), 7.572 (4H), 7.619 (2H), 7.771 (1H), 8.335 (2H), 8.803 (1H),
10.906 (8H), 11.650 (2H), 17.392 (2H). IR (CH3OH, cm-1): ν 3378
(m), 3219 (m), 1635 (s), 1620 (s), 1562 (s), 1540 (m), 1508 (m),
1460 (m), 1442 (w), 1387 (m), 1370 (w), 1300 (m), 1237 (m), 1036
(s), 1291 (m), 1237 (m), 1031 (m), 960 (w), 779 (m), 662 (m), 597
(m), 496 (m).

Crystallographic Analyses.Data were collected on a Nonius
Kappa CCD diffractometer with graphite-monochromated Mo KR
radiation (λ ) 0.71073 Å) at 153 K. Absorption corrections were
applied using GAUSSIAN. The structures were solved by direct
methods and refined anisotropically using full-matrix least-squares
methods with the SHELX 97 program package.7 The coordinates
of the non-hydrogen atoms were refined anisotropically, while the
hydrogen atoms were included in the calculation isotropically but
not refined. Neutral atom-scattering factors were taken from Cromer
and Waber.8 The crystallographic data and selected bond lengths
for 1 and2 are listed in Table 1. Selected bond lengths and angles
for 1 and2 are given in Tables 2 and 3, respectively.

QCM Studies. Gas-phase quartz crystal microbalance (QCM)
experiments were conducted in a home-built chamber interfaced
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Scheme 1. Formation of the Octanuclear Eu(III) Cage2
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to a CH 440 time-resolved electrochemical quartz crystal microbal-
ance (CH Instruments, Texas). Briefly, a solution of1 (6 × 10-8

mol) in MeCN (0.5 mL) was drop-cast onto the working electrode
portion of a 9.995 MHz gold-titanium AT-cut quartz crystal, and
the solvent was removed under vacuum. The QCM crystal was then
placed inside the chamber where it sat on an adjustable stage that
could be pressed against an O-ring, and the entire moving platform
was enclosed between two Teflon pieces that screwed into place.
A glass covering fitted with a septum allowed for the direct injection
of methanol into the cell in 1µL increments with a 10µL gastight
syringe (Hamilton Co., Nevada). The QCM crystal was allowed to
equilibrate overnight prior to experimentation. Additionally, no
methanol injections occurred during the first 100 s of any QCM
experiment; this time region was used to provide a baseline for the
QCM crystal drift. After saturation, the crystal was removed from
the cell and placed under vacuum to remove volatile components.
The crystal was then replaced into the chamber, and the sorption
process was repeated. The adsorption-desorption cycle was
repeated at least three times.

Results and Discussion

Reaction of EuCl3‚6H2O with H2L in a 2:1 mole ratio in
MeOH gave1 in 68% yield (H2L ) N,N′-bis(5-bromo-3-

methoxysalicylidene)phenylene-1,2-diamine). The X-ray struc-
ture of 1 (Figure 1) revealed a centrosymmetric core with
two equivalent Eu2L moieties linked by twoµ-Cl- ions and
two µ3-OH- ions. For each Eu2L moiety, the two Eu3+ ions
are coordinated to the N2O2 and O2O2 binding sites, although
they are located well outside of the overall plane of the lig-
and (Eu‚‚‚N2O2 ) 1.494 Å, Eu‚‚‚O2O2 ) 0.979 Å). Eu(1)
is 8-coordinate, while Eu(2) is 9-coordinate. Eu(1) and
Eu(2A) are linked by one Cl- anion and oneµ3-OH- ion
with a separation of 4.087 Å.

Reaction of1 with 1,4-H2BDC in a 1:1 mole ratio in
MeOH gave2 in 60% yield. A view of the cationic complex
is shown in Figure 2. The formation of2 is accomplished
by the insertion of 1,4-BDC units between two Eu2L moieties
of 1. The overall structure of2 comprises two crystallo-
graphically equivalent Eu4L2 units related by a center of
symmetry and linked by two 1,4-BDC groups. Instead of a
parallel configuration as in the [Zn4Nd2L4(1,4-BDC)2]2+

prism,4 the 1,4-BDC units are virtually perpendicular to each
other which results in the cagelike structure. The complex
is of nanoscale proportions (17.5× 17.3 × 10.8 Å). Each

Table 1. Crystal Data and Structure Refinement for Complexes1
and2

1 2

formula C52H76Br4Cl4Eu4N4O24 C118H156Br8Cl12Eu8N8O52
fw 2210.45 4798.87
cryst syst monoclinic monoclinic
space group P21/c C2/c
a (Å) 15.491(3) 21.184(4)
b (Å) 19.933(4) 32.694(7)
c (Å) 15.115(3) 32.822(7)
â (deg) 114.09(3) 95.79(3)
V (Å3) 4260.7(16) 22616(8)
Z 2 4
Dcalcd(g cm-3) 1.723 1.409
temp (K) 153(1) 153(1)
F(000) 2136 9296
µ (mm-1) 4.967 3.796
θ range (deg) 3.17-25.00 3.19-25.00
reflns measured 14 576 35 995
reflns used 7379 18 968
params 433 949
Ra (I > 2σ(I)) R1 ) 0.0908 R1) 0.0876

wR2 ) 0.1561 wR2) 0.1893
Ra (all data) R1) 0.1926 R1) 0.2098

wR2 ) 0.2206 wR2) 0.2465
S 1.051 1.016

a R1 ) ∑|Fo| - |Fc|∑|Fo|; wR2 ) [∑w[(Fo
2 - Fc

2)2]/∑|[w(Fo
2)2]] 1/2; w

) 1/[σ2(Fo
2) + (0.075P)2], whereP ) [max(Fo

2,0) + 2Fc
2]/3.

Table 2. Selected Bond Lengths (Å) and Angles (deg) for1

Eu(1)-O(5) 2.360(8) O(3)-Eu(1)-N(1) 103.2(4)
Eu(1)-O(6) 2.384(11) O(3)-Eu(1)-O(2) 69.6(3)
Eu(1)-O(5)#1 2.401(9) N(1)-Eu(1)-O(2) 71.3(3)
Eu(1)-O(3) 2.420(9) O(3)-Eu(1)-N(2) 71.7(3)
Eu(1)-N(1) 2.463(11) N(1)-Eu(1)-N(2) 61.3(4)
Eu(1)-O(2) 2.471(11) O(2)-Eu(1)-N(2) 107.3(4)
Eu(1)-N(2) 2.500(10) O(3)-Eu(2)-O(2) 71.3(3)
Eu(1)-Cl(1)#1 2.717(5) O(3)-Eu(2)-O(4) 61.2(3)
Eu(2)-O(7) 2.342(11) O(2)-Eu(2)-O(4) 129.9(3)
Eu(2)-O(3) 2.362(9) O(3)-Eu(2)-O(1) 122.7(3)
Eu(2)-O(8) 2.415(12) O(2)-Eu(2)-O(1) 59.6(3)
Eu(2)-O(2) 2.423(8) O(4)-Eu(2)-O(1) 138.7(4)
Eu(2)-O(5) 2.433(10)
Eu(2)-O(9) 2.445(9)
Eu(2)-O(4) 2.561(9)
Eu(2)-O(1) 2.632(11)
Eu(2)-Cl(1) 2.918(4)

Table 3. Selected Bond Lengths (Å) and Angles (deg) for2

Eu(1)-O(3) 2.357(8) O(3)-Eu(1)-O(2) 66.0(2)
Eu(1)-O(2) 2.379(7) O(3)-Eu(1)-O(1) 125.1(3)
Eu(1)-O(5) 2.478(8) O(2)-Eu(1)-O(1) 61.0(3)
Eu(1)-O(6) 2.507(7) O(3)-Eu(1)-O(4) 62.1(3)
Eu(1)-O(1) 2.586(10) O(2)-Eu(1)-O(4) 125.2(3)
Eu(1)-O(4) 2.624(8) O(1)-Eu(1)-O(4) 150.6(3)
Eu(2)-O(2) 2.310(7) O(2)-Eu(2)-O(3) 67.4(3)
Eu(2)-O(3) 2.338(7) O(2)-Eu(2)-N(2) 110.1(3)
Eu(2)-O(6) 2.369(7) O(3)-Eu(2)-N(2) 73.0(3)
Eu(2)-N(2) 2.493(9) O(2)-Eu(2)-N(1) 73.0(3)
Eu(2)-N(1) 2.498(9) O(3)-Eu(2)-N(1) 103.8(3)
Eu(3)-O(2′) 2.382(7) N(2)-Eu(2)-N(1) 63.8(3)
Eu(3)-O(3′) 2.401(7) O(2′)-Eu(3)-O(3′) 65.0(2)
Eu(3)-O(7) 2.452(7) O(2′)-Eu(3)-O(4′) 126.4(2)
Eu(3)-O(8) 2.503(7) O(3′)-Eu(3)-O(4′) 63.7(3)
Eu(3)-O(4′) 2.537(8) O(2′)-Eu(3)-O(1′) 61.8(2)
Eu(3)-O(1′) 2.580(8) O(3′)-Eu(3)-O(1′) 124.1(2)
Eu(4)-O(3′) 2.265(7) O(4′)-Eu(3)-O(1′) 148.3(2)
Eu(4)-O(2′) 2.365(7) O(3′)-Eu(4)-O(2′) 67.4(2)
Eu(4)-O(8) 2.377(7) O(3′)-Eu(4)-N(1′) 107.8(3)
Eu(4)-N(1′) 2.441(9) O(2′)-Eu(4)-N(1′) 72.2(3)
Eu(4)-N(2′) 2.510(8) O(3′)-Eu(4)-N(2′) 73.2(3)

O(2′)-Eu(4)-N(2′) 104.4(2)
N(1′)-Eu(4)-N(2′) 62.5(3)

Figure 1. X-ray structure of the tetrameric unit of1. Thermal ellipsoids
are drawn at the 25% probability level.
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Eu4L2 unit consists of two similar Eu2L moieties bridged by
two µ-Cl groups. For each Eu2L moiety, the two Eu3+ ions
are coordinated to the N2O2 and O2O2 binding sites as those
in 1, and they are also located outside of the overall plane
of the ligand (Eu‚‚‚N2O2 ) 1.440 Å, Eu‚‚‚O2O2 ) 0.973 Å
(av)). In addition to the Schiff base and 1,4-BCD ligands,
each of the O2O2-bound Eu(III) ions (Eu(1) and Eu(3)) bears
two MeOH groups and a terminal chloride. The inner bound
N2O2 Eu(III) ions (Eu(2) and Eu(4)) also bear a single
MeOH.

The orientation of four Eu-bound MeOH groups within
the cage permits an interesting mode of anion binding. Two
chloride ions, equivalent by the center of symmetry, are
encapsulated within the cage and each is bound via four
Cl‚‚‚H-OMe hydrogen bonds (Cl‚‚‚O ) 3.056-3.118 Å)
(Figure 2). These interactions may play a role in a self-
assembly process of cage formation during crystallization
because, in solution (MeOH or MeCN), the molar conductiv-
ity studies are consistent with a 4:1 electrolyte indicating
that the two encapsulated Cl- anions separate from the cage
structure. In the solid-state, two additional unbound, non-
encapsulated Cl- ions are located outside the cage structure
and fulfill the remaining valence requirements of the Eu8

cluster. The1H NMR spectra of2 in CD3CN at room
temperature show 26 slightly broadened peaks ranging from
-11 to +24 ppm which remain unchanged over several
weeks (see Figure S1, Supporting Information).

In the solid state,2 has an open, porous 3D metal-organic
framework architecture formed by supramolecular inter-
actions between neighboring Eu8L4 moieties (Figure 3).
Thus, along thec-axis, a one-dimensional zigzag configu-
ration of Eu8 clusters is generated by the presence of two
Cl‚‚‚H-OMe hydrogen-bonded interactions between termi-
nal chloride and MeOH groups (Cl‚‚‚O ) 3.029 Å) (see
Figure S3). Each of these strands is further connected to four
neighbors via intermolecularπ-π stacking interactions
(center-to-center distances of 3.595 Å av, see Figure S2).
The resulting porous structure has extended channels running
along both thea- and c- axes. These channels measure
approximately 8× 15 and 7× 18 Å, respectively, and
accommodate guest molecules of MeOH and H2O (see Figure
S4). Hydrogen-bonded interactions are present between the
entrapped molecules and the surrounding supramolecular
framework.

Quartz Crystal Microbalance (QCM) Studies of 2.We
have studied the reversible host-guest binding of MeOH
by 2 using the gas-phase quartz crystal microbalance (QCM)
technique, a proven nanogravimetric method for the detection
of the gas phase insertion and removal of VOCs from a host
material.9 Figure 4 is a plot of the apparent partition
coefficient versus normalized partial pressure and shows
binding site saturation, qualitatively consistent with the
Langmuir isotherm model. Nonselective binding would have
resulted in a more-linear response characteristic of weak
physical interactions (van der Waals forces).10 Interestingly,
the partition coefficient of2 at saturation is approximately
13.7, which is significantly lower than theKapp values of
many other host materials. Although the calculated channel
sizes are large enough to accommodate the physical insertion
of MeOH into the pores of2, we hypothesize that partitioning
is hindered because of the hydrogen-bonding interactions that
cause MeOH to preferentially interact at (or just inside)
channel entrances, creating a transport bottleneck for the
additional uptake of MeOH.

Spectroscopic Studies.The photophysical properties of
1 and2 were studied in CH3CN, CH3OH, and CD3OD. The

(9) Yang, X.-P.; Hahn, B. P.; Jones, R. A.; Stevenson, K. J.; Swinnea, J.
S.; Wu, Q.Chem. Commun.2006, 3827-3829 and references therein.

(10) Pinalli, R.; Suman, M.; Dalcanale, E.Eur. J. Org. Chem. 2004, 451.

Figure 2. X-ray structure of2 (above) and a detailed view of the unique
encapsulated Cl- anion (bottom). Thermal ellipsoids are drawn at the 25%
probability level.

Figure 3. Space filling view of2 along thea-axis showing the open
mesoporous structure.
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free ligand H2L exhibit absorption bands at 228, 260, and
336 nm, and 1,4-BDC exhibits a band at 240 nm; all of these
bands are red shifted upon coordination to the metal ion in
both1 and2 (Figure 5). The emission spectrum of the free
ligand H2L and the excitation and emission spectra of2 are
shown in Figure 6. Excitation of the absorption band at 279
nm of the free H2L produces a broad emission band atλmax

) 468 nm. Upon excitation of the ligand-centered absorption
bands, both1 and2 show typical visible emission bands of
the Eu3+ ion (5D0 f 7Fj transitions,j ) 0, 1, 2, 3 and 4),
while the ligand centered (L or 1,4-BDC)1π-π* emissions
were not detected. The fluorescence quantum yields (Φem)
in CH3CN, CH3OH, and CD3OD are 0.093, 0.040, and 0.065
for 1 and 0.126, 0.071, and 0.135 for2, respectively.11 For
either1 or 2, the quantum yields in CH3CN and CD3OD are
higher than that in CH3OH. This is probably because of an
exchange between coordinated MeOH with these solvents.12

It is noteworthy that, in the same solvent, the fluorescence
quantum yield of2 is higher than that of1. This difference
in luminescence may be caused by the different Eu3+

environments in1 and2. In 2, the Eu3+ ions are enclosed
by two kinds of chromophoric ligands (L and 1,4-BDC) and
are fairly well protected in the cage. In1, the Eu3+ ions are
considerably more exposed to potential interactions with
solvent molecules.

Conclusions

In conclusion, we have successfully demonstrated the
application of a “two-ligand” approach to the construction
of functional polynuclear lanthanide complexes and discov-
ered a very unusual mode of anion binding within a Eu8 cage
structure. To the best of our knowledge, the octanuclear
Eu(III) complex2 is the highest nuclearity lanthanide salen
complex reported until now. It exhibits an open porous three-
dimensional metal-organic framework structure and shows
better luminescence properties than its precursor1. Further
studies focused on this synthetic methodology and the
improvement in luminescence properties by the construction
of novel high-nuclearity lanthanide clusters are in progress.
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Figure 4. Apparent partition coefficient vs normalized partial pressure of
MeOH for 2.

Figure 5. Absorption spectra of the free ligand H2L, 1,4-BDC, and2.

Figure 6. Excitation spectrum of2 and emission spectra of the free ligand
H2L and 2 in CH3OH.
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