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Luminescence

A series of lanthanide metal-organic frameworks (MOFs)
possessing 4f homometallic 2D noninterpenetrating (6,3)
honeycomb topological network structures with lanthanide
atoms acting as three-connected centers have been as-
sembled by using a semirigid bridging ligand with lantha-
nide nitrates, namely [{Ln,(NOj)eL3}:(H;0),+(CHCl3)], (Ln =
Pr, Nd, Sm, Eu, Gd, Tb, Dy, Er; L = 2,5-dimethyl-1,4-bis[{(2’-
benzylaminoformyl)phenoxy}methyl]benzene. The coordina-
tion layers are linked by intermolecular hydrogen bonds to

form a 3D cage structure with 1D supramolecular channels
along the ¢ axis, in which chloroform and lattice water mole-
cules are located to stabilize the structure. Under specific ex-
citation, the Sm™, Eu'™, Tb™, and Dy™ MOFs exhibit charac-
teristic emissions. The lowest triplet-state energy level of the
ligand indicates that the energy level of the ligand matches
better to the resonance levels of Tb"! and Dy rather than
Sm'™ and Eu' ions.

Introduction

The use of metal ions to control the self-assembly of
composite metal-organic frameworks (MOFs) represents a
burgeoning field that may offer functional solid materials
as well as fascinating molecular structures.!! In particular,
the purposeful construction of molecular aggregates, such
as grid, porous, helix, rotaxane, catenane, and knot struc-
tures,?l are based on crystal engineering principles and the
coordination geometry of metal ions. This means that the
reasoned selection of ligands can lead to the assembly of
MOFs with a variety of structures and topologies. Until
now much attention has been paid to transition metal
MOPFs,B! whereas lanthanide homometallic MOFs have re-
ceived less consideration. Recently, lanthanide MOFs
have attracted more interest because of their interesting
structural diversity®® and special properties such as poros-
ity,[®7] nonlinear optics,® Iuminescence,® and magnet-
ism,['% as well as an intriguing variety of architectures and
molecular topologies.''l Thus, it is becoming increasingly
evident that despite continuous endeavours to understand
the molecular structure and topology of MOFs with lantha-
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nide centers, the control and prediction of lanthanide coor-
dination networks are still a great challenge because of the
high coordination number and flexible coordination geome-
try of lanthanide ions and structural characteristics of po-
lydentate organic ligands.['” Recently, a variety of new lan-
thanide MOFs have been constructed by the careful design
of ligands. For example, rigid polyfunctional ligands are
well known to form rods, grids, bricks, honeycombs, and
diamondoid nets,'3! whereas flexible linear ligands may fa-
cilitate formation of helicates and other intertwined super-
molecules.!¥ Rigid polyfunctional ligands have the advan-
tage of forming ordered open networks defined by metal
coordination geometries but also frequently suffer from the
phenomenon of interpenetration and supramolecular isom-
erization.!'”] Lanthanide MOFs and semirigid ligands are
important objects for investigation because of their poten-
tial as luminescent sensors and building blocks for flexible
MOFs, respectively. Therefore, the assembly of lanthanide
MOFs by using semirigid ligands will be a very interesting
attempt to construct microporous materials. Herein we de-
signed and prepared a new semirigid bridging ligand incor-
porating an aromatic skeleton bearing two salicylamide
arms, 2,5-dimethyl-1,4-bis[{(2’-benzylaminoformyl)phen-
oxy}methyl]benzene (L), which may provide a fascinating
means to assembling unusual lanthanide MOFs possessing
excellent luminescent properties, as salicylamide-derived li-
gands are generally efficient sensitizers of lanthanide lumi-
nescence.l'®! As a result, a series of new lanthanide MOFs,
[{Lny(NO;3)sL3}+(H20)2(CHCLy)g), [Ln = Pr (1), Nd (2),
Sm (3), Eu (4), Gd (5), Tb (6), Dy (7), and Er (8)], were
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assembled by the reaction between the ligand and the lan-
thanide nitrates. Structural analyses of the complexes 3, 4,
6, and 8 reveal that the complexes possess 4f homometallic
2D noninterpenetrating (6,3) honeycomb topological net-
works with 1D supramolecular channels along the ¢ axis
located by the positions of chloroform and lattice water mo-
lecules. To date, only a few reports are concerned with the
diversity of (6,3) honeycomb-based structures controlled by
homometallic Ln ions.*®> 44 The luminescent properties of
the MOFs formed with Ln* [Ln = Sm (3), Eu (4), Tb (6),
and Dy (7)] were also studied in detail.

Results and Discussion

Characterization of the Complexes

Elemental analysis and molar conductivity data
(Table S1) indicate that the eight complexes have a 2:3:6
metal/ligand/nitrate stoichiometry. The molar conductance
(A, [Sem?>mol']) of the complexes in methanol solutions
indicate that all complexes act as nonelectrolytes,!'” im-
plying that the nitrate groups are in the coordination
sphere.

The characteristic bands in the IR spectra of the com-
plexes are similar (Table S2). The IR spectrum of the free
ligand shows bands at 1644 and 1228 cm™!, which are as-
signed to v(C=0) and v(Ar-O-C), respectively. In the com-
plexes, the low-energy band remains unchanged, but the
high-energy band redshifts to about 1628-1610 cm™!, indi-
cating that only the oxygen atom of the C=0 group takes
part in coordination to the metal ion. The characteristic
frequencies of the coordinating nitrate groups (C,,) appear
at 1483-1508 (v;), 1286-1298 (v,4), 1029-1032 (v,), and 813~
817 (vs) cm . The difference between the two strongest ab-
sorptions (v; and vy) of the nitrate groups is 189-213 cm™!,
and the absence of bands at 1380, 820, and 720 cm ! in the
spectra of the complexes indicates that no free nitrate
groups (D) are present. This clearly establishes that all
the NO;~ groups in the solid complexes coordinate to the
lanthanide ion as bidentate ligands.['®! The broad bands at
ca. 3400 cm™! are ascribed to water molecules in the com-
plexes.

Crystal Structures of the Lanthanide MOFs 3, 4, 6, and 8

Single-crystal X-ray analyses reveal that the isomorphous
complexes with Sm (3), Eu (4), Tb (6), and Er (8) all crys-
tallize in the trigonal space group P3, displaying a 2D
honeycomb framework in the ab plane, which can be re-
garded as a (6,3) topological network with the lanthanide
atoms acting as three-connected centers. Herein we describe
4 in detail. In complex 4, the ligands act as bridging linkers
through the carbonyl oxygen atoms. The asymmetric unit
of 4 contains a third each of an Eu atom and an NO;~
anion and half of a ligand. Figure la shows the coordina-
tion sphere around each Eu’* center, which consists of six
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oxygen atoms coming from three bidentate nitrate groups
(03, O4) and three oxygen atoms coming from three salicyl-
amide arms of three separate ligands (O1). The coordina-
tion environment of the nine-coordinate Eu®* center is a
distorted tricapped trigonal prism (Figure 1b). The Eu-—
O(nitrate) bond lengths span the range 2.506(3)-2.511(3) A,
and the Eu—O(carbonyl) bond lengths are 2.335(3) A, which
are comparable to the corresponding Eu-O bond lengths
found in related complexes.*dl Each ligand acts as an exo-
bidentate linker and binds to two Eu?* centers using the
two carbonyl oxygen atoms of the amide groups. Thus, each
ligand is coordinated to two Eu®* ions, and each Eu’* ion
is coordinated to three ligands to form a 3:2 (L/M) com-
plex. Six ligand linkers alternately bridge six Eu(NOs)s
moieties to form a hexagonal 102-membered ring, in which
three nonadjacent europium atoms are coplanar, paralleling
the remaining three nonadjacent europium atoms with a
plane-to-plane distance of 13.985 A. The hexagonal rings
are edge-sharing to each other, yielding a 2D honeycomb
framework in the ab plane (Figure Ic), which can be re-
garded as a (6,3) topological network with europium atoms
acting as three-connected nodes and Eu(L)3,»(NOs); units
as repeating units. None of the counterions, NOs, lie in
cavities within the network but bind to the Eu®" centers.
This makes the framework a completely neutral network.
In this case, the (6,3) net is not the ubiquitous flat graphene
sheet but a topologically equivalent (6,3) net of chair-con-
formation six-membered rings, which form a coordination
polymer analogue of the puckered layers in graphite mono-
fluoride, CF,.['%1 The layers of 4 stack together parallel to
the ¢ axis, and noninterpenetration of networks is observed,
which should be avoided in order to construct molecular
microporous materials. Furthermore, the corrugated honey-
comb layers are stacked in an AAA manner along the ¢
axis to produce a 3D hexagonal channel (Figure 1d). The
assembly of a honeycomb structure is challenging since the
hexagon represents the most common pattern in nature and
is familiar from benzene to the honeycomb of the bee. It
is uncommon to generate honeycomb networks by using
semirigid amide ligands and, to the best of our knowledge,
this type of noninterpenetrating neutral lanthanide homo-
metallic (6,3) topological frameworks with large macro-
metallocycles constructed with semirigid amide ligands is
few. In addition, the coordination layers are linked by inter-
molecular hydrogen bonds O--H-N (listed in Table 1) to
form a 3D cage supermolecule. Moreover, 1D channels
along the ¢ axis are formed and are occupied by the chloro-
form and lattice water molecules, which make the frame-
work more stable (Figure 2). The internal dimensions of the
channels have been evaluated to be about 4.9% of the struc-
ture (total potential solvent volume of 184.7 A3 per unit
cell volume of 3781.4 A%) calculated with PLATON.[2% This
compares with 32% (total potential solvent volume of
1211.4 A3 out of per-unit cell volume of 3781.4 A3) if chlo-
roform and lattice water molecules are omitted.

To further investigate the thermal behaviors of these
MOFs, thermogravimetric analysis (TGA) of 6 was carried
out in air from 25 to 800 °C. The weight loss of lattice water
5319
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Figure 1. (a) Structure of 4 showing the coordination sphere of Eu?* along with atom labeling schemes, (b) coordination polyhedron of
Eu, (c) view of the 2D honeycomb (6,3) topology network of the complex in the ab plane (the benzyl groups of the ligands, hydrogen
atoms, and chloroform and water molecules are omitted for clarity), and (d) view of 3D noninterpenetrating honeycomb layers of (6,3)
topology with 1D channels along the ¢ axis showing the 1D perforative column-like channels (hydrogen atoms, crystallized chloroform,

and lattice water molecules are omitted for clarity).

and chloroform molecules occurs at 81, 133, 215, and
243 °C (calculated: 23.57%; observed: 22.43%). The host
framework remains stable up to 446 °C and then collapses
rapidly. The residue that remains is Tb4O,. The total weight
loss of 87.37% is in accordance with the calculated value
of 88.29%. XRD analysis showed obvious changes after the
removal of the solvents (Figure S1), proving the stabilizing
effect of the solvents on the structure of the MOFs.

What greatly impresses us is that these complexes show
2D noninterpenetrating (6,3) honeycomb structures where
the bis(salicylamide) ligands take part in coordination with
the metal ions, whereas previously described lanthanide
complexes with analogous ligands conform zig zag chains
or rings connected by chain 1D coordination polymers.?!]
5320
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We have deduced that the skeleton, the confinement of the
terminal groups of the ligands, and the conformational dis-
tortions of the ligandst*¥ can all affect the molecular struc-
ture of the complexes.

The crystal structures of the four complexes indicate that
the coordination environments of the metal ions are pro-
tected by three separate ligands and three bidentate nitrate
groups. Since coordinated solvent molecules, especially
water, can efficiently quench lanthanide luminescence, the
ability to satisfy the coordination requirements of the lan-
thanide(III) centre with a high coordination number and
reinforce the stability of the MOFs without additional
bound solvent molecules plays an important role in the de-
sign of luminescent MOFs.
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Table 1. Hydrogen-bond lengths [A] and angles [°] of complexes 3, 4, 6, and 8.

Complex D-H--A d(D-H) d(H-A) d(D-A) /DHA

3 N(2)-H(2)--0(5) 0.86 1.96 2.624(9) 133
C(3)-H(3)-0(3) 0.93 2.43 2.753(11) 100
C(3)-H(3)"-0(2) 0.93 2.50 3.420(10) 171 l-p1l+x—y:z
C(8)-H(8A)--0O(3) 0.97 2.43 2.806(8) 103
C(8)-H(8A)--0(3) 0.97 2.54 3.491(10) 166 x+yl-xz
C(8)-H(8B)--O(1 W) 0.97 2.59 3.502(18) 156
C(15)-H(15B)-+0O(1) 0.97 2.58 3.521(11) 162 l-x,1-y =z
C(20)-H(20)--O(4) 0.98 2.42 3.24(2) 142 ¥, X+ -z

4 N(1)-H(1A)--O0(2) 0.86 1.95 2.613(5) 133
C(7)-H(7A)--0(1) 0.97 2.42 2.800(6) 103
C(7)-H(7A)--0(1) 0.97 2.52 3.471(7) 167 l-p1l+x—y:z
C(7)-H(7B)--O(1 W) 0.97 2.59 3.504(13) 157
C(10)-H(10)--O(3) 0.93 2.49 3.408(7) 171
C(15)-H(15B)-O(4) 0.97 2.58 3.512(8) 161 »x+yl-z

6 N(1)-H(1A)--O(2) 0.86 1.95 2.615(6) 133
C(7)-H(7A)--0(1) 0.97 2.44 2.811(6) 102
C(7)-H(7A)--0(1) 0.97 2.51 3.455(7) 166 x+yl-xz
C(7)-H(7B)--O(6 W) 0.97 2.58 3.486(14) 156
C(10)-H(10)--O(3) 0.93 2.46 3.385(7) 172 l-pl+x—yp:z
C(15)-H(15B)-O(4) 0.97 2.60 3.540(7) 163 l-x,1-y =z
C(20)-H(20)--O(5) 0.98 2.53 3.30(3) 136 VXt -z

8 N(2)-H(2A)-+-O(7) 0.86 1.95 2.615(11) 133
C(7)-H(7A)-+-O(8) 0.97 2.44 2.809(8) 102
C(7)-H(7A)-+-0O(8) 0.97 2.46 3.418(10) 168 -y 1+x-pz
C(7)-H(7B)--O(4) 0.97 2.59 3.503(15) 157
C(14)-H(14)--O(1) 0.93 243 3.357(11) 174 x+yl-xz
C(20)-H(20)--0(3) 0.98 2.54 3.28(2) 132 »x+yl-z

Figure 2. Chloroform and lattice water molecules in 1D channels
of 4.

Electronic Spectra

The electronic spectra in the visible region of the Ln!!!

complexes exhibit alternations in intensity and shifts in po-
sition of the absorption bands relative to the corresponding
Ln"aquo ions. Jorgensen has attributed this shift to the
effect of the interelectronic repulsion between the 4f elec-
trons on the crystal field, and is related to the covalent char-
acter of the metal-ligand bond, assessed by Sinha’s param-
eter (J), the nephelauxetic ratio (f8), and the bonding param-
eter (b/?).122

Absorption spectra of 1, 2, and 8 were recorded in meth-
anol solutions at room temperature, and the covalence pa-
rameters were calculated (Table 2). The values of f, which
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are less than unity, and positive values of § and »'? for 2
indicate that the metal-ligand bonds have some covalent
character.[*3] The 8 value for 8 is more than unity and the
¢ value is negative, suggesting that the Er’*—O bond has a
less covalent character than that of the Er3*—aquo ion.

Table 2. Electronic spectroscopic data and covalence parameters of
1, 2 and 8. The frequencies in parentheses are the electronic spec-
troscopic data for the corresponding Ln""'-aquo ions.

Complex  Frequency [cm™] Assignment  Covalence parameters

1 16592 (16595) *H,~'D, £ =10.9982
20704 (21085) *H,—P, 0 =0.1803
21267 (21255) SHy—'Ig b2 = 0.0640
22522 (22290) H;—P,

2 12563 (12608) 419/2—>2H9/2 ﬁ =0.9985
13550 (13435) Lo,—*S5) 0 =0.1502
17271 (17203) Lop—>Gy, 52 =0.0274
19120 (19414) Top—"Gop

8 15384 (15136) T1sp—=*Fop B =1.0098
19230 (19147) Tysp—>Hyy, 6 = -0.9705

20491 (20313)

4
Lisp—>"Fon

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Luminescent Properties of Complexes in the Solid State

Upon UV irradiation, the free ligands emit a strong blue
luminescence (apparent 4., at 446 nm). However, upon
complexation, this emission is replaced by the correspond-
ing lanthanide cation emitting in the visible range (Sm?3*,
Eu’*, Tb3*, and Dy?*), which can be readily seen with the
naked eye, indicating the occurrence of ligand-to-metal in-
5321
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Figure 3. Room-temperature excitation and emission spectra of (a) 4 and (b) 6 in the solid state (EX slit = 1.0 nm, EM slit = 2.5 nm).

tramolecular photoinduced energy transfer. To examine the
ability of the ligands to be antenna groups for sensitized
luminescence from lanthanides, we compared the lumines-
cent properties of 4 and 6.

The solid-state excitation and emission spectra of 4 and
6 at room temperature are shown in Figure 3, and the rel-
evant photophysical data are summarized in Table 3. The
excitation spectrum of 4 has negligible contribution from
the ligand and exhibits a series of sharp lines characteristic
of the Eu®* energy-level structure.”!! This indicates that lu-
minescence sensitization of 4 through excitation of the li-
gand is not efficient. The emission peaks of 4 at 580, 592,
614, 617, and 694 nm can be assigned to *Dy—"F, (J = 0,
1, 2, 4) transitions of the Eu'"! ion. Notably, the intensity
of the °Dy—’F, transition (electric dipole) is slightly
stronger than that of the >Dy—F; transition (magnetic di-
pole), indicating the absence of an inversion center at the
Eu'™ site, which is in agreement with the single-crystal X-
ray analysis.”?>! The fluoroscence quantum yield (@) of the
Eu'™ complex in the solid state was found to be 1.03% by
using an integrating sphere. The luminescence decay of 4 is
best described by a single-exponential process with a life-
time () of 1.291 £0.001 ms.

The excitation spectrum of 6 revealed the characteristic
emission of a Tb3* ion in the solid state (Figure 3b), which
overlaps the absorption spectrum in the 280-380 nm region.
This indicates a very efficient energy transfer from the li-
gand to the central Tb3* ion. The room-temperature nor-
malized emission spectrum of 6 exhibits characteristic emis-
sion bands for Tb3* centred at 490, 543, 581, and 621 nm,
which result from relaxation of the D, excited state to the
corresponding ground state ’F, (J = 6, 5, 4, 3) of the Tb3*
ion. The most intense emission is centred at 543 nm and
corresponds to the hypersensitive *D,—"F5 transition. The
ligand fluorescence disappears completely, indicating a very
efficient energy transfer from the ligand to the central Tb**
ion. Furthermore, compared to the as-prepared sample, the
luminescence intensity increased clearly after removal of the
5322
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Table 3. Photophysical characterization for the complexes 3, 4, 6,
and 7, where RLI is the relative luminescent intensity.

Complex  Zpax® [nm]  RLI [au] ! [ms] @1 [%]
3 563.4 2.396 0.81
597.4 2.424
4 579.4 3.321 1.291%0.001 1.03
591.8 28.14
613.6 30.80
617.0 30.46
648.4 0.845
692.6 1.105
6 489.8 668.6 2.124%+0.001 31.13
543.4 1592
580.6 84.35
621.4 25.78
7 482.2 116.2 5.60
573.0 88.84

[a] EX slit = 1.0 nm, EM slit = 2.5 nm. [b] Luminescence lifetimes
and quantum yields are reported here with an error of =15%.

solvents. This could be attributed to the elimination of the
lattice water molecules in 6, which quench the luminescence
of the central Tb™! ion. In the solid state 6 has a value
of 31.13% for @ by using an integrating sphere at room
temperature. The solid-state luminescence lifetime value for
the D, level of 6 was determined to be 2.124 +0.001 ms
from the luminescence decay profile at room temperature
by fitting with a monoexponential curve.

The potential for the antenna-modified ligand (L) to sen-
sitize other visible-light-emitting lanthanide cations, notably
Sm3* and Dy3*, was also evaluated. For complex 3, two
characteristic bands can be observed, which are attributed
to *Gs», —°H, (J = 5/2, 7/2) transitions (Figure 4a). For
complex 7, two characteristic narrow bands can be seen in
the emission spectrum, which are attributed to transitions
of “Fg;»—°H,s/> (482 nm) and *Fo/,—°H 3, (573 nm) (Fig-
ure 4b). Quantum-yield measurements for 3 and 7 in the
solid state were found to be 0.81% and 5.60 %, respectively.
The fluorescence quantum yields of the four complexes

Eur. J. Inorg. Chem. 2010, 5318-5325
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Figure 4. Room-temperature emission spectra of (a) 3 and (b) 7 in the solid state excited at 325 nm (EX slit = 1.0 nm, EM slit = 2.5 nm).

(Table 3) follow the trend 6>7>4>3, which means that
the energy transfer from the organic ligands to Tb'™" and
Dy™ is more effective than that to Eu™ and Sm™™. This
behaviour can be rationalized by the ligand-to-metal energy
transfer discussed below.

Energy Transfer between the Ligand and Ln™

An intramolecular energy transfer from the triplet state
of the ligand to the resonance level of the Ln'™ ion is one
of the most important processes that has an influence on
the Ln"" luminescent properties of Ln""! chelates.[**! A trip-
let excited state, T, is localized on one ligand only and is
independent of the nature of the lanthanide ion. In order
to acquire T, of the ligand, the phosphorescence spectrum
of 5 was measured at 77 K (Figure S2) in a methanol/ethan-
ol mixture (v/v = 1:1). From the phosphorescence spectra,
T, of 5, which corresponds to the lower wavelength emis-
sion edge,?”1is 24390 cm ! (410 nm). Because the lowest ex-
cited state, °P7/, (32000 cm ') of Gd"! is much higher than
the lowest-lying triplet levels of most chromophores, the
data obtained from the phosphorescence spectrum actually
reveals the triplet energy level of the ligand in the complex.
Latva’s empirical rule®® states that an optimal ligand-to-
metal energy transfer process for Ln"" needs [AE = E(T,) —
E(°Dy)] 2500-4500 cm™" for Tb™ and 2500-4000 cm™' for
Eu'. The experimentally observed T, energy level of the
ligand is ca. 3890 cm™! higher than the D, level of Tb'!!
(20500 cm™') and ca. 3390 cm™! higher than the *Fy, level
of Dy" (21000 cm™!), which facilitates efficient energy
transfer. By contrast, the lowest energy Eu'' and Sm'" ac-
ceptor levels are at 17300 (°Dy) and 17900 cm™' (*Gs)),
respectively, which are significantly lower in energy than the
T, energy level of the ligand. This supports the observation
of stronger sensitization of 6 and 7 than 3 and 4 because of
the larger energy gap between the ligand triplet and the
Sm™"! and Eu' excited states.

Eur. J. Inorg. Chem. 2010, 5318-5325
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Conclusions

We have presented a new amide semirigid bridging ligand
forming noninterpenetrating (6,3) type cage MOFs with
lanthanide cations through the carbonyl oxygen donors. We
deduce that there may be two reasons for the interesting
result. Firstly, the semirigid bis(monodentate) nature of the
ligand makes it easy to bind to two Ln'" ions by using the
two oxygen atoms of the amide groups. This is one of the
key factors in the construction of the backbone of the 2D
MOFs. Nitrate was selected as a suitable counterion to re-
place the water molecules in the coordination sphere of the
Ln ion. The additional three bidentate nitrates satisfy the
need of a high coordination number, and they can also im-
prove the luminescence and stability of MOFs. Ligands
containing salicylamide terminal groups exhibit a good an-
tenna effect for Ln3* cations and provide excellent sensitiza-
tion of Tb3* luminescence through a particularly efficient
ligand-to-lanthanide energy transfer process. To sum up, we
have designed a new semirigid bridging ligand with two
long arms, which can strongly bind Ln3* ions to form ele-
gant lanthanide MOFs and sensitize Tb>* luminescence
emission. The coupling of MOFs and luminescence in a
material has interesting prospects for the development of
lanthanide-based luminescent materials.

Experimental Section

Synthesis and Characterizations: Lanthanide nitrates,* N-benzyl-
salicylamide,?” and 1,4-bis(bromomethyl)-2,5-dimethylbenzenel!!
were prepared according to literature methods. Other chemicals
were obtained from commercial sources and used without purifica-
tion.

Preparation and Characterization of the Ligand: The synthetic route
for the preparation of the ligand is shown in Scheme S1. N-Benzyl-
salicylamide (3.39 g, 15.0 mmol), anhydrous potassium carbonate
(2.07 g, 15.0 mmol), and acetone (50 mL) were warmed to ca.
90 °C before 1,4-bis(bromomethyl)-2,5-dimethylbenzene (1.46 g,

5323
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5.0 mmol) was added. The reaction mixture was heated to reflux
with stirring for 8 h. After cooling, the mixture was filtered, and
the resulting solid was washed with water and acetone to obtain
the ligand. Yield 85%, m.p.162-164 °C, 'H NMR (CDCl;,
300 MHz): 6 = 2.12 (s, 6 H), 4.49-4.50 (d, 4 H), 5.08 (s, 4 H), 7.05-
7.25 (m, 16 H), 7.45-7.50 (t, 2 H), 8.13 (s, 2 H), 8.28-8.30 (d, 2 H)
ppm.

Preparation and Characterization of the Complexes: A solution of
the ligand (0.15 mmolL) in chloroform (10 mL) was added drop-
wise to a solution of Ln(NO3);6H,O (Ln = Pr, Nd, Sm, Eu, Gd,
Tb, Dy, Er) (0.1 mmolL) in ethyl acetate (10 mL). The mixture was
stirred at room temperature for 4 h before the precipitated solid
complex was collected by filtration, washed with ethyl acetate/chlo-
roform (v/v = 1:1) and dried in vacuo over P,O, for 48 h. Yield:
80%. All of the complexes are diffluent in DMF and DMSO, solu-
ble in methanol and acetone, slightly soluble in ethanol, acetoni-
trile, and ethyl acetate, and have low solublility in chloroform, di-
ethyl ether, and petroleum ether. Single crystals of 3, 4, 6, and 8
were grown from acetone/chloroform (v/v = 1:1) solutions with
slow concentration at room temperature for ca. 3 weeks.

Physical Measurements: C, H, N elemental analyses were carried
out with an Elementar Vario EL. IR spectra were recorded in the
4000400 cm ™! region from KBr pellets with a Nicolet Nexus 670
FT-IR spectrometer. 'H NMR spectra were measured with a Var-
ian Mercury 300 spectrometer in CDCl; solutions with TMS as an
internal standard. Electronic spectra were recorded with a Varian
Cary 100 spectrophotometer in methanol solutions. Luminescence
spectra and phosphorescence spectra were obtained with a Hitachi
F-4500 fluorescence spectrophotometer. The quantum yields of 6
and 7 were determined by an absolute method with an integrating
sphere (150 mm diameter, BaSO, coating) from Edinburgh Instru-
ments FLS920. The lifetime measurement was measured with an
Edinburgh Instruments FLS920 Fluorescence Spectrometer with
an Nd-pumped OPOlette laser as the excitation source. TG analysis
was performed with a Perkin—Elmer thermal analyzer up to 800 °C
at a heating rate of 10 °C/min under static air. X-ray diffraction
patterns were determined with a Rigaku-Dmax 2400 diffractometer
using Cu-K, radiation.

X-ray Crystallographic Analyses of the Complexes: The X-ray dif-
fraction data were collected with graphite-monochromated Mo-K,,
radiation with a Bruker CCD area detector diffractometer and
were collected with the w-26 scan technique. The crystal structures
were solved by direct methods. All non-hydrogen atoms were re-
fined anisotropically by full-matrix least-squares methods on F>.
Primary non-hydrogen atoms were solved by direct methods and
secondary non-hydrogen atoms were solved by difference maps.
The hydrogen atoms were added geometrically and not refined. All
calculations were performed by using the programs SHELXS-97
and SHELXL-97.3%33 The crystal data and refinement results are
summarized in Table S1. Selected bond lengths and angles are
given in Table S2. CCDC-614821 (3), -614820 (4), -614822 (6),
and -614819 (8) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Center (CCDC) via
www.ccde.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Elemental analyses and molar conductivity data, IR spectra,
crystallography data, selected bond lengths and angles, phospho-
rescence spectrum of 5 at 77 K, and the synthetic route for the
ligand.
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