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Syntheses, Structures, and Luminescence Properties of
Lanthanide Coordination Polymers with a Polycarboxylic

Terpyridyl Derivative Ligand

Juan Xie,” Hui-Ming Shu,”®’ Huai-Ming Hu,*™ Zhong-Xi Han,”’ Sa-Sa Shen,” Fei Yuan,®
Meng-Lin Yang,” Fa-Xin Dong,” and Gang-Lin Xue™

Solvothermal reactions of lanthanide chloride with a new
ligand, H;L, 4'-(3-carboxylpyridyl)-2,2":6',2"-terpyridine-6,6"-di-
carboxylic acid, yields seven new lanthanide—organic frame-
works: {[Ln,L,]-H,0}, (Ln=Pr (1), Nd (2), Sm (3), Eu (4)), {[LnsL,-
(CO0)5(H,0),]:10H,0}, (Ln=Tb (5), Dy (6)), and [Yb,L,-
(H,0),]:2H,0 (7). Single-crystal X-ray diffraction reveals that
these complexes belong to three structural types. Type | (1-4)
consists of lanthanide-carboxyl group layers pillared by L*~ to
form a three-dimensional network. Type Il (5 and 6) comprises

Introduction

In recent years, the design and construction of lanthanide
metal-organic frameworks (Ln-MOFs) have been extensively
concerned with not only their intriguing topological structures,
but also interesting photoluminescence."! Lanthanide com-
plexes exhibit intense luminescence because of the long-lived
(millisecond timescale) excited states of Ln" ions. Lumines-
cence has been instrumental, and these lanthanide elements
have played important roles in lighting and light conversion
technologies, such as lasers, cathode-ray and plasma displays,
and light-emitting diodes.®™ Lanthanide luminescence has
been applied in material sciences. For instance, europium and
terbium complexes emit fluorescence in the visible spectral
region and are used as sensors and luminescent labels in fluo-
roimmunoassays and time-resolved microscopy.”’ Some Nd"
and Yb" compounds, which emit in the near-infrared (NIR)
region, might be good candidates for use in medical diagnos-
tics and two-photon fluorescence imaging at longer emission
wavelengths.”

Generally, the emissions from lanthanide metal ions are very
weak."” One method to improve the weak luminescence prop-
erties of lanthanide ions is to use a suitable sensitizing chro-
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a right-handed helical chain and a left-handed helical chain
linked through L3>~ anions into a three-dimensional framework.
Type lll (7) is a discrete dinuclear structure. The structural
change is due to the decrease in the metal coordination
number from nine for the large ions to seven for the small
ions; this demonstrates the effect of lanthanide contraction.
These materials exhibit high thermal stability. In addition, the
luminescent properties of these complexes are discussed.

mophore as an “antennae” in the lanthanide metal com-
plexes." To date, many aromatic pyridine-carboxylate ligands,
which are good sensitizers to stimulate lanthanide ion lumines-
cence, have been used as chromophoric antenna ligands.">™
More recently, we have designed and synthesized 4’-(3-carbox-
ylpyridyl)-2,2":6',2"-terpyridine-6,6"-dicarboxylic  acid (HsL;
Scheme 1) as a new polycarboxylic terpyridyl derivative ligand
to construct Ln-MOFs with four inherent chemical features:
1) the large conjugated system, which may act as a chromo-
phore; b) the HsL ligand possesses three carboxylate and four
pyridyl groups, which result in multiple potential metal bind-
ing sites; c) oxygen and nitrogen atoms, as well as aromatic
rings, may form hydrogen bonds and ni—n stacking interactions
to extend and stabilize the entire framework; and d) rotation
of the C—C single bond between the two pyridyl rings, which
could adapt the ligand to the coordination geometries of the
metal ions.

Herein, we report the syntheses and crystal structures of
seven lanthanide complexes, namely, {[Ln,L,]-H,0}, (Ln=Pr (1),
Nd (2), Sm (3), Eu (4)), {[Ln;L,(COO);(H,0),]-10H,0}, (Ln=Tb
(5), Dy (6)), and [Yb,L,(H,0),1:2H,0 (7). Single-crystal X-ray dif-
fractions show that these seven compounds are of three types
of structures. Moreover, the solid-state photoluminescence of
2-7 have been investigated at room temperature.

Results and Discussion
Synthesis

The 4’-pyridyl-2,2":6’,2"-terpyridine ligand, which consists of
four pyridyl rings, can provide a large m-electron conjugated
system to absorb and transfer energy. However, because the f
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Crystal structures of 1-4 (type
N

Single-crystal X-ray analyses re-
vealed that compounds 1-4
were isostructural and had
three-dimensional  frameworks.
Here, we select 2 as the repre-
sentative example for a detailed
discussion of the structure. Com-
plex 2 crystallizes in the mono-
clinic space group P2,/c with

H;L

Scheme 1. Synthetic route to the ligand H;L. mCPBA =m-chloroperbenzoic acid.

orbitals of lanthanides are buried, this leads to difficulties in re-
acting with 4-pyridyl-2,2":6',2"-terpyridine. A Hs;L ligand that
contained three carboxylate groups and four pyridyl rings,
which is beneficial for the reaction of oxophilic lanthanide cat-
ions, was designed and synthesized (the synthetic route is
shown in Scheme 1). In addition, if the carboxylate in the ortho
position with respect to the nitrogen atom of pyridine gener-
ates Ln—O bonds, it is easy to form Ln—N bonds between the
lanthanide cation and the pyridine nitrogen atom. Complexes
1-4 and 7 were prepared under solvothermal conditions
(160°C, 3 days) by the treatment of hydrated lanthanide chlo-
ride and Hs;L at a molar ratio of 1:1. It is interesting to note
that the synthetic methods for coordination polymers 1-4 and
7 are identical, apart from the lanthanide chloride, but the
target products exhibit three distinct structural types: Pr", Nd",
Sm", and Eu" ions form a 3D structure with four ligands are
around each Ln" ion in 1-4; Yb" ions form a dinuclear struc-
ture with one ligand and one water molecule are around each
Yb" ion in 7. The clearly differences in crystal structures be-
tween 1-4 and 7 can be ascribed to the different ionic radii of
the lanthanide metals. It has long been known that DMF can
be hydrolyzed into HCOOH and (CH;),NH. Under neutral condi-
tions, the rate of this reaction is very slow, whereas under
basic or acidic conditions and high temperatures, the rate of
the reaction increases dramatically. Complexes 5 and 6 are pro-
duced at higher temperature (180°C, 3 days). The HCOO™
anions appear in the construction of the crystal structure and
assist L*~ ligands with Tb" and Dy" ions to form the 3D struc-
ture.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1 NaOH
2 10% HCI

one Nd" ion, one L*>~ ligand, and
one uncoordinated water mole-
cule in the asymmetric unit (Fig-
ure 1a). Each Nd" ion is nona-
coordinated by four nitrogen
atoms (N1, N2, N3, N4A) from
two L* ligands and five carbox-
ylate oxygen atoms (02, 03,
06A, O5B, O1D) from four L*~ li-
gands form a distorted tetrakai-
decahedron coordination geom-
etry (Figure 1b). The Nd—O bond
lengths are in the range of
2.400(2) to 2.502(2) A. The Nd—N bond lengths of 2.605(3) and
2.774(3) A are similar to those of previously reported Nd—N
bond lengths." Owing to the difference between the atomic
radii of nitrogen and oxygen, the Nd—N bond lengths are
longer than the Nd—O bond lengths."™ The pyridyl rings of the
L*~ anion are nonplanar. The N4 pyridyl ring is twisted with re-
spect to the central pyridyl ring (N2 pyridyl) with a dihedral
angle of 48.79°.

The 3D framework consists of neodymium-carboxyl group
layers pillared by ligands. The neodymium-carboxylate group
layers consist of [Nd(COO)] chains running along the b direction
(Figure 1c). Within the chain, the Nd" ions are arranged in
a zigzag fashion. It is important to note that there are
[Nd,(COO),] units with two Nd—O—C—O—Nd connectivities
owing to two carboxylate groups of ligands in a syn-syn bridg-
ing model (Figure S1 in the Supporting Information). The Nd—
Nd distance in the [Nd,(CO,),] unit is 6.0402(6) A. These units
are linked by a carboxylate group to form a zigzag-like chain
along the direction of the b axis. The nearest Nd—Nd distance
between the units along the chain is 6.3924(5) A. These chains
are linked by a bridging carboxylate to generate a two-dimen-
sional framework. The linking of adjacent chains occurs
through the binding of the carboxylate groups. The neodymi-
um-carboxylate group layers, which are parallel to the bc
plane, are further pillared by ligands to generate a three-di-
mensional framework (Figure 1d). Each Nd" ion is linked with
four ligands and, in turn, each ligand is linked with four Nd"
ions. If the Nd" cation and ligand L>~ anion act as four-con-
nected nodes, the complicated architecture of 2 is simplified
to a (4,4)-connected 3D topological network with the Schlafli
symbol of (4.6°.8), as shown in Figure 1e.
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Figure 1. a) Representation of the Nd" coordination environment in 2. b) The distorted tetrakaidecahedron coordination polyhedron of Nd" ion. ) A view
showing that the metal chains are linked by bridging carboxylate to generate a 2D framework in 2. d) View of the 3D network in 2. e) View of the 3D topo-
logical network in 2. The Nd" ions and L*" ligands are marked in pink and blue, respectively.

Complexes 1 (Pr), 3 (Sm), and 4 (Eu) have similar structures
to that of 2 (Nd), except that the bond lengths and bond
angles are slightly different from those of 2. All of these values
decrease from 1 to 4, which is agreement with the radius con-
traction of the lanthanide metal centers.

Crystal structures of 5 and 6 (type Il)

The X-ray crystallographic analyses revealed that complexes 5
and 6 were also isostructural and possessed a 3D framework
structure that differed from that of 1-4 and belongs to the
monoclinic system in the C2/c space group. Therefore, the

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

structure of compound 5 is described as an example. There are
two and half Tb" ions, two L3>~ anions, one and half formate
anions, two coordination water molecules, and five lattice
water molecules in the asymmetric unit. As shown in Fig-
ure 2a, Tb1 is nonacoordinated with O1, 03, 013, 015, 017,
and 018, which belong to one L*~ ligand, two formate anions,
two coordination water molecules, and three nitrogen atoms
(N1, N2, and N3), which belong to one L~ to form a distorted
tetrakaidecahedron coordination geometry. Tb2 is octacoordi-
nated with four oxygen atoms (07, 09, 012, and O14), which
belong to two L~ ligands and one formate anion, and four ni-
trogen atoms (N5, N6, N7, and N8), which belong to two L~ li-
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Figure 2. a) Representation of the Tb" coordination environments in 5. b) View of the helical chains and the 3D network in 5. ) View of the 3D topological
network in 5. Tb1, Tb2, Tb3, COO~ anions, and L*~ anions are marked in violet, green, blue, gold, and pink, respectively.

the range of 2.269(9) to 2.559(8) A, and the Tb—N bond lengths
are in the range of 2.496(4) and 2.595(4) A. The pyridyl rings of
two crystallographically independent L*~ anions are nonplanar.
The N4 pyridyl ring is twisted with respect to the central pyrid-
yl ring (N2 pyridyl) with a dihedral angle of 54.11° and the N8

gands. Tb3 is octacoordinated with six oxygen atoms (010,
06A, 06B, 04C, 04D, and O10E), which belong to six L*~ Ii-
gands, and two nitrogen atoms (N4A and N4B), which belong
to two L~ ligands. The coordination geometry of Tb2 and Tb3
is a distorted square antiprism. The Tb—O bond lengths are in
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Figure 3. a) The coordination environment of Yb" in 7. b) View of the dinuclear structure of 7. c) View of the 2D supramolecular structure in 7. d) View of the
3D supramolecular network in 7. The O7—H7B--N4 hydrogen bonds are colored blue and the O7—H7A--04 hydrogen bonds are colored red.

pyridyl ring is twisted with respect to the central pyridyl ring
(N6 pyridyl) with a dihedral angle of 46.05°.

In compound 5, the Tb" centers are interconnected by
bridging carboxylate groups of the L>~ anions and the COO™
anion to form infinite one-dimensional helical chains running
along the c axis (Figure 2b). It is interesting that there are
right-handed helical chains and left-handed helical chains ap-
pearing alternately in compound 5. An individual strand has
a repeat unit consisting of Tb3-O-C-O-Tb2-COO -Tb1-COO™ -
Tb1-COO -Tb2-O-C-O-Tb3. Tb1 ions are linked to Tb1 and Tb2
ions by COO™ anions. Tb2 and Tb3 ions are linked by the car-
boxylate groups of L>~ anions. The nearest Tb3—Tb2, Th2-TbT1,
and Th1-Tb1 distances are 16.346(9), 6.754(4), and 6.162 (7) A.
The adjacent helical chains are further assembled through L*~
anions into a three-dimensional framework. To better under-
stand the complicated framework, the network topology in
complex 5 was analyzed. If Tb1, Tb2, and Tb3 are considered
as three-, three-, and six-connected nodes, whereas the core of
the COO™ anion core and the core of the ligand core are con-
sidered as two- and three-connected nodes, respectively,
the complicated architecture of 5 is simplified into a new 3D
topological network  with the Schldfli symbol of
(5.7.8),(5.72.8%.10%.11%)(5.8.9),(7%.10),(72.8),, as shown in Fig-
ure 2¢.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Crystal structure of 7 (type lll)

Complex 7 crystallizes in the monoclinic P2,/c space group
and is dinuclear in structure. In the asymmetric unit, there is
one Yb" ion, one L3~ anion, one coordination water molecule,
and one lattice water molecule. As shown in Figure 3a, the
Yb" center is coordinated to three oxygen atoms (01, O3, and
05A), which belong to two symmetry-related L*~ ligands; three
nitrogen atoms (N1, N2, and N3), which belong to one L~
ligand, and one coordination water molecule (O1W). This coor-
dination leads to a distorted pentagonal bipyramidal geometry.
The Yb—O bond lengths are in the range of 2.151(2) to
2.267(2) A, and the Yb—N distances fall in the range of
2.384(3)-2.440(3) A, which are similar to those observed in
other Yb" coordination polymers."® Two Yb" ions are bridged
by a pair of >~ ligands to form a discrete dinuclear structure
(Figure 3b). The Yb—Yb distance is 10.511(2) A. The 2D supra-
molecular sheet is constructed through hydrogen-bonding in-
teractions between the coordinated water molecules and the
pyridyl nitrogen atoms of the L3>  ligands (O7—H7B--N4,
2.718 A, 161.8°, symmetry code: i=—x+1, y—1/2, —z+3/2), as
shown in Figure 3c. The sheets are also supported by st in-
teractions. There are two weak intermolecular - stacking in-
teractions (Figure S2 in the Supporting Information). One type
of - stacking interaction exists between the outer N3 pyridyl
and terminal N4 pyridyl rings, with a centroid to centroid dis-
tance of 3.586A. Another centroid—centroid distance is
3.471 A. Finally, a 3D supramolecular structure is formed
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through O7-H7A--04" (2.763 A, 170.5°, symmetry code: ii:
—Xx+2, —y, —z+2) hydrogen bonds (Figure 3d).

In complexes 1-7, the average Ln—O bond lengths (from
1 (Pr; 2.464 A) to 7 (Yb; 2.224 R)) and the average Ln—N bond
lengths (from 1 (Pr; 2.718 A) to 7 (Yb; 2.403 A)) decrease as the
atomic number increases, which demonstrates the existence of
a lanthanide contraction effect. Simultaneously, the coordina-
tion number decreases from nine to seven as the atomic
number of the lanthanide metal ions increases from Pr" to
Yb". The change in the coordination number of the lanthanide
metal ions leads to different geometries for the lanthanide
ions and the crystal structures of the lanthanide complexes.
This difference may be due to the larger ionic radius and lower
electronic density of Nd" relative to Yb", which allows a higher
coordination number for the former. This result implies that
complexes of lanthanide ions with the same ligand throughout
the series from the same reaction process may have different
atomic coordination owing to the lanthanide contraction
effect that results from different lanthanide ions.

IR spectroscopy

The structures of compounds 1-7 were confirmed by IR spec-
troscopy. All of the spectra exhibit a broad band (v=2800-
3700 cm™') that corresponds to Vg, stretching vibrations of
water molecules. The absence of any strong bands near V=
1700 cm™' for 1-7 indicates that the carboxyl group of the
ligand is completely deprotonated.”” The bands at V= 1580-
1635 and 1360-1490 cm™' are due to the asymmetric stretch-
ing and symmetric stretching of carboxylate groups, respec-
tively. The difference between v, and v, of 246 (1-6) and
210 cm™' (7) is more than 200 cm~', which indicates monoche-
lation of the carboxyl group to the metal ion, in agreement
with X-ray diffraction analysis. The bands in the region of V=
650-1300 cm™' for 1-7 were assigned to the CH in- or out-of-
plane bending, ring breathing, and ring deformation absorp-
tions of the pyridyl ring.

Thermal stabilities

The isostructural frameworks lead to similar thermal decompo-
sition processes, so we took complexes 1, 5, and 7 as represen-
tative examples for thermogravimetric analysis (TGA). As
shown in Figure S3 in the Supporting Information, complex
1 lost its uncoordinated water molecules below 200°C. The
weight loss of 3.20% is consistent with the calculated value
(3.06%). The framework is stable up to 530°C and then the
framework begins to collapse. For complex 5, continuous
weight losses below approximately 290°C correspond to the
loss of all of the lattice water and coordinated water molecules
(calcd: 8.65%; found: 8.84%). The COO™ anions and L*~ ligands
start to leave the framework above 420°C. The thermal stabili-
ty of 7 indicates that the uncoordinated water and coordinat-
ed waters molecules are removed below 260°C (calcd: 4.94 %;
found: 5.09%). At 490°C, these complexes gradually decom-
pose.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Luminescent properties

The lanthanide coordination polymers have shown good lumi-
nescence properties. Hence, the photoluminescence properties
of the lanthanide complexes and the free ligand are investigat-
ed in the solid state at room temperature, as depicted in
Figure 4 and Figure S4 in the Supporting Information. Com-
plexes 3-6 exhibit characteristic emissions of Ln" ions in the
visible region. Complexes 2 and 7 show characteristic emis-
sions of Nd" and Yb" ions in the NIR region. The free ligand ex-
hibits one strong emission band at 1 =460 nm upon excitation
at A=310 nm. For complex 1, no emission band in the NIR
region was found. Compound 2 shows three typical NIR emis-
sion bands of Nd" (1=918, 1060, and 1329 nm), which are as-
signed to the “Fy,—*,, (J=9, 11, 13) transitions upon excita-
tion at 1 =298 nm."™ For the emission spectrum of complex 7,
the Yb" ion emits a sharp peak at 1 =980 nm excited with 1=
298 nm light, which is assigned to the *F,,—?F,,, transition of
the broader vibronic components of the Yb" ions at a longer
wavelength.'"? The Yb" ion plays an important role in laser
emission because of its very simple f-f energy level structure.

Complex 3 exhibits an orange emission with three character-
istic Sm" bands at A =561, 595, and 642 nm, which are attrib-
uted to radiative decay from the *Gs, level to the ®Hs,, °H;,,
and °Hy, levels, respectively, as observed for other Sm" com-
pounds.”™ The corresponding luminescence decay profiles of
complexes 3-6 are shown in Figure S5 in the Supporting Infor-
mation. All data were well fitted by a double exponential func-
tion. For complex 3, the emission intensity is fractioned into
two amplitudes with different magnitudes. They are represent-
ed by pre-exponential values A, and A, which correspond to
the decay times 7, and 7,, respectively. The average lifetime 7,,
is given by 7,,=(A,7,° +A,T, 2/(A,T,+A,T,). The Sm" lifetime is
measured to be 7,=4.72ps, A;=0.9282; 7,=13.79 ps, A,=
0.0718; 7,,=6.39 ys.

If 4 is excited at A =256 nm, the excitation peaks at 1=591,
617, 650, and 699 nm can be attributed to *D,—F,, Dy—'F,,
°D,—’F,, and °D,—’F, transitions, respectively, of complex 4.
This °D,—’F, transition dominates the red emission light. The
intensity of the °D,—’F, transition (induced electric dipole
transition) is much more intense than the °D,—’F, transition
(magnetic dipole transition), which indicates that the coordina-
tion environment of the Eu" ion is asymmetric.”" The lifetimes
for 4 are 7,=184.53 s, A, =0.4356; 7,=489.86 s, A,=0.5644;
T =421.31 ps.

Upon excitation at A =256 nm, four characteristic peaks of
complex 5 at 1=491, 545, 584, and 621 nm are assigned to
the °D,—’F,, °D,—’F,, °D,—’F, and °D,—’F; transitions, re-
spectively.”? The Tb" lifetime is measured to be 7,=24.49 s,
A,=0.5268; 7,=55.91 us, A,=0.4732; 7,,=45.61 ps. For 6, the
characteristic luminescent bands of the dysprosium complex
were recorded at =485 and 562 nm through the ligand-to-
metal energy-transfer mechanism, which could be attributed
to *Gs;,—°H,,, and “Gs;, —°H,,.2 The Dy" lifetime is measured
to be 7,=3.1ps, A;=0.7946; 1,=9.47 ps, A,=0.2054; t,,=
5.91 ys.

ChemPlusChem 0000, 00, 1-11
These are not the final page numbers! 27


www.chempluschem.org

CHEMPLUSCHEM

(@ . (b)
E, =Ly, 2 4G5.:‘z = 6H7,2 3
Bl
g 5
z 3
Z °
>
= =
- g
=
T ¥ T T T T T T T : T T L3 T
800 900 1000 1100 1200 1300 1400 550 600 650 700
Wavelength / nm Wavelength / nm
(©) 5 ; (d) s ,
D, »> 'K 4 D,—>'F 5
El 3
g g
2 2
% 7
= =
8 8
= s 7 =
D, = 'F,
5 Do — 7 E
5 7
D,— 'F
T ¥ T X T v T ¥ T T T T T T T ¥ T T ¥ T
450 500 550 600 650 700 750 400 450 500 550 600 650
Wavelength / nm Wavelength / nm
6 p b
(e) ‘B> H, 6 (U] 2F —2E ;
=
3 2
g g
2 =
‘2 4 6 ‘g
§ Ff)/zg) H15 2 —
R
T T T T T T T T T T T T T T T
450 500 550 600 650 900 950 1000 1050 1100

Wavelength / nm

Wavelength / nm

Figure 4. The emission spectra of a) 2, b) 3, ¢) 4, d) 5, e) 6, and f) 7 in the solid state at room temperature.

Conclusion

We reported the syntheses and crystallographic analysis of
seven new lanthanide-ligand complexes. These complexes,
which were synthesized with the H,L ligand and different lan-
thanide chlorides by a solvothermal reaction, crystallized into

three structural types as follows: type | for the large ions, Pr",

Nd", Sm" and Eu"; type Il for the medium ions, Tb" and Dy";
and type lll for the small ion, Yb". All complexes exhibited very

high thermal stability and the photoluminescence properties

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

were also discussed. Complexes 2-7 exhibited characteristic lu-
minescent properties of neodymium, samarium, europium,
terbium, dysprosium, and ytterbium, which indicated that Ln"
ions were efficiently sensitized by the ligand. Our studies also
showed that complexes 3-6 had lifetimes on the microsecond
level, and thus, might become promising candidates for lumi-
nescent materials.
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Experimental Section
Materials and methods

The HsL ligand was prepared according to the literature with some
modifications (Scheme 1).2*%) All other chemicals were obtained
from commercial sources without further purification. Elemental
analyses (C, H, and N) were recorded on an Elementar Vario EL IlI
elemental analyzer. 'H and ">C NMR spectra were recorded at room
temperature by using a Varian Inova 400 MHz apparatus and tetra-
methylsilane (TMS) as a reference. The IR spectra were recorded as
KBr pellets on a Bruker EQUINOX 55 Fourier transform infrared
spectrometer in the range of 400-4000 cm . The emission spectra
were recorded on a Hitachi F-4500 spectrophotometer in the solid
state at room temperature. TGA was performed with a Universal
V2.6 DTA instrument under an N, atmosphere at a heating rate of
10°Cmin~".

Synthesis

4'-(4-N-oxypyridyl)-2,2":6',2"-terpyridine-1,1"-di-N-oxide: 4'-Pyrid-
yl-2,2":6',2"-terpyridine (0.93g, 3mmol) and mCPBA (0.774 g,
4.5 mmol) in CH,Cl, (80 mL) were stirred at room temperature for
24 h. Yellow precipitate was filtered off, recrystallized with ethanol
and DMF, and dried in vacuo to yield a yellow powder (0.79 g,
74%). M.p. 245-246°C; 'H NMR (400 MHz, [D¢]DMSO): 6=9.10 (s,
1H), 8.44 (d, /=12.0Hz, 1H), 838 (d, /=8.0Hz, 1H), 822 (d, J=
4.0Hz, 80Hz 1H), 791 (d, J/=8.0Hz, 2H), 754 ppm (t, J=4.0,
8.0 Hz, 2H); *C NMR (400 MHz, [D¢]DMSO): 6 =169.8, 150.1, 145.2,
140.0, 139.1, 1324, 127.5, 126.3, 125.2, 124.0, 121.7 ppm; IR (KBr):
7=3419, 3109, 3075, 2027, 1617, 1540, 1485, 1444, 1397, 1259,
1190, 1112, 1083, 1030, 842, 802, 766, 715, 637, 582, 475 cm™’; ele-
mental analysis calcd (%) for C,oH,4,N,O; (358.36): C 67.03, H 3.94, N
15.63; found: C 67.26, H 3.92, N 15.45.

4'-(3-pyridylacetonitrile)-2,2":6’,2"-terpyridine-6,6"-dicarbonitrile:
4'-(3-N-Oxypyridyl)-2,2":6',2"-terpyridine-1,1"-di-N-oxide (0.72 g,
2 mmol) and Me;SiCN (0.891 g, 9 mmol) were added to CH,Cl,
(100 mL). After stirring for 30 min, benzoyl chloride was added
over the course of 30 min. After stirring for 48 h at room tempera-
ture, the mixture was evaporated to half its volume. K,CO,
(100 mL, 0.8 molL™") was added, and the mixture was stirred for
1 h. The precipitate was filtered and washed with H,0 and cold
CH,Cl,. The white precipitate was recrystallized with ethanol and
DMF, and dried in vacuo to yield a white powder (0.53 g, 68%).
M.p. 263-265°C; 'HNMR (400 MHz, [D¢]DMSO): 6=9.02 (d, J=
8.0 Hz, 1H), 8.95 (s, TH), 8.84 (s, 1H), 8.80 (s, 1H), 8.39 (s TH), 8.33
(d, J=8.0 Hz, 1H), 8.24 ppm (d, J=8.0 Hz, 1H); IR (KBr): 7=3447,
3072, 2851, 2237, 2025, 1639, 1577, 1539, 1455, 1389, 1274, 1126
1080, 988, 904, 858, 819, 739, 635, 575, 468 cm™'; elemental analy-
sis calcd (%) for C,5H;;N; (385.39): C 71.68, H 2.88, N 25.44; found:
C 71.83, H 2.85, N 25.32.

4'-(3-carboxylpyridyl)-2,2":6',2"-terpyridine-6,6"-dicarboxylic

acid: KOH was added as a base to a solution of 4'-(3-pyridylaceto-
nitrile)-2,2":6’,2"-terpyridine-6,6"-dicarbonitrile (0.39g, 1 mmol) in
ethanol/H,O (v/v, 4:1, 50 mL). The reaction mixture was heated at
reflux for 6 h. Then, the pH was adjusted to three with an aqueous
solution of HCI (1 molL™"). The yellow precipitate was filtered, re-
crystallized with ethanol and DMF, and dried in vacuo to yield
a yellow powder (0.36 g, 81%). M.p. 265-267 °C; '"H NMR (400 MHz,
[DIDMSO): 6=12.85 (s, 1H), 9.12 (s, 2H), 8.88 (m, 4H), 8.58 (m,
1H), 8.21 (d, J=32Hz, 3H), 7.88 ppm (d, J=44 Hz, 1H); *C NMR
(400 MHz, [D¢]DMSO): 6=171.3, 171.1, 170.9, 160.3, 160.1, 159.6,
158.9, 155.8, 155.6, 155.4, 154.7, 152.9, 152.0, 151.2, 144.3, 144.1,
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130.5, 130.1, 129.5, 128.7, 127.9, 127.5, 124.5 ppm; IR (KBr): 7=
3442, 3325, 2774, 2464, 1712, 1644, 1583, 1541, 1451, 1380, 1222,
1144, 1077, 994, 897, 835, 783, 741, 682, 635, 487 cm™'; elemental
analysis calcd (%) for C,3H,,N,Of (442.39): C 62.45, H 3.19, N 12.66;
found: C 62.69, H 3.22, N 12.45.

Synthesis of 1-4 and 7: In a typical reaction, a mixture of
NdCl;:6H,0 (0.25 mmol) and Hs;L (0.25 mmol) was placed in
a Teflon-lined stainless-steel vessel (25 mL) with DMF/H,0 (3:7, v/v,
10 mL). The mixture was heated to 160°C over the course of 6 h
and maintained at this temperature for 3 days. After cooling to
room temperature at a rate of 5°Ch™', yellow block crystals of 2
were obtained (yield 49% based on NdCl;:6 H,0). IR (KBr) for 2: v=
3419, 1618, 1585, 1424, 1371, 1268, 1228, 1173, 1082, 1007, 923,
854, 790, 733, 706, 657, 628, 551 cm™'; elemental analysis calcd (%)
for CueH,,Ns0,5Nd, (1183.21): C 46.70, H 1.87, N 9.47; found: C
46.95, H 1.89, N 9.36.

Yellow block crystals of 1, 3, 4, and 7 were obtained in moderate
yields (36%-63%) by a similar method to that described for 2,
except that the corresponding LnCl;6H,0 was used instead of
NdCl;-6H,0. For 1: IR (KBr): v=3419, 1618, 1585, 1424, 1371, 1268,
1228, 1173, 1082, 1007, 923, 854, 790, 733, 706, 657, 628, 551 cm™';
elemental analysis calcd (%) for C,H,,NgO4;5Pr, (1176.54): C 46.96, H
1.88, N 9.52; found: C 47.14, H 1.91, N 9.67. For 3: IR (KBr): v=
3419, 1618, 1585, 1424, 1371, 1268, 1228, 1173, 1082, 1007, 923,
854, 790, 733, 706, 657, 628, 551 cm™'; elemental analysis calcd (%)
for CyH,,Nz0,55m, (1195.45): C 46.22, H 1.85, N 9.37; found: C
4594, H 1.82, N 9.22. For 4: IR (KBr): v=3419, 1618, 1585, 1424,
1371, 1268, 1228, 1173, 1082, 1007, 923, 854, 790, 733, 706, 657,
628, 551 cm™’; elemental analysis calcd (%) for C,H,,NgO;;3Eu,
(1198.66): C 45.49, H 1.83, N 9.23; found: C 45.17, H 1.85, N 9.08.
For 7: IR (KBr): v=3512, 3413, 3074,1659, 1594, 1537, 1482, 1449,
1414, 1345, 1270, 1181, 1081, 1022, 924, 865, 796, 734, 702, 661,
635, 576, 462, 425cm’'; elemental analysis caled (%) for
CusHoNgO,6Yb, (1296.87): C 42.60, H 2.33, N 8.64; found: C 42.92, H
2.35, N 8.76.

Synthesis of 5 and 6: The procedure is similar to that described
for 2. If NdCl;+6H,0 in 2 was replaced with TbCl;s6H,0 and
DyCl;+6 H,0 and the reaction temperature was adjusted to 180°C,
two completely different compounds, 5 and 6, were obtained. For
5: IR (KBr): ¥=3450, 2026, 1620, 1589, 1428, 1374, 1272, 1173,
1010, 851, 792, 708, 628 cm™'; elemental analysis calcd (%) for
CosHagN1604sThs (2910.08): C 39.21, H 1.59, N 7.70; found: C 39.34,
H 1.57, N 7.82. For 6: IR (KBr): v=3450, 2026, 1620, 1589, 1428,
1374, 1272, 1173, 1010, 851, 792, 708, 628 cm™'; elemental analysis
calcd (%) for CosHaeN;¢ODys (2927.99): C 38.97, H 1.58, N 7.65;
found: C 38.92, H 1.57, N 7.69.

X-ray crystallography

Single-crystal X-ray diffraction measurements for 1-7 were per-
formed on a Bruker Smart Apex Il CCD diffractometer using graph-
ite. monochromatic Mo Ka radiation (1=0.71073 A) at 296 K. The
structures were solved by direct methods and refined by full-
matrix least-squares on F? with the SHELX-97 program.”® The
metal atoms were located from the E-maps, and the other non-hy-
drogen atoms were located in successive difference Fourier synthe-
ses. All non-hydrogen atoms were refined with anisotropic thermal
parameters. The hydrogen atoms on the carbon atoms were posi-
tioned geometrically. The crystallographic data and structural re-
finements for 1-7 are listed in Table 1. Selected bond lengths and
angles for 1-7 are listed in Table S1 in the Supporting Information.
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Table 1. Crystallographic data and structural refinement parameters for 1-7.

Complex

1

2

3

empirical formula

CasH2NgO43Pr,

C46H22N8013Nd2

Cy6H2NgO135m,

formula weight 1176.54 1183.20 1195.42

T K] 296(2) 296(2) 296(2)
crystal system monoclinic monoclinic monoclinic
space group P2,/c P2,/c P2,/c

a[A] 11.3714(12) 11.3195(11) 11.3314(8)
b [A] 19.825(2) 19.685(2) 19.6533(13)
clAl 9.5422(10) 9.4765(10) 9.4923(6)
a[’] 90 90 90

A1 106.822(1) 106.885(1) 107.174(1)
y [ 90 90 90

VA% 2059.1(4) 2020.5(4) 2019.67(20)
Z 2 2 2

Peatca [gcm 3] 1.898 1.945 1.966
wImm™] 2421 2.625 2.963

F (000) 1152 1156 1164

GOF 1.073 1.091 1.000

reflns collected 10180 10004 10010
reflns unique 3637 3558 3567

R 0.0278 0.0214 0.0196

0.0238, 0.0582

0.0260, 0.0886

R, R, [I> 20(1)]
R, wR,! (all data)

0.0267, 0.0675

0.0281, 0.0684 0.0256, 0.0591 0.0275, 0.0902

4 5 6 7
CasH2Ng043Eu, CosHaeN16044Ths CosHagN16044Dys CasH30NgO16Yb,
1214.64 2910.13 2927.98 1296.86
296(2) 296(2) 296(2) 296(2)
monoclinic monoclinic monoclinic monoclinic
P2,/c C2/c C2/c P2,/c
11.3224(8) 15.5659(12) 15.5149(11) 9.7382(9)
19.6273(13) 29.759(2) 29.726(2) 13.5199(12)
9.4741(6) 22.7134(19) 22.6206(17) 16.6137(15)
920 90 90 90

107.212(1) 97.155(1) 97.549(1) 103.006(1)

90 90 90 90

2011.1(2) 10439.4(14) 10342.0(13) 2131.2(3)

2 4 4 2

2.006 1.852 1.881 2.021

3.178 3.443 3.669 4.450

1184 5620 5640 1260

1.017 1.041 1.056 1.000

10017 26025 27272 10437

3553 9198 9829 3751

0.0386 0.0280 0.0480 0.0217

0.0283, 0.0574 0.0322, 0.0810 0.0468, 0.1367 0.0218, 0.0552
0.0397, 0.0617 0.0391, 0.0853 0.0648, 0.1615 0.0240, 0.0562

[al R=3I|Fo| — | Fc| V| Fo| . [b] wR, = {SIW(F—FA/SIF AT
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Complexes 1-4

Complexes § and 6

Made to fit: A new HL ligand, 4'-(3-car-
boxylpyridyl)-2,2":6",2"-terpyridine- 6,6"-
dicarboxylic acid, is described for the
formation of seven lanthanide-organic
frameworks (see picture). The seven
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Complexes 7

Syntheses, Structures, and
Luminescence Properties of
Lanthanide Coordination Polymers
with a Polycarboxylic Terpyridyl
Derivative Ligand

complexes crystallized in three structur-

al types owing to the lanthanide con-

traction effect, which is reflected in the

differences in the coordination number

and geometry of lanthanide ions.
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