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A new lanthanide pyridine-2,4,6-tricarboxylato coordination polymer, [Dy,(H0)5(ptc);]-HoO
(Hsptc = pyridine-2,4,6-tricarboxylic acid), was hydrothermally synthesized. The complex exhibits
both mono-capped square antiprismatic DyNOg chromophores and 4,4'-bicapped trigonal prismatic
DyNO- chromophores, which are interconnected through ptc>~ anions in u3n6 and u4n6 coordi-
nation modes to achieve a new 3D MOF of an unprecedented topology of (4-63 ~82)(63) type.
This Dy(III) complex exhibits a characteristic luminescence in the visible region upon excitation
at 300 nm. The temperature-dependent magnetic properties of the Dy(IIl) complex were investigated

in the temperature range of 2 —300 K.
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Introduction

Owing to their unique spectroscopic and electronic
characteristics associated with their 4f" electronic
configuration, lanthanide ions are widely employed
for design and rational synthesis of lanthanide com-
plexes with intriguing topological architectures and in-
teresting properties which have promising applications
in many fields such as optics, electronics, mechan-
ics, membranes, protective coatings, catalysis, sen-
sors, biology, etc. [1—5]. For the self-assembly of
lanthanide complexes, various carboxylic acids have
been extensively utilized, and many lanthanide car-
boxylate complexes have been reported over the past
30 years, in which the lanthanide ions show regular co-
ordination characteristics and the carboxylate ligands
exhibit different coordination modes Lanthanide car-
boxylate complexes display various interesting struc-
tural topologies and luminescent properties [6—9].
Studies have been focused in particular on the design
and assembly of lanthanide complexes with aromatic
carboxylic acids which have been found to be suitable
ligands, for example, for terbium and dysprosium ions,
because of the energy match between their triplet state
levels and resonant energy levels of the central lan-
thanide ions [ 10— 13]. Lanthanide complexes with aro-
matic carboxylic acids show higher thermal or lumi-

nescence stabilities for practical application than other
lanthanide complex systems.

Among the aromatic carboxylic acids, the pyridine-
2,4,6-tricarboxylic acid (Hsptc) can form conjugated
structures with both N and O donor atoms. It can act
as a multidentate ligand as well as a bridging linker for
the design of metal-organic molecular assemblies [14 —
18]. As part of our ongoing research [19, 20] pyridine-
2,4,6-tricarboxylic acid (H3ptc) was employed to con-
struct novel coordination polymers. Herein, we report
the new lanthanide pyridine-2,4,6-tricarboxylato com-
plex [Dy,(H,0)s(ptc)2]-HO.

Results and Discussion

Syntheses

In the presence of malonic acid, DyCl3-6H,O and
Hjptc react hydrothermally in an aqueous KOH solu-
tion to give [Dy,(H>0)5(ptc)2]-H>O. Repeated experi-
ments indicated that malonic acid is essential for a suc-
cessful synthesis of the title complex. The phase purity
of the crystalline product was confirmed by comparing
an experimental powder X-ray diffraction (PXRD) pat-
tern with the corresponding one simulated on the basis
of the single-crystal data (Fig. 1) as well as by an ele-
mental analysis. The above synthetic reaction could be
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expressed by the following equation:

2DyCls - 6H,0 + 2H3ptc + 6KOH
H, 0, malonic acid
170°C,3d

[Dy, (H,0)s(ptc)s] - HoO + 6KCl + 12H,0

The title compound was found to be stable in air and
insoluble in common solvents such as water, ethanol,
and acetone.

Description of the crystal structure

In the asymmetric unit of the title complex there
are two Dy>* jons (Dyl and Dy2), two ptc3~ ions,
five aqua ligands (07, 08, 09, O16 and O17) and one
additional water molecule (O10). As demonstrated in
Fig. 2, the N1-containing ptc3~ ion as a u4n° bridging
ligand is bonded to two Dy1 atoms through the pyridyl
N atom and its two neighboring carboxylate O atoms
in a chelating/bridging mode and to two Dy2 atoms
through the 4-position carboxylate group in a u,n-
syn-syn mode. The N2-containing ptc3~ ion acts as a
u3n® bridging ligand to chelate one Dyl through the
4-position carboxylate group and coordinates two Dy?2
atoms through the pyridyl N atom and its two neigh-
boring carboxylate O atoms in a chelating/bridging
mode. It should be pointed out that the present u3n®
and pyn® bridging modes of the ptc3~ ligands, to the
best of our knowledge, are unprecedented. The coordi-
nation effects destroy the coplanarity of the ptc3~ an-
ions, and the distortion of the p4n%ptc ligand is more
significant than that of the u3n®ptc ligand, the dihe-
dral angles between the carboxyl group and the pyri-
dine ring being 16.3(4)°, 42.2(2)°, and 12.7(5)°, re-
spectively, for the C1-, C3- and C5-bonded carboxyl
groups in the pyn®ptc ligand, and 2.1(5)°, 17.1(2)°,
and 2.2(4)°, respectively, for the C9-, C11- and C13-
bonded carboxyl groups in the 41 °ptc ligand.

The Dyl atoms are coordinated by three aqua lig-
ands (O7, O8 and O9) as well as one u3n6 and two
usnOpte ligands to generate a distorted mono-capped
square antiprismatic DyNOg chromophore with d(Dy—
N) = 2.476(4) A and d(Dy-0) = 2.381-2.608 A. The
Dy2 atoms are complexed by two aqua ligands (O16
and O17) as well as one uyn® and two u3n® ptc lig-
ands to complete a distorted 4,4’-bicapped trigonal
prismatic DyNO7 coordination sphere with d(Dy-N) =
2.470(4) A and d(Dy-0) = 2.312—-2.432 A (Table 1).

For convenience of understanding the crystal struc-
ture of the title compound, the O4-Dy2*3 bonding in-
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Fig. 1. Experimental and simulated PXRD patterns (top), in-

frared spectrum (middle), and TG curve (bottom) for the title
compound.

teraction (** —x+1, —y+1, —z+ 1) and its sym-
metry equivalents are tentatively not taken into con-
sideration. The lanthanide atoms are then intercon-
nected by both p3n® and uun®ptc ligands to afford
2D corrugated layers (Fig. 3a). The layers extend in-
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Table 1. Selected bond lengths A, angles (deg) and hydrogen bonding contacts for 1 with estimated standard deviations in
parentheses®.

Distances 06-Dy1-012 68.2(1) 010"-Dy2-015 92.3(1)
Dyl1-01#1 2.510(3) Dy2-03*? 2.3933)  06-Dyl-013 120.3(1) 010%-Dy2-016 68.1(1)
Dyl-02 2.423(3) Dy2-04%3 2.364(3)  06-Dyl-NI 65.3(1) 010*-Dy2-017 93.6(1)
Dyl1-06 2.382(3) Dy2-010* 2.3433)  0O7-Dyl-08 142.7(1) 010*-Dy2-N2 73.1(1)
Dyl-07 2.398(3) Dy2-O11 2432(3)  07-Dyl-09 73.5(1) 011-Dy2-015 130.3(1)
Dyl-08 2.381(3) Dy2-015 2367(3) 07-Dyl-O12  134.8(1) 011-Dy2-016 133.9(1)
Dy1-09 2.398(3) Dy2-016 24153) 07-Dyl-O13  138.9(1) 011-Dy2-017 71.8(1)
Dyl-012 2.608(4) Dy2-017 2312(4)  07-Dyl-N1 71.7(1) O11-Dy2-N2 64.3(1)
Dyl-013 2.442(3) Dy2-N2 2.470(4)  08-Dyl-09 139.6(1) 015-Dy2-016 79.8(1)
Dyl-N1 2.476(4) 08-Dyl1-012 70.1(1) 015-Dy2-017 158.0(1)
Angles 08-Dyl1-013 76.9(1) 015-Dy2-N2 66.0(1)
O1*lDyl-02  71.0(1) 09-Dyl-N1 135.2(1)  O8-Dyl-NI 71.2(1) 016-Dy2-O17 82.7(1)
01"l Dyl-06  146.7(1) 012-Dyl1-013 s22(1) 99-Dyl-012 69.7(1) 016-Dy2-N2 126.3(1)
O1*1_Dy1-07 72.2(1) 012-DyI_NI 12031, 99-Dyl-013 75.8(1) 017-Dy2-N2 135.9(1)
O1*-Dyl-08  127.4(1) 013-Dy1-N1 147.2(1)  Hydrogen bonding contacts

O]#I_Dyl_og 697(]) 03#2_Dy2_o4#3 73.1 (]) D-H---A d(D—H) d(H - A) d(D—H . A) Z(D—H . A)
O1*1-Dy1-012  116.4(1) 03"2-Dy2-010*  138.1(1) O7-H7A---014" 083 183  2.651(4) 172
O1*l-Dy1-013  71.8(1) 03*2-Dy2-011 133.9(1) ~ O7-H7B-.- 02" 089 181  2.672(4) 166
OI*l_Dyl-N1  123.1(1) 03*2-Dy2-015 80.8(1) O8-H8A---012% 073 206  2.787(5) 175
02-Dy1-06 129.2(1) 03%-Dy2-016 70.0(1) ~ O8-H8B-:--09* 076 226  2.837(4) 135
02-Dy1-07 86.1(1) 03*2-Dy2-017 80.7(1)  09-HIA.--05" 086 258  3.036(5) 114
02-Dy1-08 74.5(1) 03*2-Dy2-N2 136.5(1)  09-H9B.-- 05" 086 261  3.036(4) 112
02-Dy1-09 139.6(1) 04"_Dy2-010*  1483(1)  09-H9B--- 06" 086 191  3.039¢4) 115
02-Dy1-012 139.1(1) 04"-Dy2-011 80.3(1) Ol6-HI6A---O4% 085 229  3.0834) 156
02-Dy1-013 100.3(1) 04_Dy2-015 87.6(1) Ol6-HI6B---O15"7 083 198  2.806(4) 171
02-Dyl-N1 64.1(1) 04%_Dy2-016 142.4(1) O17-HI7A---018% 0.88 1.82 2.690(5) 173
06-Dy1-07 82.3(1) 04%_Dy2-017 98.3(1) Ol17-H17B.--05"  0.85 1.97 2.793(5) 165
06-Dyl1-08 85.8(1) 04%_Dy2-N2 78.0(1)  OI8-HI8A---014%* 0.81 2.13 2.944(5) 176
06-Dy1-09 83.0(1) 010*-Dy2-011 75.7(1)  O18-H18B--- 013 0.84 1.93 2.753(5) 167

# Symmetry transformations used to generate equivalent atoms: x4 1/2,y—1/2, —z+1/2; #2 Xy 2+ 1 B x4 1, —y+1, —z+1;
X 1/2,y—1/2, —z24+3/2:" x4+ 1, —y, 2+ Ly + Lo —x 1, —y, 2420 x—1/2, —y+1/2, 24+1/2; % x—1/2,
—y+1/2,z—1/2.

Fig. 2. ORTEP view of coordination en-
vironments of the Dy atoms and the
bridging modes of the ptc3~ ligands
in the title compound together with
the atom numbering scheme and the
displacement ellipsoids drawn at 45 %
probability level. Symmetry transfor-
mations used to generate equivalent
atoms: #1 —x41/2,y—1/2, —z+1/2;
oy L™ x4, —y+ 1, —z+ 1
o x41/2,y—-1/2, —z+3/2;% —x+
1/2, y4+1/2, —z+1/2: % x, y, z—1;
¥ _x+1/2,y+1/2, —z+3/2.

finitely parallel to the (100) plane, and the adjacent action (** —x+1, —y+1, —z+ 1) and its symmetry-
layers are centrosymmetrically related to one another.  equivalents, the 2D layers are interlinked to generate a
In an approximation, the 2D layer can be simplified 3D MOF (Fig. 3b). The structure of the title compound
to a (4,4) net. Through the O4-Dy2*® bonding inter- is actually rather intricate. The two crystallographi-
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Fig. 3 (color online). (a) A layer generated from Dyt ions bridged by ptc®~ ligands; (b) 3D MOF structure; (c) a topological
representation (4-63-82)(63) of the title complex.

cally distinct ptc ligands bridge three and four metal
atoms, and the Dyl and Dy2 atoms are coordinated
to three and four ptc ligands, respectively. Therefore,
Dyl, Dy2 and the u3n®ptc and pyn®ptc ligands could
be treated as three-, four-, four- and three-connected
nodes, and the present 3D MOF can be simplified
to a novel herringbone-like (4 - 63 - 82)(6°) topology
(Fig. 3c).

The aquo ligands donate hydrogen atoms to the
carboxylate O atoms to form abundant hydrogen bonds
(Table 1), which make substantial contributions to the
stability of the crystal structure. The solvate water
molecules are located in cavities and are hydrogen-
bonded to the framework.

Infrared spectra

As illustrated in Fig. 1, the infrared spectrum of the
title complex shows characteristic broad bands cen-
tered at 3384 cm~!, due to the absorption from OH
stretching vibrations of the water molecules [21]. The
sharp peaks at 1582, 1446 and 1395 cm™! can be as-
signed to the asymmetric (V,s) and symmetric (Vsy)-
COO stretching vibrations, respectively, and the differ-
ences AV, — Avyy of 187 and 51, respectively, suggest
that the -COO groups are coordinated to metal ions
in mono- and bidentate modes. The absorptions in the
range 740—1026 cm ™! can be attributed to the skele-
ton vibrations of the organic ligand.

Thermal analysis

The DTA curve (Fig. 1) for the title compound
shows three endothermic peaks at 157, 220 and 637 °C.

The TG curve indicates that the first weight loss
of 13.0% in the range 75—170 °C corresponds well
to the removal of one solvate water molecule and five
aquo ligands (calcd. 12.7 %). The dehydrated interme-
diate may be “Dy,(ptc),”, which experiences slight
weight loss of 5.0% over 170-250 °C close to the
value of 5.2 % for liberation of one carboxyl group
(COO). The sample then undergoes rapid decompo-
sition with an additional weight loss of 40.3 %. The
weight of the residue at 710 °C remains at 41.7 %,
which is slightly less than the value of 43.9% for
Dy, 03, indicating a substantial loss of the Dy element
during the last almost explosive stage.

Fluorescent properties

The emission spectrum of the title compound in the
solid state was determined upon excitation at 300 nm
at ambient temperature (Fig. 4). The complex is blue
luminescent and displays the characteristic Dy>* emis-
sion. The two peaks at 482 and 573 nm are due to the
magnetic dipole transition 4F, /2= %H,5 /2 (blue emis-
sion) and the electric dipole transition *Fy, — °H3/,
(yellow emission) of the Dy>* ion. The emission in-
tensity generally varies with the change of the coor-
dination environment of the metal ions, and the ra-
tio of yellow emission and blue emission (Y/B) is a
measure of the site symmetry at which the Dy>* ion
is situated [22]. For the title compound the Y/B value
is 0.80, indicating a slight lowering of the local Dy>*
site symmetry from an inversion center in good agree-
ment with the result of X-ray single-crystal diffrac-
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Fig. 4. Emission spectrum of the title compound in the solid
state at room temperature (Aex = 300 nm).

tion. The strongest emission band is located at 482 nm
@2 /2 = °H,5 /2), suggesting that the pyridine-2,4,6-
tricarboxylato ligand is suitable for the sensitization of
the blue luminescence of Dy>* ions. The broad emis-
sion band in the region of 340—400 nm is due to weak
*-7 or m-n transitions of the organic ligands.

Magnetic properties

The temperature-dependent magnetic susceptibility
was measured for the title compound on the a polycrys-
talline sample in the temperature range of 2—300 K
in a fixed magnetic field of 5 Koe. It exhibits an in-
teresting magnetic property as shown in Fig. 5 in the
form of a ymT versus T plot ()}m being the magnetic
susceptibility per two metal ions). It is well known
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Fig. 5. Temperature dependence of the magnetic susceptibil-

ities of the title compound (), being the magnetic suscepti-
bility per two metal ions).

that, by interelectronic repulsion and spin-orbit cou-
pling, the 4" configuration of a Ln* ion is split into
25+11y states, and the crystal-field perturbation further
leads to the splitting into Stark components. The T
value at r. t. is ca. 28.16 cm® K mol~!, close to the ex-
pected value of 28.34 cm® Kmol~! for two isolated
Dy** ions (S = 5/2, L = 5, °Hys)5) [23]. This value
falls with decreasing temperature, reaching a minimum
value of ca. 26.49 cm3 Kmol~! at 280 K. A further de-
crease in temperature causes significant uprising of the
AT value with a maximum of ca. 41.80 cm?® K mol ™!
at 20 K indicative of ferromagnetic coupling between
the Dy>* ions, and subsequently falls sharply to a min-
imum of ca. 25.39 cm® Kmol~! at 2 K. This profile
of the ymT vs. Tcurve suggests the occurrence of two
conflicting effects. On the one hand, the decrease in
Xxm7T unambiguously originates from the thermal de-
population of the highest Stark levels resulting from
the splitting of the 16-fold degenerate °Hs /2 ground
states by the crystal field, and on the other hand, the an-
tagonist process must be the ferromagnetic interaction
between the Dy>" ions. Because of the presence of a
large unquenched orbital angular momentum and spin-
orbit coupling, it is difficult to estimate the interactions
between metal atoms quantitatively, and the origin of
this potentially interesting magnetic behavior will be
the topic of deeper investigations.

Conclusion

In summary, we have hydrothermally prepared the
3D lanthanide pyridine-2,4,6-tricarboxylato coordina-
tion polymer [Dy,(H20)s5(ptc),2]-H,O. It is a new 3D
MOF of an unprecedented topology of (4 - 6% - 82)(6%)
type. To the best of our knowledge, this compound
is the first example of a pyridine-2.4,6-tricarboxyl-
ato complex, where the ptc3~ anions display two un-
precedented coordination modes (u3n® and uyn®).
The emission spectrum demonstrates the characteris-
tic luminescence of the Dy’ ions upon excitation
at 300 nm, suggesting the Dy(IIl) pyridine-2,4,6-tri-
carboxylato compound to be a potential candidate for
an efficient luminescent material in the visible regions.
Further investigations on the magnetic behavior of the
title compound are in progress to clarify the roles of
crystal field or intermolecular effects.

Experimental Section

Materials

Except pyridine-2,4,6-tricarboxylic acid, which was pre-
pared in high yield by oxidation of 2,4,6-trimethylpyrid-
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ine with aqueous alkaline KMnOy according to a literature
method [24], all the other chemicals of reagent grade were
commercially available and used without further purification.

Physical methods

Powder X-ray diffraction measurements were carried out
with a Bruker D8 Focus X-ray diffractometer to check
the phase purity. Single-crystal X-ray diffraction data were
collected on a Rigaku Raxis-Rapid X-ray diffractometer.
The C, H and N microanalyses were performed with a
PE 240011 CHNS elemental analyzer. The FT-IR spectrum
was recorded in the range 4000400 cm~! on a Shimadzu
FTIR-8900 spectrometer. The fluorescent spectra were de-
termined on a RF-5301PC fluorophotometer. A thermogravi-
metric measurement was carried out from r.t. to 800 °C on
a pre-weighed sample using a Seiko Exstar 6000 TG/DTA
6300 apparatus with a heating rate of 10 °Cmin~!. The
temperature-dependent magnetic susceptibility was deter-
mined with a Quantum Design SQUID magnetomer (Quan-
tum Design Model MPMS-7) in the temperature range 2—
300 K with an applied field of 5 kOe, and the susceptibilities
were corrected for the diamagnetism of the constituent atoms
using Pascal’s constants [25].

Synthesis of [Dy>(H20)s(ptc)2]-H,O

15 mL H;O was added to a mixture of 0.135 g
(0.35 mmol) DyCl3-6H,O and malonic acid (0.026 g,
0.25 mmol). After the solid material was completely dis-
solved under continuous stirring, 0.056 g (0.25 mmol) H3ptc
and a solution of 0.056 g (1.00 mmol) KOH in 5 mL
H,0 were sucessively added, yielding a colorless precipi-
tate immediately. The mixture was stirred for 30 min, and
transferred into a 25 mL Teflon-lined stainless-steel auto-
clave, which was then heated up to 170 °C, kept at this
temperature for 3 d, and then cooled to r.t. After filtra-
tion, colorless granule-like crystals of the title compound
were obtained (yield: 51 % based on the initial DyCl3-6H,O
amount). — IR (film): v = 3384m, 3229w, 3081m, 1610w,
1582s, 1551s, 1446s, 1395s, 1353s, 1280m, 1111m, 1026s,
931s, 819m, 792m, 740s, 622w cm™!. — Ci6H16DyN;O13
(849.31): caled. C 22.63, H 1.90, N 3.30; found C 22.40,
H1.82,N 3.41.

X-Ray structure determination

A suitable single crystal was selected under a polariza-
tion microscope and fixed with epoxy cement on a fine
glass fiber which was then mounted on a Rigaku R-Axis
Rapid IP X-ray diffractometer, operating with graphite-
monochromatized MoKy, radiation (A = 0.71073 A) for cell
determination and subsequent data collection. The reflec-
tion intensities in the 0 range 3.19-27.45° were collected
at 295 K using the @ scan technique. The employed single

Table 2. Crystal structure data for 1.

Formula C|6H|6DyN2018

M, 849.31

Crystal size, mm?> 0.29 % 0.24 x 0.17

Crystal system monoclinic

Space group P2/n

a, A 18.351(4)

b A 6.881(1)

¢, A 18.407(4)

B, deg 110.12(3)

v, A3 2182.4(8)

z 4

Dcaied, g cm 3 2.59

U(MoKy), cm™! 6.9

F(000), e 1608

hkl range 21 <h<21;
-7<k<8;
—21<1<21

((sin©)/A) max, A 0.59

Refl. measured / unique / Rjpy 3841/3536/0.0826

Param. refined 344
R1(F) / wR2(F?)* (all refl.) 0.0374 / 0.0605
GoF (F2)b 1.100

Apfin (max / min), e A—3 222/-1.16

ARl = 3||Fy| — |Fe||/E|Fo|, wR2 = [Ew(Fy? — F.2)? JEw(Fy2)?]) /2,

w = [62(F2) + (0.0125P)% + 3.6698P]"!, where P =

(Max(F,2,0) + 2F.2)/3; ® GoF = [Zw(Fo> — F.2)?/(nops —
1/2

Nparam )]

crystal exhibited no detectable decay during the data col-
lection. The data were corrected for Lp and empirical ab-
sorption effects. The SHELXS-97 and SHELXL-97 programs
were used for structure solution and refinement [26, 27]. The
structure was solved by using Direct Methods. Subsequent
difference Fourier syntheses enabled all non-hydrogen atoms
to be located. After several cycles of refinement, the hy-
drogen atoms associated with carbon atoms were geomet-
rically generated, and the rest of the hydrogen atoms were
located from successive difference Fourier syntheses. Fi-
nally, all non-hydrogen atoms were refined with anisotropic
displacement parameters by full-matrix least-squares tech-
niques, and hydrogen atoms with isotropic displacement pa-
rameters were set to 1.2 times the values for the associated
heavier atoms. Detailed information about the crystal data
and structure determination is summarized in Table 2.

CCDC 783940 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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