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Self-assembly of rare earth salts, Cu(NO;), and 3,4-Pyridinedicarboxylic acid (3,4-pdcH,)
resulted in the formation of two series of 3d—4f heterometallic coordination polymers:
[Ln,Cus(3,4-pde)s(H,0)1,]- mH,O-nCH3;0H (Ln = Eu (1, m =22,n=0), Gd (2, m =22, n=0)
and Tb (3, m = 15.5, n=5)) and [LnCu(3,4-pdc),(OAc)(H,0);]-8H,0 (Ln = Ho (4), Er (5)).
Their structures have been determined by single-crystal X-ray diffraction analyses and further
characterized by elemental analyses, IR spectra, PXRD and TGA. The structures of isomorphous
complexes 1-3 (Form I) are constructed with irregular (4,4)-connected 2D [Cu;(3.4-
pdc)e(H,0);], sheets pillared by Ln(H,0),, showing an intriguing 3D 3°4'%.5%.6 framework with
the treatment of Ln,Cus unit as an 8-connected node. Complexes 4 and 5 (Form II) are
constructed with (4,4)-connected 2D [Cu(3,4-pdc),(H,0)], sheets pillared by bimetallic units
Ln,(OAc),(H,0),, exhibiting a fascinating 3D architecture with (4,8)-connected fluorite
(4'2-6'2.8%) (4%, topology. There exist different 1D channels in the polymers of Form I and Form II, in
which solvent molecules are accommodated. Moreover, their luminescence and magnetic properties

have been investigated.

Introduction

The rational design and construction of novel metal-organic
frameworks (MOFs) has attracted great attention; MOFs with the
flexible or rigid microporous channels have potential applications
in selective molecular recognition and separation, ' physical gas
storage,” sensors,’ ion-exchange’ and heterogencous catalysis.’
Among these, there are extensive research interests in the
assembly of 3d-4f heterometallic coordination polymers not only
due to their fascinating topologies and intriguing architectures,
but also their potential applications in magnetism, luminescent
materials, adsorption and chemical sensing.® The preparation of
3d-4f heterometallic microporous MOF is still a great challenge
for the following reasons: (a) competitive reactions between
transition and lanthanide metals chelated to the same ligand tends
to homometallic complexes rather than heterometallic polymers;
(b) the higher coordination numbers and versatile geometries of
lanthanide frequently causes structural interpenetration that gives
rise to a reduced cavity volume or even a nonporous structure. >’

Although it is not yet possible to prepare fully predictable 3d-
4f microporous MOFs, the selective combination of metal
centers, bridging ligands and co-ligands is an effective strategy
for rational design and creative synthesis of desired frameworks.
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Thus, in designing extended porous 3d-4f MOFs, judicious
selection of the properties of ligands, such as shape, functionality,
flexibility, symmetry, length, and substituent group is crucial to
the construction of target polymers. ® Because multidentate
ligands containing N and O atoms have different affinities to
transition and lanthanide metal ions, a typical approach to
construct 3d—4f MOFs is reacting 3d and 4f metallic ions with a
multidentate bridging ligand containing both N- and O-donor
atoms. And m-conjugated organic molecules are commonly used
as linkers due to their rigidity,
interpenetration of the network, and the majority of them are
based on rigid backbones functionalized with multicarboxylate
groups or heterocyclic groups for metal-ligand coordination.
Nitrogen-containing heterocyclic carboxylate, such as pyridine-
carboxylic and imidazole-carboxylic acid, as multi donor ligands,
have been demonstrated to be interesting structural and versatile
building blocks for producing coordination polymers, and have
also been picked out to synthesize 3d-4f polymers during the past
few decades.®%"° 3 4-Pyridinedicarboxylic acid (3,4-
pdcH,) is an efficient ligand, which contains a number of N or O
coordination sites and rich coordination modes. Polymeric
structures of 3,4-pdc complexes with alkaline, transition, and
lanthanide metals were reported in which the 3,4-pdc ligand has
shown good multi-connecting ability resulting in diversified

which often prevents
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structures.'® Whereas, complexes based on 3,4-pdc ligand
containing both lanthanide and transition metals are still
rare, only a series of Ln—-Ag heterometallic coordination
polymers constructed from 3,4-pdc ligand have been
reported. ' Herein, we report the syntheses, crystal structures,
luminescence and magnetic properties of five heterometallic 3d-
4f complexes [Eu,Cu;(3,4-pde)s(H,0),,]-:22H,0(1),
[Gd,Cus(3,4-pdc)s(H20)12]-22H,0(2),  [Tb,Cus(3,4-pdc)s
(H,0),,]-15.5H,0-5CH;0H (3), [HoCu(3,4-pdc),(OAc)
(H,0)3]-8H,0(4) and [ErCu(3,4-pdc),(OAc)
(H,0);]-8H,0(5), in which two series of Cu-Ln polymers
exhibit different topologies and potentially microporous
channels.

Results and discussion
Syntheses

Acting as multi-dentate ligand, 3,4-pdc possesses the capability to
bridge metal centers in various coordination modes, and we got
potentially porous Cu-Ln 3D framework successfully. The
hydrothermal method is a very popular synthetic technique
in preparing porous MOFs, while it seemed inapplicable in
this 3,4-pdc 3d—4f system. From the entropic point of view,
synthesis at a higher temperature could reduce terminal ancillary
ligands™. Comparing with 2,n-pdc (n = 3 ~ 6), chelating ability of
3,4-pdc is weak, thus the high coordination number of
lanthanide with water or other solvent molecules seems
inevitable. For synthesizing the potentially porous
framework under mild condition, diffusion method was
used in the self-assembly process. The synthetic strategy
employed for complexes 4 and 5 in Form II was triggered after
complexes 1-3 in Form I had been structurally characterized.
Seeing that crystalline isomorphous complexes of Ho(III) and
Er(IIT) in Form I could not be obtain by the same diffusion
method, which probably due to the difference of lanthanide
ions, we wondered whether polymers with different 3D structure
could be constructed by adding another auxiliary organic ligand
to replace coordinated water molecules which located on Ln(IIT)
ion. Acetate has been used extensively in coordination chemistry
and could be introduced easily into the coordination polymers by
using lanthanide acetate. In the self-assembly process, acetate
combined with Ln(IIl) ion in starting material successfully
remain in the final MOF and take place of some
coordinated water molecules of Ln(IIl) ion, thus we got
another series of potentially porous 3d-4f framework in
Form II (Ln Ho(IIT) or Er(Ill)). By contract, using
lanthanide acetate of Eu, Gd and Tb as reactant, we could not get
crystalline product suitable for X-ray analysis. Microcrystalline
solid precipitated from solution were examined by PXRD, in
which polymer in Form I existed in the mixture. The structural
distinctions of Form I and Form II are tentatively attributed to the
introduction of acetate and the influence of different Ln cations in
the construction of MOFs. Complexes 1-5 are all stable in air at
ambient temperature and are almost insoluble in common
solvents such as water, alcohol, acetonitrile, chloroform, acetone,
and toluene, being consistent with their polymeric nature.
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Crystal Structures of [Eu,Cu;3(3,4-pdc)s(H,0)2]-22H,0 (1),
[GdzC“3(3,4-pdC)6(H20)12] . 22H20(2) and [szC“3(3,4-
pdc)s(H,0),,] -15.5H,0-5CH;0H (3)

The single-crystal X-ray analyses of complexes 1-3 reveal that
they are isomorphous and crystallize in the same monoclinic
space group P2/n, in which the complicated 3D structures are all
built up with basic unit [Ln,Cu;(3,4-pdc)s(H,0);,]. Thus, we
choose complex 1 as a representative example to describe here in
detail.
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Fig. 1 Local coordination environments of Eu(lll) and Cu(ll) ions in
complex 1 (hydrogen atoms are omitted for clarity).

The asymmetric unit of the 3D framework in 1 contains two
crystallographically independent europium ions, three copper
ions, six 3,4-pdc ligands and twelve coordinated water molecules
(Fig. 1). Eul(Il) and Eu2(IIl) ions are both nine-coordinated
with distorted tricapped trigonal prismatic geometry: four
carboxylate oxygen atoms from two 3,4-pdc ligands and five
oxygen atoms of coordinated water molecules for Eul; five
carboxylate oxygen atoms from three 3,4-pdc ligands and four
oxygen atoms of coordinated water molecules for Eu2 (Fig. S1,
ESIt). Three crystallographically independent Cu(1I) ions exhibit
two different coordination geometries (Fig. S2, ESIf). Cul and
Cu3 atoms are both five-coordinated with tetragonal-pyramidal
geometry, in which the equatorial plane is occupied by two N
atoms and two O atoms from four different 3,4-pdc ligands, and
the axial position is occupied by one water molecule. The Cu2
atom has a slightly distorted octahedron geometry with three
oxygen atoms and two nitrogen atoms from four distinct 3,4-pdc
ligands and one oxygen atom from coordinated water molecule.
The coordination modes of 3,4-pdc in structurally characterized
complexes 1-5 are summarized in Chart 1. As can be seen, the
nitrogen atom always links copper atom, the 4-carboxyl group
prefers connecting to copper atom in a monodentate or bidentate
fashion, and the 3-carboxyl group tends to ligate lanthanide metal
in a bidentate or monodentate fashion or even be free. Six 3,4-
pdc ligands in 1 adopt four different coordination modes, in
which three 3,4-pdc ligands adopt mode I, another three 3,4-
pdc ligands adopt mode II, III and IV, respectively. Except
ligand in Form IV, which link two metal ions, the other
3,4-pdc ligand all affords a three-connecting node linking three
metal ions.
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Table 1 Crystal data and structure refinement for complexes 1-5

Complex 1 2 3 4 5
Empirical formula CaHsoCusEuaNgOyg CiesH344Cu1,GdgN2, 003 CoyH,50CusThyN 0115 Co4H124CusHosNgOgy C3,HerCu,ErN, Oy
Mr 1773.42 8433.15 4303.42 3263.59 1636.46
K 113(2) 113(2) 113(2) 113(2) 113(2)
VA 0.71073 0.71073 0.71073 0.71073 0.71073
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
Space group P2(1)/n P2(1)/n P2(1)/n P2(1)/c P2(1)/c
al 13.945(3) 13.958(3) 13.934(3) 10.792(2) 10.632(2)
bIA 30.633(6) 30.682(6) 30.722(6) 13.889(3) 13.862(3)
c/A 20.585(4) 20.529(4) 20.494(4) 19.739(4) 19.498(4)
pr° 98.79(3) 98.82(3) 98.71(3) 100.91(3) 99.98(3)
VIA? 8690(3) 8688(3) 8672(3) 2905.1(10) 2830.3(10)
zZ 4 1 2 1 2
DJg em?] 1.355 1.612 1.648 1.865 1.920
mm’’ 2.222 2.333 2.441 3.525 3.788
F(000) 3508 4236 4332 1620 1624
Crystal size/mm 0.20 x 0.18% 0.12 0.20 x 0.18% 0.15 0.20 x 0.18x 0.16 0.20 x 0.19% 0.18 0.20 x 0.19% 0.19
6 Range for data 1.62-25.02° 1.33-25.02° 1.62-25.02° 1.92-25.50° 2.94-25.49°
Limiting indices 4, k, / -16 to 16, -36 to 36,-20to 24  -16 to 16, -36 to 36,-19 to 24  -16 to 16, -36 to 36, -24 to 24 -13to 13,-15t0 16,-23t023 -12to 12,-11to 16,-14 to 23
Reflections measured 59176 65189 87730 23098 10839
Unique reflections 15079 15266 15307 5383 5239
R(int) 0.0543 0.0489 0.0490 0.0659 0.0323
Max./min. transmission 0. 7764 and 0. 6649 0. 7210 and 0.6526 0. 7584 and 0. 6411 0.5539 and 0.5110 0.5330 and 0. 5179
Parameters 895 1300 1246 392 439
GOF 1. 068 1. 070 1.032 1.252 1.039
Ry, wR, [I>20(])] 0.0402/0.1055 0.0528/0.1422 0.0612/0. 1630 0.0579/0.1432 0.0344/0.0784
Ry, wR, (all data) 0.0482/0.1096 0.0606/0. 1489 0.0670/0. 1675 0.0665/0.1457 0.0409/0.0833
Ap(max./min.)/e AZ 1.590/-1.560 1.994/-1.892 2.985/-2.376 1.910/-1.494 1.238/-1.505
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The 3D structure of complex 1 is complicated. Firstly, each
Cu(II) ion connects four 3,4-pdc ligands and each 3,4-pdc ligand
bridges two Cu(Il) ions, forming an extended irregular (4,4)-
connected 2D plane, which is composed by asymmetric unit

s [Cusz(3,4-pdc)s(H,0)3] (Fig. 2a). Eu(H,0)s (for Eul) and
Eu(H,0), (for Eu2) spacers lay between the layers, while only
Eu(H,0), acting as pillars to further construct the 3D infinite
structure (Fig. 2b). In total, Eul ion is linked to four Cu(II) ions
(two Cul, one Cu2 and one Cu3) through 3,4-pdc ligands; Eu2

10 linked to six Cu(Il) ions (one Cul, two Cu2 and three Cu3); while
every Cu(Il) ion is linked to four adjacent Cu(Il) ions and three
(for Cul), three (for Cu2) or four (for Cu3) Eu(IIl) ions, in which
the different Eu---Cu and Cu---Cu distances are list in table 2.
Simplifying 3,4-pdc ligands as nodes, the connecting mode of

1s metal ions are shown in Fig 2¢ and 2d.

Table 2 Eu---Cu and Cu---Cu separation bridged via 3,4-pdc (A)

For Eul

Eu(1) ---Cu(1) 7.670(2) Eu(1) ---Cu(1)#1 7.746(2)
Eu(1) ---Cu(2) 6.747(1) Eu(1) ---Cu(3)#2 6.816(1)
For Eu2

Eu(2) ---Cu(1)#3 6.909(1) Eu(2) ---Cu(2) 6.945(2)
Eu(2) ---Cu(2)#4 6.933(1) Eu(2) ---Cu(3) 8.598(1)
Eu(2) ---Cu(3)#5 7.706(2) Eu(2) ---Cu(3)#4 7.706(2)
For Cu'--Cu

Cu(1) ---Cu(2) 8.909(2) Cu(l) ---Cu(2#3 8.783(2)
Cu(1) ---Cu(3)#2 8.863(2) Cu(1) ---Cu(2)#6 8.972(2)
Cu(2) ---Cu(3) 8.873(2) Cu(2) ---Cu(3)#6 8.911(2)

Symmetry transformations used to generate equivalent atoms for 1: #1 x-
1,y, z; #2 -x+3/2, y-1/2, -z+1/2; #3 -x+2, -y, -z+1; #4 x+1/2, -y+1/2,
20 z+H1/2; #5 x-1/2, -y+1/2, z+1/2; #6 -x+5/2, y-1/2, -z+1/2.

A Dbetter insight into the nature of this intricate framework can
be achieved by the application of a topological approach, i.e.
reducing multidimensional structures to simple nodes and
connection nets. If we select metal ions as nodes, this 3D
»s architecture can be simplified as a 5-nodal (4,6,7,7,8)-connected
net with Schlifli symbol of (3*4%)(3%-4%5%6%)(3%4°5%6°%)
(3%4%.5%.6%)(4'%.6'%.8" based on the analysis with TOPOS 4.0
(Fig. S3),'"" which has not been reported as far as we know. If
treating the [Eu;Cu,] units as individual nodes, this network can
30 be considered as an 8-connected (also see Fig. 2c and Fig. 2d)
hex hexagonal primitive topology with a Schlidfli symbol of
(3%.4'8.5%.6) (Figure 2e), which is also be analysized using
TOPOS 4.0. Indeed, the metal-organic frameworks based on nets
with coordination numbers >8 are rare '? and very few cases have

3s been found with this topological notation.'?
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Fig. 3 The cross section of the nanotube for 1, which shows 56MRs.

Interestingly, the view along the « axis (Fig. 2 and Fig S3,
ESIf) shows S-shape channels and smaller hexagonal

40 channels, which are filled with a mass of guest water
molecules. As shown in Fig. 3, the dimensions of nanotube
which encircle S-shape channel is about 19.5x16.9 A
(calculated between opposite metal atoms), showing a 56-
member ring (S6MR) comprising 2 Eu, 6 Cu, 32 C, 4 N and

45 12 O atoms (C, N and O come from eight 3,4-pdc). To the best
of our knowledge, S6MR have not been previously reported. In
addition, two opposite Eu(H,0)s moieties extend into the void
surrounded by 56MR, forming S-shape channel. The PLATON™
program reveals that the voids in complex 1 occupy 40.9%

so of the crystal volume (after the removal of the guest water
molecules).

Complexes 2 and 3 posses the similar topology structure and
channel with 1, in which the voids occupy 40.9% and 41.6% of
the crystal volume, respectively. S-shape channels and smaller

ss hexagonal channels are all filled with a mass of guest water
molecules as shown in Fig. S5 for complex 2. The Ln-O
distance decreases with increasing lanthanide atomic number
(Eu-0 2.415(2)-2.544(2) A, Gd-O 2.409(2)-2.541(2) A and Tb-
0 2.334(2) —2.527(2) A), which is interpreted as a result of the

s lanthanide contraction. As a result, the cell volume of the latter
complex is slightly smaller than the former.

Crystal Structures of [[HoCu(3,4-pdc),(OAc)(H,0);3]-8H,O
(4) and [ErCu(3,4-pdc),(OAc)(H,0);]-8H,0(5)

65 Fig. 4 Local coordination environments of Ho(lll) and Cu(ll) ions in
complex 4 (hydrogen atoms are omitted for clarity).

The crystal structures of complexes 4 and 5 are isostructural,
so 4 is chosen as a representative from two lanthanide
compounds. The crystal structure of complex 4, as depicted in Fig.

704, is built up with asymmetric unit [HoCu(3,4-
pdc),(OAc)(H,0);]-8H,0, which consists of nine-coordinated
Ho(III) unit and five-coordinated Cu(Il) unit. The Ho(III) ion is
in a distorted tricapped trigonal prismatic coordination
environment with a HoOg core: four coordinated oxygen atoms

7s derived from two 3,4-pdc ligands, three coordinated oxygen
atoms from two acetate ligands and two oxygen atoms of
coordinated water molecules. The Cu(Il) ion is pentacoordinate in
a square pyramidal coordination environment (trigonality factor
1=(a-B)/60= 0.05, where o = 177.4(2)° and B = 174.4(2)°), in
so which the equatorial plane was occupied by two N atoms (N1,
N2) and two O atoms (O3A, O7B; #A = 1-x, -1/2 +y, 1/2— z, #B
=—x,—1/2 +y, 1/2 — z) from four different 3,4-pdc ligands, and
the axial position was occupied by one oxygen atom (OS5) from
coordinated water molecule. Due to the Jahn-Teller effect, the
ss axial Cul-O5 distance (2.301(7) A) is larger than the other Cu-O

4 | Journal Name, [year], [vol], 00—00
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distance (1.981(5) and 1.997(5) A). Both of 3,4-pdc ligands adopt
a quadridentate chelating-bridging mode to chelate one Ho(III)
ion and link two Cu(Il) ions (Mode I in chart 1). Acetate ligand
adopts p3-1pmm; chelating-bridging mode to link two Ho(III)

s ions, which use two O donor to chelate one Ho(III) ion and also
employ its one oxygen atom to link another Ho(Ill) ion. The
Ho---Ho distance is 4.117(1) A; the Ho---Cu distances are
7.982(2) and 7.255(2) A; the Cu---Cu distances are 8.958(2) and
8.840(2) A, respectively.
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Fig. 5 (a) 2D network constructed by [Cu(3,4-pdc),(H,0)] in 4 viewed
along the c axis, (b) 3D framework viewed along the b axis, yellow
polyhedrons represent Ho(lll) ions which act as pillars.

15 Similar to complex 1, Cu(Il) ion, which bridged by four 3,4-
pdc ligands, could act as 4-connected node, resulting in wavelike
(4,4)-connected 2D plane, which is composed by unit [Cu(3,4-
pdc)>(H,0)] (Fig. 5a). The planes packing along the ¢ axis are
further linked by dinuclear Ho(IIl) units to result in a 3D

20 coordination framework (Fig. 5b). The resulting 3D framework
bears two types of thomboid channels viewed along the a and b
axes, which are all filled with lattice water molecules (Fig.
S6, ESTY).

@Ho
e ©Cu
0

25
Fig. 6 Cross sections of the potentially porous channels along the a axis
(a) and b axis (b) for 4.

Cross sections (Fig. 6) shows that potentially porous
channels along a and b axes are all encircled by 4 Eu, 2 Cu, 2
30 acetate and four 3,4-pdc (dimensions of nanotubes are about
162 x 9.3 and 11.7 x 8.4 A, calculated between opposite metal
atoms). The difference is that neighbouring Ho(III) and
Cu(Il) ions are linked through NC,(COO) spacer of 3,4-pdc
around the former channel, while in the latter neighbouring
3s Ho(II) and Cu(Il) are linked through C,(COO), spacer of
3,4-pdc. The void volumes of the channels without the guest
molecules, calculated by PLATON, are 34.4% for 4 and
32.8% for 5, respectively.

Fig. 7 (a) View showing that the binuclear Ho(lll) unit can be simplified
to a eight-connected node, (b) Schematic representation of the fluorite
(4".6'2.8% (4%, topology in 4.

To get further insight into the structure of 4, a topological

45 analysis of this 3D framework was performed. As shown in Fig.
7, one dinuclear Ho(IIT) unit is surrounded by four 3,4-pdc, two
acetate anions and four aqua ligands, which connects eight Cu(II)
ions. Therefore, we could defines the bimetallic Ho(III) unit as a
eight-connected node. Likewise, although a Cu(Il) ion connects
so eight Ho(III) ions through 3,4-pdc ligands, it actually serves as a
four-connected node because two holmium metal atoms bridged
by 3,4-pdc constitute a bimetallic core and should be considered
as one. As discussed above, the structure of complex 4 is binodal

This journal is © The Royal Society of Chemistry [year]
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with eight-connected (dinuclear Ho(III) unit) and four-connected

(Cu(Il) ion) nodes. The framework can be rationalized by

considering the shortest circuits starting and ending at dinuclear

Ho(IIT) unit and Cu(Il) ion, leading to the formation of a fluorite
s (4'2.6'2.8%) (4%, topology.

Powder X-ray diffraction and thermal gravimetric analyses

Powder X-ray diffraction (PXRD) analyses were performed on
crystalline powders of 1-5. The experimental PXRD patterns are
consistent with the corresponding simulated ones from the
singlecrystal data, which confirms the phase purity of the
products (Fig. S7 and S8, ESIt). For complexes 2-5, simulated
PXRD patterns were got from singlecrystal data containing all the
crystalline water molecules by the MERCURY software. For
complex 1, the scattering from the highly disordered solvent
1s molecules was removed from singlecrystal data, while the
simulated PXRD patterns of isomorphous complexes 1-3 are all
very similar.

To examine the thermal stability and dehydration properties of
these potentially microporous MOFs, thermal gravimetric
analysis (TGA) were measured on crystalline samples of 1-5
under nitrogen atmosphere from room temperature to 750 C
(Fig. S9, ESIt). Complexes 1-3 showed similar TGA curves,
while 4 and 5 showed similar curves, so complexes 1 and 4 are
employed as representatives. The TGA curves indicate that the
lattice and coordinated water molecules are removed in a single
step in the temperature range 65-180 ‘C  (found, 29.1%;
calculated, 29.2%) for polymer 1 and 70-195°C (found, 23.8%;
calculated, 24.4%) for polymer 4, respectively. The weight loss
above 305 C (for 1) and 295 °C (for 4) is sharp, indicating the
decomposition of organic ligands. After decomposition of
complexes at high temperature, the weight of residue are
responded to Eu,O3-3CuO for 1 (found 28.3%; calcd 28.1%) and
1/2H0,05-CuO for 4 (found 33.1%; calcd 32.9%), respectively.
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Fig. 8 Solid-state photoluminescence spectra of complexes 1 and 3 at
room temperature.

The ultraviolet and visible spectra of complexes 1-5 show strong
absorption signals at 270 nm, which may be attributed to
40 electronic transition of the ligand itself. The photo luminescence
properties of solid samples of ligand and complexes were
investigated. The free 3,4-pdcH, ligand presents a weak
fluorescence band with a maximum at 338 nm under excitation at
4 =270 nm, which could be attributed to the n=—n* intraligand

45 fluorescence. Complexes 1, 3, 4 and 5 emit moderately intense
luminescence bands with a maximum at about 365 nm, upon
irradiation with a wavelength of 270 nm (see Fig. S10, ESIt),
which originate from intraligand n—n* transition of typically
conjugated organic system, but is red-shift to the near visible

so region. The enhancement of luminescence may be ascribed to a

ligand chelating to the lanthanide center, which effectively

increases the rigidity of the ligand and reduces the loss of energy
by radiationless decay. '°

Complex 1 shows strong emission when excited with 271 nm

radiation and the five characteristic emission bands in visible
region can be seen from the emitting spectrum of 1. The most
intense band at 618 nm is assigned to a SDy—"F, f-f transition,
while the four relatively weak bands at 580, 593,652 and 699 nm
are assigned to SDy—"Fy, “Dy—'F;, Dy—'F; and *Dy—'F,
transitions, respectively (Fig. 8). The intensity radio of electric
dipole SDy—F, transition to dipole SDy—F, magnetic transition
is 4.0, showing that symmetry of coordination environment of
Eu(Ill) ions is low,'® which is in agreement with the crystal
structure analysis that the Eu(IIl) locates at the asymmetric
coordination field. The appearance of the symmetry-forbidden
emission *Dy—'F; at 580 nm also indicates that Eu(III) ions in 1
possess the noncentrosymmetric coordination environment. The
luminescence spectrum of complex 3 shows the characteristic
emission of Tb(IIl) ion in the visible region with maximum
wavelengths of 485, 545, 585 and 621 nm, respectively, which
are attributed to °D,—'Fs, °D,—'Fs, *D;—'F, and *D,—'F;
transitions of Tb(IIl) ion, respectively. This luminescent
phenomenon was also observed in other reported terbium
complexes.'” D;—'Fs is the most intense transition showing
strong green light, which has the largest probability for both
electric-dipole and magnetic-dipole induced transitions.
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Magnetic properties

Variable-temperature magnetic susceptibility data at the magnetic
field of 1000 Oe in the temperature of 1.8-300 K were collected
for complexes 1-5.

Fig. 9 shows the temperature dependence of the y,, and yy,T
curves for complex 1. At 300 K, the y,,T value of 1 is 3.94 cm® K
mol™!, which is much larger than the calculated value of 1.125
em’® K mol™ expected for three independent Cu(II) ion and two
independent ground-state Eu(IIT) ions (J=0, S =3, L =3, "F,, 0
em’® K mol ™). The disagreement should be ascribed the presence
of thermally populated excited states, as is well-known for Eu(III)
complexes (the expected value 1.5 cm® K mol™ for one Eu(III) ion
calculated by Van Vleck at 293 K).'"® There is a continuous
decrease in the values of y,,T as the temperature is lowered from
300 to 12 K, at which the y,,7 product reaches a minimum value
of 1.69 cm® K mol™. It should be attributed to the depopulation of
the levels with nonzero J values. Upon further lowering the
temperature, y),T increases dramatically to reach a value of 2.42
en® K mol™ at 1.8 K. The 1/y,, data above 100 K obey the Curie—
Weiss law [y = C/AT-0) with C = 5.56 cm® K mol', § = -114.8 K]
(Fig. S11, ESIY). The large negative Weiss constant may reveal
the antiferromagnetic couplings within the molecule.

Obviously, a strictly theoretical treatment of magnetic
properties for such a complicated 3D system cannot be carried
out. However, to obtain a rough quantitative estimate of the
magnetic interaction parameters between paramagnetic species,
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we assume that the total magnetic susceptibility . is given by
the sum of the isolated Cu(II) and Eu(IIl) ions. The temperature
dependence of the y,, can be reproduced by eq. 1, 2 and 3, which
take into account the seven states 'Fo, 'Fy, 'Fa, 'Fs, 'F4, 'Fs and
s 'F¢ generated by the interelectronic repulsion and spin-orbit
coupling. ' N, 3, k and g have their usual meaning and / is the
spin-orbit coupling parameter. Then the zJ” parameter based on
the molecular field approximation is introduced (eq. 4) to roughly
simulate the magnetic interactions between the paramagnetic

10 species, 1820
N 2 2
Xcu = giﬁ (1)
4kT
2
ZEu Np [24+(13.5x—1.5)e ™ +(67.5x—2.5)e " +(189x—3.5)e

T3k
+(405x —4.5)e 710" 4 (742.5x = 5.5)e 1" + (1228.5-6.5)e 2 /[1+3e 7 +5¢73F

+7e7% +9e710 4 11e 7 +13¢ 7]

where x = A/kT 2)
Ztat :2/?./Eu +3ZC14 (3)
5 07 Xion 1120 %10/ NG B “4)

The best fitting for the experimental data gives 1 = 226 cm’,
zJ’ =129 cm’, go, = 2.09. The agreement factor R = Y(Fopsd-
Zeactd) ! Z(Hovsa)® 18 1.06x10°. The obtained A = 226 cm is
close to those reported previously,'®*' which could be

2 comparable to the value (263 cm™') deduced from the energy
difference between the ground state 'F, and the lowest-lying split
component of 'F; caused by the crystal field perturbation.

1.0 T T T T T T T 5

0.8

-1

3

Z,\em’® mol”
.
~
1yT'em” K mol

0.2

0.0

T T T T T T
0 50 100 150 200 250 300
TIK

Fig. 9 Temperature dependence of yu (0) andyuT (V) for 1, the solid line
25 represents the best fit curve based on the equations indicated in the
text.

The value of y,, T of 2 at 300 K is 17.17 cm® K mol”', which is
slightly higher than the expected value of 16.885 cm® K mol™ for
two isolated Gd(III) ions in the °F;, ground state with an

% isotropic g value of 2.00 (C = 7.88 cm’ K mol") and three
isolated Cu(Il) ions (S =1/2, g = 2.0, C = 0.375 cm’ K mol™).
While the temperature decreases, the y,,I" value remains roughly
constant down to 50 K and then it increases and reaches
maximum of 17.90 e¢m® K mol”' (Fig. 10). The fitting of

35 experimental data with a Curie-Weiss law leads to C = 17.13 cm®
K mol ™ and = 0.20 K (Fig. S12, ESIt). The Gd(III) ion, with an
8F.,» single-ion (f') ground state, does not possess a first-order

orbital moment. So, the contributions of the orbital angular
momentum do not need to be taken into consideration. The
40 increase of y,,T values on cooling and the existence of a positive
6 value indicate the presence of weak ferromagnetic interaction
between Gd(III) and Cu(II) ions in the complex.?
At room temperature, the ;T product of 3 (Fig. 10) is 25.3
em’® K mol™, in good agreement with the expected value of 24.8
4s cm® K mol™ for 3 Cu(II) (C = 0.375 cm® K mol™) and 2 Tb(III) (S
=3,L=3,"F, g=3/2,C=11.815 cm’ K mol™). Upon lowering
of the temperature, the y;,7 product is roughly constant down to
100 K before exhibiting a slow increase, reaching a maximum of
28.4 cm® K mol™ at around 15 K, then decreasing to a minimum
s0 value of 27.4 cm® K mol™ at 1.8 K. The profile of the y,,7 vs T
curve is strongly suggestive of the occurrence of two competitive
phenomena. The decrease of y,,T on lowering the temperature in
the low-temperature region is most probably governed by the
depopulation of the Tb Stark levels, while the increase of y,,T at
ss higher temperature may be attributed to a ferromagnetic
interaction between Cu(II) and Tb(III). > The plot of 1/x,, versus
T over the whole temperature range obeys the Curie-Weiss law
with C = 24.99.23 cm’ K mol™ and 6 = 2.06 K. The C value is
comparable with the two Tb(IIl) and three Cu(Il) ions with
6 noninteraction, and the 6 wvalue indicates that magnetic
interactions between metal ions are very weak. We can not find
an accurate fit of the magnetic data for this system.

30 = 2(Gd)
\ e 3(Tb)
25 4 (Ho)
v 5(En)
S 20
E | -
z':E 15<
o
FE
210

—

T T T T T T
0 50 100 150 200 250 300
T/IK

Fig. 10 The plots of ymT versus T for 2(l), 3(®), 4(A) and 5(V).

6s  Although complexes 1-3 are isomorphous, they displays
different magnetic behaviors, which mainly arises from the
intrinsic natures of different lanthanide ions. Due to the long
distance and lack of any important magnetic pathway through
pyridine carboxylate ligand, magnetic interactions between

70 adjacent metal ions will be rather weak. The large and different
magnetic anisotropy, and complicated Stark energy levels of
lanthanide ions from the splitting of individual *"/L, states,
should be responsible for the significant differences of magnetic
behaviors in these complexes.

s At 300 K, the y,,T product is 13.38 (for 4) and 11.26 (for 5)
em’® K mol™ (Fig. 10), respectively, which are all slightly smaller
than the expected value for one Cu(Il) ion and one Ln(III) ions
(Ho: °Is, g = 5/4, C = 14.06 cm*K mol™"; Er: *Fysp, g = 6/5, 11.5
em® K mol™). For 4, as the temperature is lowered, the y,,T value

s0 decreases steadily beyond 50 K, and then decreases in a more
abrupt manner, reaching a minimum value of 9.49 cm® K mol ™ at
1.8 K. For 5, the y),T value remains almost unchanged between
300 and 100 K. As temperature further decreases, y; T value

This journal is © The Royal Society of Chemistry [year]
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markedly reduces to 6.21 cnm’® K mol™ at 1.8 K. The magnetic
behavior in the whole temperature range for two complexes obey
the Curie—Weiss law (For 4: C =13.43 em’K mol™, 6= -457K;
For 5: C = 11.41 cm® K mol™, 6 = -6.09 K). However, although
the y,,T product decreases and the values of Weiss constant are
negative, it is not possible to be sure that this behavior is
associated with antiferromagnetic interactions within these
complexes due to the presence of strong spin-orbital coupling
effects in these Ln(III) ions.

Conclusions

In conclusion, five new potentially microporous 3d-4f
MOFs assembled by 3,4-pdc were synthesized, in which
introduction of auxiliary acetate ligand and different Ln ions
resulted in different topology network. Two series of Cu—Ln
polymers were constructed with similar (4,4)-connected 2D
Cu sheets and different pillared Ln(III) units, showing hex
hexagonal primitive and fluorite topological structures with
different channels which are filled by a mass of solvent
molecules. Complexes 1 and 3 display strong characteristic
emission in the visible region. Magnetic properties of
complexes are very different, though the metal magnetic
centers are located in the same coordination environment.
These results show 3,4-pdc ligands are suitable for
constructing of heterometallic frameworks with interesting
structures and properties, and these polymers may have
potential application in luminescent materials. The 3,4-pdc
ligand with various coordination modes combining with
other auxiliary ligands can potentially be utilized to
constructing MOFs with pores and other
functionalities, and corresponding work is currently
underway in our laboratory.

novel

Experimental
Materials and physical measurements

All of the reagents and solvents employed were commercially
available and used directly without further purification. Analyses
for C, H and N were carried out on a Perkin-Elmer 240 elemental
analyzer. Infrared spectroscopy on KBr pellets was executed on a
Bio-Rad FTS 135 spectrometer in the 4000-400 cm™' regions.
The  as-synthesized samples were characterized by
thermogravimetric ~ analysis (TGA) on a Perkin-Elmer
thermogravimetric analyzer Pyrisl TGA up to 1023 K using a
heating rate of 10 K min' under N, atmosphere. The powder X-
ray diffraction (PXRD) patterns were measured using a Bruker
D8 Advance powder diffractometer at 40 kV, 40 mA for Cu Ka
radiation (A = 1.5418 A). The spectra of fluorescence were
measured by MPF-4 fluorescence spectrophotometer with a
xenon arc lamp as the light source. Variable-temperature
magnetic susceptibilities were measured on a Quantum Design
MPMS-7 SQUID magnetometer using an applied magnetic field
of 1000 Oe.

Syntheses of the complexes

The same procedure was employed in the preparation of all
heterometallic coordination polymers. In a big test tube, a
mixture of Cu(NO;),-3H,0 (0.2 mmol) and 0.2 mmol lanthanide

S

a

S

a

S

&

S

a

S

ss salt (Eu(NOs);-6H,0, 90mg for 1; Gd(NOj3);-6H,0, 92mg for 2;

Tb(NO3);-6H,0, 91mg for 3; Ho(CH;COOH);-H,0, 72mg for 4;
Er(CH;COOH);-4H,0, 83mg for 5) in 25 mL aqueous solution
was layered carefully with water-methanol mixed solvent (15
mL, in 1:1 volume ratio) and then layered wih a methanol
solution (25 ml) of 3,4-pdcH, (0.4 mmol) and triethylamine (0.4
mmol). The tube was sealed and left undisturbed at room
temperature. Blue block crystals suitable for X-ray analysis were
obtained after one week, which were collected by filtration,
washed with ethyl ether and dried in air. The yields are ca. 14%
(1), 21% (2), 15% (3), 19% (4) and 25% (5) based on lanthanide
salt. Elemental analysis (%) calcd for 1 (C4,HggCuszEu,NgOsg): C,
24.05; H, 4.13; N, 4.01; found: C 23.70, H 4.30, N 3.82. Calcd
for 2 (C42H86CU3Gd2N6058): C 2393, H 4. 11, N 399, found: C
2363, H 422, N 3.94. Calcd for 3 (C47H90CU3Tb2N6056_5): C
26.24, H 4.22, N 3.91; found: C 26.65, H 4.27, N 3.95. Calcd for
4 (C¢H;3,CuHoN,0,)): C 23.55, H 3.83, N 3.43; found: C 23.82,
H 3.77, N 3.50. Calcd for 5 (C;sH3;CuErN,0,,): C 23.49, H 3.82,
N 3.42; found: C 23.31, H 4.01, N 3.64. IR spectra (KBr, em™):
complex 1: 3445 (s, br), 1625 (s), 1520 (s), 1449 (m), 1399(m),
1350 (m), 1270 (m), 1189 (m), 1090 (m), 870 (m), 774 (m), 534
(m); complex 2: 3450 (s, br), 1630 (s), 1520 (s), 1450 (m), 1400
(m), 1352 (m), 1268 (m), 1190 (m), 1090 (m), 875 (m), 775 (m),
530 (m); complex 3: 3445 (s, br), 1630 (s), 1525 (s), 1447 (m),
1398(m), 1349 (m), 1267 (m), 1188 (m), 1088 (m), 872 (m), 775
(m), 535 (m); complex 4: 3480 (s, br), 1645 (m), 1602 (s), 1510
(s), 1392(m), 1359 (m), 1281 (m), 1188 (m), 1158 (m), 1110 (m),
1085 (m), 870 (m), 774 (m); complex 5: 3472 (s, br), 1640 (m),
1600 (s), 1510 (s), 1395(m), 1360 (m), 1280 (m), 1186 (m), 1160
(m), 1112 (m), 1083 (m), 870 (m), 775 (m).

X-ray crystallography

Diffraction data for 1-5 were collected at 113(2) K with a Rigaku
Saturn CCD diffractomer equipped with graphite monochromated
Mo-K,, radiation by using the w-scan technique. The Data were
processed using CrystalClear software® and corrected for Lorentz
and polarization effects. Absorption corrections were applied by
using a multiscan program. The structures were solved by direct
methods and refined by full-matrix least squares based on /2
using the SHELXTL program package. > Non-hydrogen atoms
were subjected to anisotropic refinement. Hydrogen atoms were
assigned with common isotropic displacement factors. Hydrogen
atoms were included at geometrically calculated positions and
refined using a riding model except those bonded to the oxygen
atoms in water molecules, which were located on a different
Fourier map. In 1, the highly disordered solvent molecules could
not be satisfactorily modeled. To resolve these issues, the
contribution of the electron density by the remaining water
molecule was removed by the SQUEEZE routine in PLATON. "
Number of solvent water molecules in 1 was obtained by element
analysis and TGA. The crystallographic data and refinement
parameters of 1-5 are listed in Table 1. Selected bond lengths and
angles are listed in Table S1, ESL.{
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