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Six new 3d-4f heterometallic coordination polymers, {[Ln4Cu2(INAIP)8(H2O)15]·14H2O}n [Ln ¼ La (1), Pr (2), Nd (3)] and

{[LnCo0.5(INAIP)2(H2O)2]·2H2O}n [Ln ¼ Tb (4), Dy (5), Yb (6), H2INAIP ¼ 5-(isonicotinamido)isophthalic acid] have

been synthesised and characterised by single crystal X-ray diffraction analysis. The results of structural analyses showed that

1–3 are isomorphous showing two-fold interpenetrated three-dimensional (3D) coordination framework, while 4–6 have

the same non-interpenetrated 3D structure with 2D (4, 4) lanthanide-carboxylate layers. The results revealed that the

different transition metal centres have great influence on the structures of the resulted complexes in this system. In addition,

thermogravimetric and magnetic properties of 1–6, and photoluminescence of 4 were investigated.

Keywords: heterometallic coordination polymers; magnetic property; photoluminescence property

Introduction

The rational design and synthesis of multidimensional

metal-organic hybrid-extended frameworks are currently

of great interest, which is justified not only by the

fascinating structural diversity of the architectures but also

by the potential applications of these compounds as

functional materials (1–8). Furthermore, the synthesis and

study of 3d-4f or 4d-4f heterometallic complexes are a

challenge for chemists and have attracted increasing

attention in last few years (9–20) because the competitive

reaction containing 3d/4d-4f metal ions in conjunction with

ligands may result in the formation of a mixture of

homometallic assemblies rather than a heterometallic

analogue. It has been reported that the lanthanide (4f) ions

behave as hard acids and prefer to bind hard donors such as

carboxylate oxygen, while d-block metal ions have a

tendency to coordinate with N-donor ligands. Therefore, an

appropriate approach towards the construction of 3d-4f or

4d-4f heterometallic frameworks is the reaction of a

mixture of 3d or 4d and 4f metal salts with proper ligands

containing both oxygen and nitrogen donors, such as

nicotinic acid, pyridine-2,6-dicarboxylic acid and isonico-

tinic acid (21–32). Based on this approach, in this work, we

use compound 5-(isonicotinamido)isophthalic acid

(H2INAIP) as a bridging ligand and potential linker

between lanthanide(III) and transition metal(II) centres.

Herein, we report the syntheses, crystal structures,

luminescent and magnetic properties of two series of

Ln(III)–M(II) complexes, namely {[Ln4Cu2(INAIP)8

(H2O)15]·14H2O}n [Ln ¼ La (1), Pr (2), Nd (3)] and

{[LnCo0.5(INAIP)2(H2O)2]·2H2O}n [Ln ¼ Tb (4), Dy (5),

Yb (6)].

Experimental

All commercially available solvents and starting materials

were used as received without further purification. Ligand

H2INAIP was prepared as reported previously (33). FT-IR

spectra were recorded on a Bruker Vector22 FT-IR

spectrophotometer using KBr discs. Elemental analyses

for C, H and N were taken on a Perkin-Elmer 240C

elemental analyser at the Analysis Center of Nanjing

University. The magnetic susceptibilities in the temperature

range of 1.8–300 K were measured on a Quantum Design

MPMS7 SQUID magnetometer in a field of 2000 Oe.

Diamagnetic corrections were made with Pascal’s constants

for all samples. Thermogravimetric analyses (TGAs) were

performed on a TGA V5.1A Dupont 2100 instrument

heating from room temperature to 7008C under N2 with a

heating rate of 208C/min. The luminescent spectra for the

solid powdered samples were recorded at room temperature

on an Aminco-Bowman Series 2 spectrophotometer with

xenon arc lamp as the light source. In the measurements of

the emission and excitation spectra, the pass width was

5.0 nm. All the measurements were carried out under the

same conditions. Power X-ray diffraction patterns were
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measured on a Shimadzu XRD-6000 X-ray diffractometer

with Cu Ka (l ¼ 1.5418 Å) radiation at room temperature.

Preparation of {[Ln4Cu2(INAIP)8(H2O)15]·14H2O}n
[Ln 5 La (1), Pr (2), Nd (3)]

A mixture of H2INAIP (28.0 mg, 0.10 mmol), 0.05 mmol

Ln(NO3)3·6H2O [22.0 mg (1), 22.0 mg (2), 22.5 mg (3)],

Cu(OAc)2·H2O (11.1 mg, 0.05 mmol), NaOH (8.0 mg,

0.20 mmol), H2O (8 ml) was kept in a 15-ml Teflon liner

autoclave at 1408C for 3 days. After the reaction mixture

was cooled to room temperature, blue platelet crystals of

the complex were collected. For 1, yield: 23% based on La.

Anal. calcd for C112H112Cu2N16La4O69: C, 38.63; H, 3.22;

N, 6.44%. Found: C, 38.68; H, 3.29; N, 6.41%. IR (KBr

pellet, cm21): 3440 (m), 1681 (s), 1612 (m), 1554 (s), 1432

(m), 1379 (s), 1281 (m), 890 (m), 784 (m), 734 (s), 668 (w),

599 (w). For 2, yield: 16% based on Pr. Anal. calcd for

C112H112Cu2N16Pr4O69: C, 38.54; H, 3.21; N, 6.42%.

Found: C, 38.59; H, 3.27; N, 6.35%. IR (KBr pellet, cm21):

3441 (m), 1678 (s), 1611 (m), 1550 (s), 1432 (m), 1380 (s),

1282 (m), 890 (m), 786 (m), 774 (s), 669 (w), 599 (w). For

3, yield: 15% based on Nd. Anal. calcd for C112H112Cu2N16

Nd4O69: C, 38.39; H, 3.19; N, 6.39%. Found: C, 38.42; H,

3.24; N, 6.31%. IR (KBr pellet, cm21): 3445 (m), 1676 (s),

1617 (m), 1549 (s), 1427 (m), 1377 (s), 1287 (m), 888 (m),

788 (w), 788 (m), 719 (w), 598 (w).

Preparation of {[LnCo0.5(INAIP)2(H2O)2]·2H2O}n
[Ln 5 Tb (4), Dy (5), Yb (6)]

Complexes 4–6 were synthesised by the same procedure

used for preparation of 1–3, using 0.05 mmol Ln(NO3)3·6-

H2O [23.0 mg (4), 23.5 mg (5), 25.1 mg (6)] and

Co(OAc)2·4H2O (13.1 mg, 0.05 mmol). After cooling to

room temperature, pink block crystals of complex were

collected. For 4, yield: 24% based on Tb. Anal. calcd for

C56H48CoN8TbO28: C, 40.54; H, 2.89; N, 6.75%. Found: C,

40.64; H, 2.81; N, 6.79%. IR (KBr pellet, cm21): 3444 (s),

1677 (m), 1617 (m), 1548 (s), 1426 (m), 1376 (s), 1288 (m),

887 (w), 788 (w), 720 (m), 599 (w). For 5, yield: 26% based

on Dy. Anal. calcd for C56H48CoN8DyO28: C, 40.36; H,

2.88; N 6.73%. Found: C, 40.43; H, 2.82; N 6.81%. IR (KBr

pellet, cm21): 3447 (s), 1675 (m), 1616 (m), 1549 (s), 1426

(m), 1376 (s), 1287 (m), 887 (w), 788 (w), 718 (m), 598 (w).

For 6, yield: 14% based on Yb. Anal. calcd for

C56H48CoN8YbO28: C, 39.85; H, 2.84; N, 6.64%. Found:

C, 39.89; H, 2.77; N, 6.71%. IR (KBr pellet, cm21): 3446

(s), 1677 (m), 1617 (m), 1549 (s), 1426 (m), 1376 (s), 1288

(m), 887 (w), 789 (w), 719 (m), 599 (w).

Crystal structure determination

Crystallographic data collections for complexes 1–3 were

carried out on a Rigaku RAXIS-RAPID Imaging Plate

diffractometer at 200 K, using graphite-monochromated

Mo-Ka radiation (l ¼ 0.71075 Å). The structures were

solved by direct methods using SHELXS-97 (34) and

expanded using Fourier techniques (35). All the non-

hydrogen atoms were refined anisotropically on F 2 by

full-matrix least-squares method. All the hydrogen atoms

except those of water molecules were generated

geometrically and refined isotropically using the riding

model. Each disordered atom of O12, O13, O812 and

O813 in 1 has the site occupancy factors of 0.5, while the

ones of O751 and O753 have 0.469(12) and 0.531(12),

O804 and O805 have 0.692(19) and 0.308(19) in 1,

respectively. O12, O14, O551, O553, O51, O51B, O815

and O816 in 2 disordered with site occupancy of 0.5,

O813 and O814 have 0.26(2) and 0.74(2). In 3, O11, O14,

O813 and O814 have the site occupancy of 0.5, O51

and O51B have 0.508(11) and 0.492(11), O351, O353,

O815 and O816 have the site occupancy of 0.49(7),

0.51(7), 0.29(3) and 0.71(3), respectively. Crystallo-

graphic data of 4–6 were collected at 293 K on a Bruker

SMART CCD system equipped with graphite-monochro-

mated Mo-Ka radiation (l ¼ 0.71073 Å) using the v-w

scan technique. The data integration and empirical

absorption corrections were carried out by SAINT

programs (36). The structures were solved by direct

methods using SHELXS-97 (34). All the non-hydrogen

atoms were refined anisotropically on F 2 by full-matrix

least-squares technique (SHELXL-97) (37). All the

hydrogen atoms except those of water molecules were

generated geometrically and refined isotropically using the

riding model, while those of water molecules in 4–6 were

found directly. Details of the crystal parameters, data

collection and refinements for 1–6 are summarised in

Table 1. Selected bond lengths and angles for 1–6 are

listed in Table S1. CCDC 779436, 779437, 779438,

779439, 779440 and 779441 contain the supplementary

crystallographic data for 1–6. These data can be obtained

free of charge via http://www.ccdc.cam.ac.uk/conts/

retrieving.html, or from the Cambridge Crystallographic

Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;

Fax (þ44) 1223-336-033; or E-mail: deposit@

ccdc.cam.ac.uk.

Results and discussion

Crystal structures of
{[Ln4Cu2(INAIP)8(H2O)15]·14H2O}n [Ln 5 La (1), Pr
(2), Nd (3)]

The results of X-ray diffraction analyses indicate that

complexes 1–3 are isomorphous and have two-fold

interpenetrated three-dimensional (3D) framework,

accordingly, the structure of 1 is described representatively

here in detail. The asymmetric unit of 1 contains three

Cu(II) atoms, two of which locate on special positions, 4
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La(III), 8 INAIP22 ligands, 15 coordinated (Figure 1(a))

and 14 non-coordinated water molecules. Cu1 and Cu2

have similar N2O3 coordination environment with

distorted square-pyramidal coordination geometry, while

Cu3 has slightly distorted square planar one. For example,

Cu1 involves a N2O2 equatorial plane comprising two

oxygen atoms from two coordinated water molecules and

two nitrogen atoms from two INAIP22 ligands with

normal CuZO and CuZN bond lengths varying from

1.967(6) to 2.010(6) Å (Table S1), and an axial position

occupied by another coordinated water molecule with

CuZO bond length of 2.356(10) Å which is longer than

those in equatorial plane due to the Jahn–Teller effect of

Cu(II). On the other hand, each La(III) atom is nine-

coordinated with distorted tricapped trigonal prism

coordination geometry by seven carboxylate oxygen

atoms from five different INAIP22 ligands and two ones

from two terminal coordinated water molecules. The

LaZO bond distances in 1 range from 2.1086(16) to

2.1924(16) Å and the coordination angles around La(III)

vary from 84.47(6)8 to 174.62(6)8 as listed in Table S1. It is

interesting that the INAIP22 ligands in 1 exhibit two

different kinds of coordination modes: one is connecting

two La(III) by the carboxylate groups with coordination

modes of m1-h 1:h 1-chelate and m1-h 1:h 0 monodentate

and one Cu(II) through the pyridyl group, while the other

one is coordinated to three La(III) through two carboxylate

groups with coordination modes of m1-h 1:h 1-chelate and

m2-h 1:h 1 bis-monodentate and the pyridyl group is free of

coordination.

If the coordination interactions between the pyridyl

group and Cu(II) as well as the CuZO (water) one are

neglected, a 2D double-layered network is formed by the

La(III)–carboxylate coordination as shown in Figure 1(b).

If the binuclear La2(OCO)2 subunits are considered as

nodes, the 2D network can be regarded as a typical (4, 4)

net. Such 2D (4, 4) nets are further connected together via

the CuZN coordination to generate a 3D pillared

framework as illustrated in Figure 1(c). In order to

minimise the hollow cavities and stabilise the framework,

the potential voids formed via a single 3D framework

show combination with another identical one, leading to

the formation of a two-fold interpenetrated structure of 1
(Figure S1).

In order to better identify the nature of the 3D

framework of 1, suitable nodes and connectors can be

defined using topological approach (38–40). As discussed

above, the INAIP22 ligands link two La(III) atoms

belonging to two different binuclear [La2] units and one

Cu(II) atom and thus can be defined as three-connectors,

while the ones connecting three La(III) atoms can be

regarded as two-connectors because these three La(III)

belong to two different binuclear [La2] units. On the other

hand, each binuclear [La2] unit links six INAIP22 ligands,

and can be regarded as a six-connecting node, while each

Cu(II) atom acts as a two-connecting node because it

connects two INAIP22 ligands. The resulting structure of 1

is 3,6-c sqc27 (http://epinet.anu.edu.au/sqc27) net with

Figure 1. (a) Coordination environment of La(III) and Cu(II) in
1 with the ellipsoids drawn at the 30% probability level;
hydrogen atoms and free water molecules were omitted for
clarity. (b) 2D network constructed by La(III) and
benzenedicarboxylate. (c) Perspective view of the 3D pillared
structure of 1 with the uncoordinated pyridyl groups omitted for
clarity. (d) Topological representation of the two-fold
interpenetrated net in 1.
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stoichiometry (3-c)2(6-c), 2-nodal net Point (Schläfli)

symbol for net: (4·62)2(42·610·83) (Figure 2(d)) calculated

by TOPOS (40).

Crystal structures of {[LnCo0.5(INAIP)2(H2O)2]·2H2O}n
[Ln 5 Tb (4), Dy (5), Yb (6)]

When Co(OAc)2·4H2O, instead of Cu(OAc)2·H2O, was

used to react with ligand H2INAIP in the presence of

Ln(NO3)3·6H2O, complexes 4–6 with different structures

from those of 1–3 were obtained. The results of X-ray

crystallographic analysis revealed that 4–6 crystallise in

the same triclinic space group P�1 and are also

isomorphous. Therefore, complex 5 is taken as an example

to describe its structure here. The asymmetric unit of 5

consists of one Dy(III) atom, one Co(II) atom sitting on an

inversion centre, two INAIP22 ligands, two coordinated

(Figure 2(a)) and two non-coordinated water molecules.

Different from the four- and five-coordinated Cu(II) atoms

in 1, each Co(II) atom in 5 is six-coordinated with

octahedral coordination geometry by two pyridyl nitrogen

(N1B and N1C) and two carboxylate oxygen (O1 and

O1A) atoms from four distinct INAIP22 ligands and two

oxygen atoms (O1W and O1WA) from two water

molecules with Co1ZN bond length of 2.151(4) Å, the

Co1ZO ones are in the range of 2.090(3)–2.179(3) Å and

bond angles around the Co(II) atom in the range of

87.43(13)8–180.08 (Table S1). The Dy1 in 5 is eight-

coordinated, rather than nine-coordinated La in 1 (Figure

1(a)), with bicapped trigonal prism coordination geometry

by seven carboxylate oxygen atoms from four INAIP22

ligands and one from a coordinated water molecule

(Figure 2(a)). It is noteworthy that two unique INAIP22

ligands in 5 exhibit two different kinds of coordination

modes: one coordinated to two Dy(III) and one Co(II)

atoms using its two carboxylate groups with m1-h 1:h 1-

chelate and m2-h 1:h 1 bis-monodentate coordination

modes while the pyridyl group is free of coordination,

the other one coordinated to two Dy(III) through the

carboxylate groups with m1-h 1:h 1-chelate coordination

mode and one Co(II) via the pyridyl group. When the

CoZN and CoZO connections are neglected, a (4, 4) 2D

network is formed by Dy(III)-carboxylate groups as shown

in Figure 2(b), which is obviously different from that

observed in 1 (Figure 1(b)). Then the 2D networks are

further linked together by CoZN and CoZO coordination

interactions to form a non-interpenetrated 3D framework

(Figure 2(c)), rather than the two-fold interpenetrated 3D

one of 1 (Figure S1). The different structures of 1–3 and

4–6 imply that the different transition metal centres play a

crucial role in the formation of the ultimate 3D

frameworks.

A similar topological method was used to get insight

into the structure of 5. According to the structural analysis,

Figure 2. (a) Coordination environment of 5 with the ellipsoids
drawn at the 30% probability levelhydrogen atoms and free water
molecules were omitted for clarity. (b) 2D network in 5. (c) View
of the 3D framework of 5 all hydrogen atoms were omitted for
clarity. (d) Topological representation of the 3D structure of 5.
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each INAIP22 ligand links three metal atoms and can be

regarded as three-connector, and each Dy(III) as well as

Co(II) links four INAIP22 ligands, thus both Dy(III) and

Co(II) can be regarded as four-connecting nodes. There-

fore, the final topology of 5, calculated by TOPOS (40), is

a 3,3,4-c net with stoichiometry (3-c)4(4-c)(4-c)2, 3-nodal

net Point (Schläfli) symbol for net: (83)4(84·102)(86)2, as

shown in Figure 2(d).

Magnetic properties of complexes 1–6

As described above, in complexes 1–3, the Cu(II) atoms are

linked by pyridyl groups and the shortest Cu· · ·Cu and

Cu· · ·Ln separations are 9.9925(18) and 12.6760(14) Å in 1,

10.7953(18) and 12.6509(13) Å in 2, and 10.7888(19) and

12.3480(16) Å in 3, respectively, indicating that there are no

interactions between Cu· · ·Cu as well as between Cu· · ·Ln.

The temperature dependence of magnetic susceptibilities of

1–3was measured in the range of 300–1.8 K with an applied

magnetic field of 2000 Oe. As the temperature is lowered

from room temperature to 1.8 K, the xMT value of 1 is almost

constant (ca. 0.90 emu K mol21), which is close to the spin-

only value of 0.907 emu K mol21 based on two isolated

Cu(II) ions in the unit, and the lanthanide ion La(III) is

diamagnetic, indicating the basic paramagnetic property of 1

(Figure 3(a)). Taking into account the formula of 2, the

magnetic property can be given for a Pr4Cu2 unit, and the

xMT and xM
21 (inset) vs. T plots (xM is the molar magnetic

susceptibility for the Pr4Cu2 entity) are shown in Figure 3(b).

The value of xMT at 300 K is 7.61 emu K mol21, which is

slightly larger than the value expected for four magnetically

quasi-isolated Pr(III) ions (4 £ 1.60 emu K mol21) (41, 42)

plus two isolated Cu(II) ions (ca.0.90 emu K mol21), namely

7.30 emu K mol21. The value of 1.60 emu K mol21 for a

Pr(III)-free ion (g ¼ 8/11) can change in a given complex,

but the variation should be small, owing to the character of

the f n complexes (41). The xMT values monotonically

decrease to 1.45 emu K mol21 at 1.8 K. It was found that the

xM
21 vs. T plot follows the Curie–Weiss law above 50 K and

gives the results:C ¼ 2.19 emu K mol21, u ¼ 21.69 K for 2

(Figure 3(b), inset). The characteristic of complex3 is similar

to that of 2, and the xMT vs. T plot is shown in Figure 3(c).

The feature of 2 and 3 may imply antiferromagnetic

character, but as suggested by Kahn (41), for elements Pr(III)

( f 2) and Nd(III) ( f 3), the deviation from the Curie law is not

necessarily an indication of ferro- or antiferromagnetic

interactions. Similar to 2 and 3, the temperature dependence

of the magnetic susceptibilities of 4–6 was also measured in

the temperature range ssof 1.8–300 K and the results are

given in Figure S2. It was found that the xM
21 vs. T plots

follow the Curie–Weiss law and give the results: C ¼

17.67 emu K mol21, u ¼ 216.34 K for 4; C ¼

18.28 emu K mol21, u ¼ 216.53 K for 5; C ¼ 4.24

emu K mol21, u ¼ 23.74 K for 6, Despite the decrease in

xMT value on cooling and the presence of negative u value,

the nature of the magnetic interaction between Ln(III) and

Co(II) ions cannot be unambiguously interpreted as

antiferromagnetic due to the strong spin-orbit coupling of

the Ln(III) and Co(II) ions (43–45). On the other hand, the

Ln· · ·Ln distances range from 10.0681(9) to 10.818(4) Å in

complexes 4–6, the coupling interactions between
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Figure 3. The xMT vs. T plots for (a) 1, (b) 2 and (c) 3 (inset:
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lanthanide ions bridged by INAIP22 ligands can be

neglected. Therefore, we could not conclude the existence

of antiferromagnetic coupling between adjacent lanthanide

ions and/or Ln(III)–M(II) ions in 2–6 on the consideration

of their strong spin-orbital coupling as well as the decrease in

xMT may be due to the thermal depopulation of Stark

sublevels together with crystal-field affection.

TGA and photoluminescence property of the complexes

As discussed above, compounds 1–3 and 4–6 are

isomorphous, respectively, thus we choose compounds 1
and 5 to do PXRD for checking their phase purity, in which

the experimental patterns are consistent with the simulated

ones (Figure S3). The TGAs of compounds 1–6 were

performed and the results are exhibited in Figure 4(a). The

TGA data of 1 exhibit weight loss of 14.07% from 25 to

1908C, which corresponds to the loss of free and

coordinated water molecules (calcd 15.04%). And then

the residue began to decompose from ca. 3408C upon

further heating. For complex 5, the first weight loss of

8.35% between 25 and 1908C indicates the loss of free and

coordinated water molecules (calcd 8.64%), and the

residue remains unchanged until about 4208C. The other

complexes showed similar TG behaviour.

Due to the excellent luminescent property of Tb(III),

the photoluminescence properties for 4 and Na2INAIP

were investigated in the solid state at room temperature.

The emission spectrum of 4 (Figure 4(b)) upon excitation

at 330 nm exhibits the characteristic transitions of
5D4 !

7FJ (J ¼ 6, 5, 4, 3) of Tb(III). The peak at

545 nm is the strongest, ascribing to the 5D4 !
7F5

transition which gave intense green luminescence output

for 4, while the intense emission band for Na2INAIP

ligand was observed at 465 nm (lex ¼ 390 nm).

Conclusions

In conclusion, we have successfully synthesised two series

of novel 3D heterometallic coordination polymers with

ligand 5-(isonicotinamido)isophthalic acid by hydrother-

mal methods. The structural difference between 1–3 and

4–6 implies that the different transition metal centres have

great influence on the structure of the complexes in this

system. The successful preparation of these complexes not

only implies that the INAIP22 with N- and O-donors is a

versatile ligand and useful for construction of 3d-4f hetero-

metal-organic frameworks but also may provide valuable

information for further construction of other 3d-4f

frameworks.
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