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ABSTRACT: Four metal−organic complexes [Ni(HET)(phen)(H2O)]·(HET)·H2O
(1), [Cu(HET)(phen)(H2O)]·1.5H2O (2), [Cu2(HET)2(bipy)1.5(H2O)]·15DMF·
2H2O (3), and [Cd2O(HET)2(bipy)(H2O)]·2H2O·EtOH (4) (HET = 1,4,5,6,7,7-
hexachlorobicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic acid, phen = 1,10-phenanthroline,
bipy = 4,4′-bipyridine) have been synthesized via hydro- or solvothermal reactions. It
was found that complexes 1 and 2 are two-dimensional (2D) structures built from
discrete complexes via the typical intermolecular interactions, and there was a closed
loop built from the lattice water and carboxylate groups in 1 through intramolecular
hydrogen bonds. Complex 3 exhibits three-dimensional (3D) structure with 5-
connected bnn hexagonal BN topology. Complex 4 features a non-interpenetrating sql
2D coordination network, which is further linked into a 3D structure by C−H···Cl
weak interaction. The properties of magnetism, fluorescence, and electrochemistry have
also been investigated in this paper.

■ INTRODUCTION

In the past few years, the fascination of metal−organic
complexes has attracted significant attention due to their
potential applications in luminescence, magnetism, sensors, gas
adsorption, conductivity, catalysis, and so on.1−14 The self-
assembly of metal−organic complexes may be influenced by
many factors, such as central metal, organic ligand, temperature,
pH, reaction time and solvent, etc.15−19 Thus, the design and
prediction of specific coordination structures are still a great
scientific challenge.20−24

1,4,5,6,7,7-Hexachlorobicyclo[2.2.1]hept-5-ene-2,3-dicarbox-
ylic acid (HET) (Scheme S1 in Supporting Information)
functioning as the assembly ligand was chosen based on the
following reasons: (a) the HET ligand could be assembled into
chiral structures due to its chiral characteristic; (b) the two
carboxylate groups in the HET ligand were linked by metal ions
to generate high-dimensional or multinuclear complexes due to
its diverse coordination modes; (c) six electrophilic chlorine
atoms in the ligand act as hydrogen bond acceptors, which
increase the possibilities of forming halogen and hydrogen
bonds. And these bond interactions could play a key role in the
self-assembly of metal−organic complexes.25−27 Several organic
coordination polymers such as (C15H12Cl6O6)x, (C2H4O)n-
(C2H4O)nC9H4Cl6O4, and (C13H10Cl6O4)n assembled with the
HET ligand were reported.28−30 However, a few studies on
HET ligand coordinated with metal ions have been reported in

recent years.31,32 In particular, Berger’s group studied HET
coordinated with copper ion through the solvent extraction.31

Recently, our group reported a new Cd-HET metal−organic
complex via the solvothermal method.32 However, most of the
reported results focus on the structural and fluorescence
properties. To further tap the properties of HET-based metal−
organic complexes, we use the HET ligand in cooperation with
with N-donor auxiliary ligands to assemble diverse metal ions in
this paper. Hence, four new complexes based on HET were
successfully synthesized through hydro- or solvothermal
reactions. The structures were detected by single crystal X-ray
crystallography, powder X-ray diffraction (PXRD), infrared
(IR) spectroscopy, elemental analysis (EA), and thermogravi-
metric analysis (TGA). It was proposed that complexes 1 and 2
are built of discrete complexes, which were structured two-
dimensional (2D) networks via C−H···O, C−H···Cl, and π···π,
C−H···Cl interactions, respectively. Complexes 3 and 4 are
three-dimensional (3D) and 2D metal−organic complexes,
respectively, and 4 was further linked into a 3D structure via
C−H···Cl weak interaction. Furthermore, luminescent proper-
ties of complexes 1 and 4, magnetic susceptibilities properties
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of the complexes 1, 2, and 3, and basic electrochemical
measurements of complexes 3 and 4 were also investigated.

■ EXPERIMENTAL SECTION
Materials and Methods. All chemical materials were obtained

commercially and used without further purification. PXRD experi-
ments were carried out with a Bruker AXS D8 Advance instrument.
The IR spectra were obtained on a Nicolet 330 FTIR spectrometer in
the range 4000−400 cm−1. TGA were using a PerkinElmer TGA7
instrument. Photoluminescence spectra were recorded using an F-280
fluorescence spectrophotometer. EA (C, H, and N) was carried out on
a PerkinElmer 240 elemental analyzer. The magnetic measurement
was analyzed via the Squid-VSM Quantum Design. Electrochemical
properties were measured on Gamry VFP 600 potentiostat.
Synthesis of [Ni(HET)(phen)(H2O)]·(HET)·H2O (1). Ni(OAc)2·

4H2O (4.0 mg, 0.016 mmol), HET (2.0 mg, 0.005 mmol), and phen
(1.0 mg, 0.006 mmol) in H2O (1.0 mL) were sealed in a glass tube and
heated to 90 °C for 48 h. Then the reaction system was cooled to
room temperature slowly. Mauve virgulate crystals of 1 were obtained
and dried in air at ambient temperature (yield: 50%, based on nickel).
EA calcd (%) for 1: C42H26N4O10Cl12Ni: C, 40.99; H, 2.13; N, 4.55.
Found: C, 40.62; H, 2.53; N, 4.88. IR data (KBr cm−1): 3434 (w),
3062 (w), 2970 (w), 1731 (s), 1678 (m), 1606 (m), 1580 (s), 1518
(m), 1427 (s), 1197 (m), 1105 (w), 1065 (w), 883 (w), 841 (m), 727
(s), 659 (s), 620 (m).
Synthesis of [Cu(HET)(phen)(H2O)]·1.5H2O (2). Cu(NO3)2·

3H2O (4.0 mg, 0.017 mmol), HET (2.0 mg, 0.005 mmol), and
phen (1.0 mg, 0.006 mmol) in EtOH-H2O (1.0 mL, v/v = 2/1) were
sealed in a glass tube and heated to 75 °C for 48 h. Then the reaction
system was cooled to room temperature slowly. Blue virgulate crystals
of 2 were obtained and dried in air at ambient temperature (yield:
40%, based on copper). EA calcd (%) for 2: C21H15O5.5N2Cl6Cu: C,
37.33; H, 2.24; N, 4.15. Found: C, 37.56; H, 1.99; N, 4.26. IR data
(KBr cm−1): 3429 (w), 3260 (w), 1629 (s), 1517 (w), 1400 (m), 1274
(w), 1174 (w), 1066 (w), 849 (m), 725 (m), 626 (m).
Synthesis of [Cu2(HET)2(4,4′-bipy)1.5(H2O)]·15DMF·2H2O (3).

Cu(NO3)2·3H2O (4.0 mg, 0.017 mmol), HET (2.0 mg, 0.005 mmol),

4,4′-bpy (1.0 mg, 0.006 mmol) in DMF-EtOH-H2O (1.0 mL, v/v/v =
1/1/1) were heated to 75 °C for 50 h in a sealed tube. The blue crystal
plates formed on the wall of the glass tube were collected by filtration,
washed with EtOH and dried in air (yield: 30%, based on copper). EA
calcd (%) for 3: C78H127O26N18Cl12Cu2: C, 40.99; H, 5.6; N, 12.03.
Found: C, 41.23; H, 5.24; N, 12.15. IR spectrutrum (KBr, cm−1): 3635
(w), 3270 (w), 1607 (s), 1542 (s), 1384 (s), 1260 (m), 1173 (w),
1067 (m), 893 (w), 841 (w), 818 (w), 664 (w), 632 (m).

Synthesis of [Cd2O(HET)2(4,4′-bipy)(H2O)]·EtOH (4). Cd-
(NO3)2·4H2O (4.0 mg, 0.013 mmol), HET (2.0 mg, 0.005 mmol),
4,4′-bpy (1.0 mg, 0.006 mmol) in EtOH-H2O (1.0 mL, v/v = 2/1)
were heated to 90 °C for 50 h in a sealed tube. The colorless block
crystals were obtained and washed with EtOH (yield: 70%, based on
cadmium). Elemental analysis calcd (%) for 4: C30H20O11N2Cl12Cd2:
C, 29.18; H, 1.63; N, 2.27. Found: C, 28.96; H, 1.32; N, 2.33. IR
spectrutrum (KBr, cm−1): 3566 (w), 3401 (w), 2971 (w), 2945 (w),
1747 (m), 1606 (s), 1392 (s), 1299 (w), 1204 (w), 1176 (m), 1066
(m), 895 (w), 846 (w), 821 (m), 663 (w), 629 (m), 478 (w).

Structural Crystallography. The structural data of 1−4 were
collected on an Agilent SuperNova diffractometer with Cu−Kα
radiation (λ = 1.54178 Å) and a Bruker SMART APEXII CCD
Detector with graphite-monochromated Mo−Kα radiation source (λ =
0.71073 Å), respectively. Anisotropic parameters were performed in
the refinement of all non-H atoms. Absorption corrections were
applied with the program SADABS.33 Structures were solved by direct
method and refined by least-squares on F2 using SHELXTL-97
routine.34 Crystallographic data are presented in Table 1, and the
selected bond lengths and bond angles are listed in Supporting
Information, Table S1−S4. The topological analysis and some graphs
were generated using the TOPOS program.35 Crystallographic data
have been deposited at the Cambridge Crystallographic Data Center,
the numbers are 1063474, 1030264−1030266, respectively.

■ RESULTS AND DISCUSSION

Crystal Structure of Complex 1. The crystal data show
that complex 1 is the triclinic system with P1̅ space group.
There are one Ni(II) ion, one coordinated HET ligand, two

Table 1. Crystal Data for Complexes 1−4

complexes 1 2 3 4

formula C42H26Cl12N4O10Ni C21H12Cl6N2O5Cu C33H18Cl12N3O9Cu2 C30H20Cl12N2O11Cd2
Mr 1230.78 648.57 1152.98 1234.68
crystal system triclinic triclinic monoclinic monoclinic
space group P1̅ P1̅ P21/c P21/c
a (Å) 12.1783(4) 8.492(8) 12.316(3) 13.7798(12)
b (Å) 12.6524(6) 12.824(12) 13.288(3) 12.6363(11)
c (Å) 16.6968(6) 13.253(13) 29.130(6) 25.0522(18)
α (deg) 95.897(3) 64.289(3) 90.00 90.00
β deg) 99.860(3) 72.003(16) 110.765(8) 114.451(4)
γ (deg) 104.902(4) 89.561(16) 90.00 90.00
Z 2 2 4 4
V (Å3) 2420.2(17) 1223(2) 4457.8(17) 3971.0(6)
Dc (g cm−3) 1.689 1.761 1.718 2.065
μ (mm−1) 1.125 1.586 1.726 1.939
F (000) 1236.0 646.0 2284.0 2408.0
no. of unique reflns 17232 6240 21998 19468
no. of obsd reflns [I > 2σ(I)] 8625 4483 7856 7005
parameters 631 317 533 501
GOF 1.028 1.000 1.009 1.035
final R indices [I > 2σ(I)]a,b R1 = 0.0584 R1 = 0.0486 R1 = 0.0588 R1 = 0.0286

wR2 = 0.1498 wR2 = 0.1136 wR2 = 0.1450 wR2 = 0.0725
R indices (all data) R1 = 0.0874 R1 = 0.0789 R1 = 0.0992 R1 = 0.0347

wR2 = 0.1713 wR2 = 0.1261 wR2 = 0.1621 wR2 = 0.0761
largest diff peak/hole/e Å−3 0.41/−1.09 0.50/−0.45 1.31/−0.53 1.22/−1.00

aR1 = Σ∥Fo| − |Fc∥/Σ|Fo|. bwR2 = [Σw(Fo2 − Fc
2)2/Σw(Fo2)2]0.5.

Crystal Growth & Design Article

DOI: 10.1021/acs.cgd.5b00164
Cryst. Growth Des. 2015, 15, 4198−4205

4199

http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.5b00164/suppl_file/cg5b00164_si_001.pdf
http://dx.doi.org/10.1021/acs.cgd.5b00164


phen ligands, one coordinated water molecule, one lattice HET
ligand, and one lattice water molecule in the asymmetric unit.
As exhibited in Figure 1a, the Ni ion is located in an octahedron

configuration, which is coordinated by one O atom from HET
ligand, four N atoms from two phen ancillary ligands and O1w
from the water molecule. N1, N2, N4, and O1w are in the
equatorial plane, and the vertical plane is bonded by O1 and
N3. The average Ni−O bond distance is 2.083 Å, and Ni−N
bond lengths range from 2.056 to 2.071 Å, which are consistent
with the previous reports of nickel complexes.36,37 Further-
more, lattice water molecule, coordinated water molecule, and
two carboxylate groups from different ligands form a closed
loop through hydrogen bonds, with H-bonds arrays of O8···
O2w···O1w···O2···O5 and O8···O2w···O3, O4···O7. The O···
O distances are fell in the range of 2.414−2.906 Å (Figure 1b).
As depicted in Figure 1c, every adjacent structure unit is
assembled into a 1D chain via two kinds of weak interactions,
C−H···O (C24−H24···O4 = 3.154 Å) and C−H···Cl (C1−
H1···Cl6 = 3.362 Å). Then, the 1D chains are further
connected via C−H···O (C33−H33···O3 = 3.381 Å) weak
interaction to generate a 2D structure. Two kinds of weak
interactions are presented in this structure; the lengths conform
to the values previously reported in the literature.38

Crystal Structure of Complex 2. Complex 2 crystallizes in
triclinic space group P1 ̅. The asymmetric unit contains one
Cu(II) ion, one coordinated HET ligand, one auxiliary phen
ligand, and one coordinated water molecule. As illustrated in
Figure 2a, each Cu ion is coordinated by one chelating phen
molecule, two oxygen atoms from HET ligand, and one
coordination water molecule to form a slightly distorted square
pyramidal geometry. The Cu−N1 bond distance is 2.244 Å in
the axial positions, the bond distances range from 1.967 to
2.031 Å in the equatorial plane, and the bond angle range of
vertex (N1) and four sides are 79.35−100.35°. In addition, a
beautiful internal hydrogen bond exists in the Cu2 dimer (Cu···
Cu distance is 5.071 Å); thereinto, the carboxylate oxygen from
HET ligand and the H atom from the coordinated water
molecule act as the receptor and donor, respectively. The H-

bonds array is O3···O1w···O2, and the O···O distances are
2.739 and 2.689 Å, respectively. Each adjacent structure unit
generates a 1D chain through the π···π interaction; the distance
of the approximate parallel planes from the stacks of two phen
aromatic groups is about 3.846 Å. Then, every adjacent chain is
interconnected into a 2D structure via C21−H21···Cl6 weak
interaction (Figure 2b), and the H−Cl bond distance is 2.891 Å
with the acceptable range of H−X bonds in previous reported
complexes (2.569−2.944 Å).39−41

Crystal Structure of Complex 3. Complex 3 crystallizes in
monoclinic space group P21/n. The asymmetric unit of 3
contains two independent Cu(II) ions, two HET ligands, one
and a half 4,4′-bipy molecules, and one coordinated water
molecule. Both Cu1 and Cu2 have the basal square-planar
geometries. The Cu1 atom is bonded by two nitrogen atoms
(N1 and N2) from two 4,4′-bipy molecules, and two oxygen
atoms (O1 and O5) from two HET ligands with a N2O2 donor
set. The Cu2 atom is connected by two O atoms (O3 and O8)
from two different HET ligands, N3 atom from 4,4′-bipy
molecule and O1w atom from coordinated water molecule with
a NO3 donor set (Figure 3a). During the reaction, both
carboxylate groups of the ligand are deprotonated and adopt
monodentate (η1) modes. The average Cu−O and Cu−N
distances are 1.957 and 2.007 Å, respectively. The Cu1···Cu2
distances are 6.392 and 6.125 Å, respectively, which are
connected through the HET ligands, and 11.093 Å (connected
by 4,4′-bipy). HET ligands bridged two central metal ions
generate a 1D chain. Then the 1D chains are connected by 4,4′-
bipy ligands to give rise to a 2D net (Figure 3b), which is
further assembled into a 3D structure by the linkage of 4,4′-
bipy ligands (Figure 3c). To be fully aware of the structure of
complex 3, we used the TOPOS software to execute topological

Figure 1. (a) Molecular structure of 1. (b) The hydrogen bonds array
in 1. (c) The 2D structure formed by intermolecular C−H···O and C−
H···Cl bond interactions.

Figure 2. (a) The coordination environment of Cu(II) ion in 2. (b)
Ball and stick view of the 2D structure along the b axis formed by
intermolecular interactions.
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analysis of the complex.42,43 As displayed in Figure 3d, the
topological analysis reveals that the overall topology is a
uninodal 5-connected 3D structure with {46.64}-bnn hexagonal
BN topology, upon defining Cu2 unit as a 5-connected node
and the 4,4′-bipy ligand as linear linker.44

Crystal Structure of Complex 4. Complex 4 crystallizes in
monoclinic space group P21/c; there are two Cd(II) ions, two
HET ligands, one μ2-O atom, one 4,4′-bipy molecule, and one
coordinated water molecule in the asymmetric unit. As shown
in Figure 4a, Cd1 is hexacoordinated in a distorted octahedral
fashion, which is coordinated by four O atoms from three
different HET ligands, O1w atom from water molecule (Cd−O
= 2.272(4)−2.492(4) Å) with the coordination angles varying
from 54.6(14)° to 164.14(17)°, and N1 atom from 4,4′-bipy
molecule with Cd−N distance of 2.293 Å. The bond lengths
around the Cd(II) ion are in good agreement with those
typically observed.45−47 Cd2 also adopt octahedral coordination
environment, in which Cd2 is coordinated by three oxygen
atoms from three different ligands, two μ2-O atoms and an N2
atom from 4,4′-bipy molecule. The ligand possesses two types
of coordination modes: μ3-η1:η1:η1:η1 and μ3-η1:η1:η1:η0. Two
CdII ions are linked through carboxylate group from HET
ligands and two μ2-bridge O atoms to generate a 1D chain
(Figure 4d), and then the chains are assembled into a 2D layer
structure via the connection of 4,4′-bipy molecule (Figure 4b).
As displayed in Figure 4c, there is a C−H···Cl weak interaction
between two layers, which results in the formation of a 3D
structure. The C−H···Cl bond distance is 2.935 Å within the
commonly reported values (2.569−2.944 Å).39−41 The whole

2D sheet can be seen as a 4-connected sql network with the
Schafl̈i notation {44.62}.

X-ray Powder Diffraction Analyses, IR Spectra,
Thermal Analyses, and Luminescent Properties. Com-
plexes 1−4 were synthesized under different conditions in a
seal glass tube by the solvothermal method, which has been
demonstrated to be powerful in the assembly of metal−organic
complexes.48,49 All complexes are stable in the solid state upon
exposure to air and have poor solubility in common organic
solvents. PXRD was used to check the purity of the samples in
the solid state. The measured PXRD patterns of four complexes
closely match the simulated patterns generated from the results
of single-crystal diffraction data by the mercury program, which
indicated the four complexes were pure products (Figure S1).
The IR spectra of HET ligand and four complexes are shown in
Figure S2 (Supporting Information).
TGA experiments were performed in a N2 atmosphere with a

heating rate of 10 °C min−1 on polycrystalline samples of four
complexes. The TGA curves are exhibited in Figure S3. The
TGA curve of complex 1 shows a weight loss of 3.01%
(calculated 2.92%) in the 29−192 °C range, which is attributed
to the loss of one lattice water molecule and one coordinated
water molecule. Further weight loss corresponding to
uncoordinated HET ligand (observed 30.9%, calculated
31.6%) is observed between 192 and 360 °C. For complex 2,
from 32 to 172 °C, the weight loss of 4.02% is equivalent of
losing one and a half water molecules (calculated 4.0%). The

Figure 3. (a) and (b) The coordination environment of two Cu(II)
ions and the 2D layer in 3 along the a axis. (c) and (d) The 3D
structure and simplified 6-connected bnn topology of 3. Figure 4. (a) The coordination environment of two Cd(II) ions in 4.

(b) Presentation of a 2D sql network. (c) The 3D structure formed by
intermolecular C−H···Cl interaction (red dotted line). (d) The 1D
chain in 4 formed by coordinated HET ligands and μ2-bridge O atoms.
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stability of the skeleton is observed for 3 in the temperature
range of 32−172 °C, and the rather quick decomposition of 3
occurs with the temperature increasing. Complex 4 loses one
ethanol molecule (observed 3.16%, calculated 3.89%) from 32
to 165 °C.
Generally, the coordination complexes of d10 transition metal

centers have been exhibited photoluminescence applications in
luminescent materials, chemical sensors, electroluminescent
display, etc.50−52 Meanwhile, the coordination modes of
organic ligands and different metal ions also affect the emission
wavelength and luminescent properties.53 The fluorescence
properties of complexes 1, 4, and free HET ligand have been
measured in the solid state at room temperature, as depicted in
Figure 5. And the photoluminescences of free phen and 4,4′-

bipy have been displayed in Figure S4 upon the same excitation.
The free HET ligand shows an intense emission band at 432
nm upon excitation at 330 nm, which may be attributed to π*
→ n or π* → π transition.54,55 Under similar excitation
condition, complexes 1 and 4 exhibit broad emission with
maxima peaks at 463 and 440 nm, which are red-shifted by 31
nm, 8 nm in comparison to the free HET ligand, respectively.
In addition, it is worth noting the change of luminescence for
the complexes 1 and 4 compared with free ligand under the
same conditions, which probably can be regarded as arising
from the strong coordination interactions between the ligand
and metal. Also, the results are rather of character typically
observed for pair of ligand−ligand complexes.56−58

Magnetic Property. The magnetic measurements of
complexes 1, 2, and 3 were conducted at an applied magnetic
field of 1000 Oe and in the temperature range of 1.8−300 K.
The plot of χMT versus T of 1 is shown in Figure 6a; χM is the
molar magnetic susceptibility per NiII unit. Complex 1 exhibits
a dominant antiferromagnetic, and the values of χMT
continually decrease as the temperature decreases and descends
sharply after 16 K. The maximum χMT value is 0.94 cm3 mol−1

K at 300 K, which is lower than the expected value (1 cm3

mol−1 K, assuming g = 2.0).59,60 The feature is antiferromag-
netical behavior with weak antiferromagnetic interaction or
zero-field-splitting (zfs). At high temperatures, the magnetic
susceptibility follows the Curie−Weiss law (χ = C/(T − θ)),
and the Curie−Weiss temperature estimated from the χ(T)
dependence in the range 100−300 K, which is further
supported by well-fitted χM

−1 versus T plot that gives a Curie
constant C = 0.96 cm3 mol−1 K and Weiss constant θ = −9.08
K. The negative θ value for 1 also suggests an antiferromagnetic
property. The effective magnetic moment μeff can beFigure 5. Photoluminescences of HET ligand, 1 and 4.

Figure 6. (a−c) Variable temperature susceptibility curve for complexes 1, 2, and 3, respectively. The inset displaying 1/χM versus T is the Curie−
Weiss fitting, respectively.

Crystal Growth & Design Article

DOI: 10.1021/acs.cgd.5b00164
Cryst. Growth Des. 2015, 15, 4198−4205

4202

http://dx.doi.org/10.1021/acs.cgd.5b00164
http://pubs.acs.org/action/showImage?doi=10.1021/acs.cgd.5b00164&iName=master.img-005.jpg&w=215&h=166
http://pubs.acs.org/action/showImage?doi=10.1021/acs.cgd.5b00164&iName=master.img-006.jpg&w=359&h=289


approximated from the Curie constant with μeff
2 = 3kBC/μB

2NA,
where kB is the Boltzmann constant, μB is the Bohr magneton,
and NA is the Avogadro number. The value of μeff is 2.74 μB at
300 K, which is in agreement with theoretical estimations. We
supposed the magnetic behavior in 1 is only associated with
Ni2+ (S = 1) ion, μtheor

2 = g2μB
2nS(S + 1), and we determined

the g (lande factor) is 1.94.
In complex 2, the Cu···Cu distance is 5.071 Å, which is

connected by the organic ligand. For 2, the χMT value is 0.35
cm3 K mol−1 at 300 K, which corresponds to the single spin-
state CuII ion. The room temperature magnetic moment is
lower than the theoretical one (0.375 cm3 mol−1 K, assuming g
= 2.0). The χMT value decreases slightly in the 300−20 K
range. Below 20 K, the χMT value descends rapidly, reaching a
value of 0.21 cm3 K mol−1 at 1.8 K, and it explains a very weak
antiferromagnetic behavior exists in the complex (Figure 6b).
The datum shows a linear behavior in 100−300 K range and
obeys the Curie−Weiss law, χ = C/(T − θ), with C = 0.36 cm3

mol−1 K and θ = −1.67 K. The negative θ value for 2 also
suggests an antiferromagnetic property. The value of the
effective magnetic moment μeff is 1.67 μB at 300 K, and through
the calculation of formula the value of Lande factor is 1.93
(Cu2+, S = 1/2).
There are three kinds of Cu···Cu distances in complex 3, two

types connected by two different organic ligands (6.392 and
6.125 Å), respectively, and another connected by 4,4′-bipy
(11.093 Å). For 3, the χMT value is 0.36 cm3 K mol−1 at 300 K,
which is lower than the value expected for single high-spin CuII

ion (0.375 cm3 mol−1 K, assuming g = 2.0).61,62 The χMT value
slowly decreases to 0.34 cm3 K mol−1 at 15 K and then
descends more sharply, reaching a value of 0.27 cm3 K mol−1 at
1.8 K. It indicates a very weak antiferromagnetic behavior
presented in the complex. The inverse magnetic susceptibility
curve shows a linear behavior in 100−300 K range and can be
fitted to the Curie−Weiss law, χ = C/(T − θ), yielding C = 0.37
cm3 mol−1 K and θ = −2.24 K. The negative θ value for 3 also
suggests an antiferromagnetic property, the same as 1 and 2. As
shown in Figure 6c, the value of the effective magnetic moment
μeff is 1.70 μB at 300 K, and through the calculation of formula
the value of Lande factor is 1.98.
The M−H magnetization data for three complexes were

measured at 1.8 K, and an applied field ranged from −7 to 7 T.
The data are shown in Figure S5, The magnetization values of
three complexes are 1.9 μB, 0.79 μB, and 0.83 μB at 7 T,

respectively. The magnetization values increased as the change
of applied field. These results indicate a rather weak exchange
between the metal centers in complexes 2 and 3.63−65

Solid State Electrochemical Property. In order to
examine the redox process of the metal ions in the complexes,
the cyclic voltammetry experiments of the four complexes were
performed, but only complexes 3 and 4 have redox peaks under
aqueous potential window. The detailed preparation proce-
dures are depicted in the Supporting Information. As illustrated
in Figure 7, the cyclic voltammograms display that 3 and 4
donate reversible redox processes in the voltage scan ranging
from −0.4 V to −1.6 V and −1.1 V to −0.5 V vs Ag/AgCl,
respectively. The anodic peak potential for 3 appears at −0.62
V vs Ag/AgCl, and the corresponding cathodic peak potential
was found to be −1.35 V vs Ag/AgCl, and E1/2 = −0.67 and
−1.17 V values for the framework are observed at 100 mV s−1

scan rate. The anodic peak potential for complex 4 is shown at
−0.67 V vs Ag/AgCl, and the cathodic peak potential is shown
at −0.76 V vs Ag/AgCl, and E1/2 = −0.73 and −0.87 V values
for the framework are observed at 100 mV s−1 scan rate.
Moreover, the tests for cyclic voltammetry of 3 and 4 are
performed at various scan rates ranging from 25 to 500 mV s−1

as shown in the inset of Figure 7, panels a and b, respectively.
The peak current for both oxidation and reduction processes
showing a linear relationship with square root of scan rate
indicates that the redox process of complexes 3 and 4 are
governed by diffusion.66 According to studies by Trnkova’́s
group67 and Llabreś-i-Xamena’s group,68 we found that the
curves of the literature studies were similar to the curves of
complexes 3 and 4, and these phenomena could be attributed
to the metal-centered redox process.

■ CONCLUSIONS
In summary, four complexes have been obtained through the
solvothermal reactions of HET ligand and different N-donor
auxiliary ligands coordinated with Ni(II), Cu(II), and Cd(II)
salts. The results of these complexes are outlined as follows: (1)
The discrete complexes are built in the synthetic process
because the phen ligand adopts the chelating mode. Complexes
1 and 2 are discrete complexes, which are 2D structures built
via the typical intermolecular interactions. (2) Because of the
formation of complexes involves a pillar insertion strategy (4,4′-
bipyridine), the 2D or 3D framework would be easily
generated. Complex 3 exhibits a 3D open framework with a

Figure 7. Cyclic voltammograms of 3 (a) and 4 (b) at variable of scan rates: 25, 50, 75, 100, 150, 200, 300, 400, 500 mV s−1. Inset: the relationship
of redox peak current and square root of scan rate.
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reported uninodal 5-connected bnn hexagonal BN topology.
Complex 4 features a normal mode of uninodal 4-connected sql
framework, which is further linked into a 3D structure via C−
H···Cl weak interaction. (3) Using nickel and copper ions to
assemble with organic ligand is advantageous for the formation
of magnetic materials because both nickel and copper ions have
the single ion (Ni, S = 1 spin state and Cu, S = 1/2 spin state).
The magnetic results reveal that the magnetic behaviors of 1, 2,
and 3 are antiferromagnetic, and thereinto, a rather weak
exchange between the metal centers exists in complex 3. (4)
Because the ligand has six electrophilic chlorine atoms, the
complexes based on the HET ligand may be of the mechanism
of charge transport. The electrochemical experimental results
show that complexes 3 and 4 possess the signals of a reversible
redox process. Further study will focus on the synthesis of
lanthanide metal−organic complexes based on the HET ligand
and research on their luminescence and solid-state electro-
chemical properties.
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