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Abstract—A new Cu(II) based metal-organic framework (MOF) having formula [Cu3(H2Tar)(Tar)-
(H2O)(Bpa)] · 3H2O (I) (H4Tar = tartaric acid, Bpa = 1,2-bis(4-pyridyl)ethane) has been characterized by
elemental analysis, FT-IR spectra, thermal analysis, and single-crystal X-ray diffraction (CIF file CCDC no.
1575136). In I, the Cu(II) center are connected by four symmetry-related tartrate ligands into a 2D layer
encapsulating trinuclear cluster, which are further bridged by Bpa molecules into a 3D framework. Complex
I exhibits strong ferromagnetic behavior between metal centers.
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ITRODUCTION

Polynuclear copper carboxylate chemistry is a new
realm of research that has attracted scientists from
multi-disciplinary areas, including biochemistry,
material science, magnetochemistry and so on [1–5].
In recent years more attention on this class of com-
pounds has been extensively investigated due to their
potential applications with particular focus on their
magnetic properties [6–11]. Conceivably, exploring
new preparative approach towards the synthesis of
high nuclearity copper complexes is thus of great
appeal not only for the discovery of integrated new
compounds but also as a means of construction types
of related species so that structure-property relation
would be further evolved. Polycarboxylates are widely
employed to magnetic exchange pathways between the
metal ions because of their abundant coordinated
fashions, which can transmit magnetic coupling inter-
actions to different degrees [6]. However, some inter-
esting magnetic behaviors (such as long-range mag-

netic ordering) need spin carriers of shorter separation
via short linkages. Hydroxyl polycarboxylates act as
perfect candidates in designing extended magnetic
networks [12–14]. For instance, {[KCo3(Hbd)-
(HHbd)(H2O)2]} · 8H2O (H4Hbd = citric acid) dis-
plays a novel 3D canted antiferromagnetic porous net-
work [15]. In this context, we chose a simple and in
expensive tartaric acid ligand source, because it has
versatile coordination modes and may stabilize new
cluster in the crystallization process. Moreover, tar-
taric acid is an important component in detergents and
cleaners because it has high binding potential for tran-
sition metal ions. For consumer product applications,
it is often preceded to phosphate due to health or envi-
ronmental concerns [16–18].

Generally, a Cu2+ ion with d9 configuration tends
to form a 4 + 1 or 4 + 2 coordination geometry thanks
to a strong Jahn–Teller effect [19]. This f lexibility of
the coordination sphere for Cu2+ ion is prone to allow
variations of the orientation and symmetry of the
molecular orbital. The Cu2+ ion describing its
unpaired electron (magnetic orbital) per centre is the1 The article is published in the original.
432



FERROMAGNETIC BEHAVIOR OF AN UNCOMMON TRINUCLEARCOPPER(II) 433

Table 1. Crystallographic data and structure refinements for I

Parameter Value

Formula weight 741.05

Temperature, K 291(2)

Crystal system Monoclinic

Space group P21

a, Å
b, Å
c, Å
β, deg

10.2056(9)
7.9516(7)

18.2418(16)
101.4540(10)

V, Å3; Z 1450.9(2); 2

ρcalcd, kg/m3 1.696

μ, mm–1 2.253

Scan mode ω-Scan technique

θ Range for data collection, deg 2.28–25.50

Reflections collected/unique 8614/5050

Reflections with I > 2σ(I) 4050

Rint 0.0473

Goodness-of-fit on F 2 1.022

Final R indices (I > 2σ(I)) R1 = 0.0397,
wR2 = 0.0965

R indices (all data) R1 = 0.0480,
wR2 = 0.0984

Largest diff. peak and hole, e Å–3 0.095 and −0.552
simplest case of the magnetic exchange without orbital
contribution, which is a priori easier to understand
than others, hence playing the role of model [20–22].
However, except in very few cases, it seems extremely
diffcult to control the value of these structural param-
eters during the synthetic process [23–25].

Herein, we report our results for the polynuclear
copper-tartrate system and magnetic characterization
of the microporous polymers, namely
[Cu3(H2Tar)(Tar)(H2O)(Bpa)] · 3H2O (I) (H4Tar =
tartaric acid, Bpa = 1,2-bis(4-pyridyl)ethane). In I,
four symmetry-related tartrate ligands encapsulating
trinuclear cluster are extended to adjacent four trinu-
clear clusters, Bpa molecules used as pillars link the
copper-cluster layer into a 3D microporous frame-
work. Interestingly, complex I exhibits strong ferro-
magnetic behavior.
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
EXPERIMENTAL

Materials and physical measurements. All commer-
cially available solvents and reagents for synthesis were
of reagent grade and used as received without further
purification. FT-IR spectra (KBr pellets) were
recorded as solid phase samples on a FT-IR 170SX
(Nicolet) spectrometer. Elemental analyses were per-
formed on a Perkin-Elmer 240C analyzer. Thermo-
gravimetric (TG) curves were measured on a
NETZSCH STA 449C microanalyzer at a heating rate
of 5°C min–1 from room temperature to 500°C under
nitrogen atmosphere. The powder X-ray diffraction
(PXRD) were recorded on a Pigaku D/Max 3III dif-
fractometer. The magnetic measurements for I were
carried out on crystalline samples with a MagLab Sys-
tem 2000 magnetometer in a magnetic field up to
1 kOe.

Synthesis complex I. A water−methanol solution
(15 mL, v : v = 1 : 5) of Cu(NO3)2 · 8H2O (0.25 mmol),
sodium tartrate (0.16 mmol), Bpa (0.092 mmol),
NaOH (0.04 mmol) and KI (0.005 mol) was sealed in
a 25 mL Teflon-lined stainless steel container, which
was heated to 150°C for 96 h. After the sample was
cooled to room temperature at a rate of 2°C h–1. Blue
crystals were obtained in ~52% yield based on Cu.

FT-IR (KBr; ν, cm–1): 3489 v.s, 1608 m, 1551 s,
1508 w, 1426 m, 1386 m, 1089 m, 879 m.

X-ray structure determination. X-ray diffraction
data were collected on a BRUKER SMART APEX-
CCD diffractometer with MoKα radiation (λ =
0.71073 Å) at 298(2) K. The structure was solved by
direct methods and refined by full-matrix least-
squares on F2 with SHELXL-97 program package
[26]. The non-hydrogen atoms were refined aniso-
tropically, and the hydrogen atoms were introduced in
calculatedpositions and were allocated one overall iso-
tropic thermal parameter, some of the hydrogen atoms
of the water molecules were located from different
Fourier maps. The crystallographic data for I are listed
in Table 1, selected bond lengths and angles are pre-
sented in Table 2.

Supplementary material has been deposited with
the Cambridge Crystallographic Data Centre (CCDC
no. 1575136); deposit@ccdc.cam.ac.uk or http://
www.ccdc.cam.ac.uk).

RESULTS AND DISCUSSION

Single-crystal X-ray analysis of I reveals a 3D
framework. Figure 1 shows the asymmetric unit of I
consists of three independent Cu2+ cations, two Tar

For C20H26N2O16Cu3

Anal. calcd., % C, 32.41 H, 3.53 N, 3.78
Found, % C, 32.50 H, 3.48 N, 3.71
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Table 2. Selected bond lengths (Å) and angles (deg) for complex I*

* Symmetry codes: (A) –1 + x, y, –1 + z; (B) –1 – x, –1/2 + y, –z.

Bond d, Å Bond d, Å

I
Cu(1)–O(2) 1.913(4) Cu(1)–O(11) 1.942(4)
Cu(1)–O(8) 1.944(4) Cu(1)–O(4) 1.947(4)
Cu(1)–O(13) 2.488(5) Cu(2)–O(6) 1.920(4)

Angle ω, deg Angle ω, deg

I
O(2)Cu(1)O(11A) 168.2(2) O(4)Cu(1)O(8) 179.7(2)
O(8)Cu(1)O(13) 94.3(2) O(6)Cu(2)O(12A) 174.7(2)
O(4)Cu(2)N(2) 172.7(2) O(12)Cu(2)O(13) 89.3(2)
O(1)Cu(3)O(7) 173.7(2) O(2)Cu(3)N(2B) 165.8(2)
O(7)Cu(3)N(1) 93.2(2) O(1)Cu(3)O(1) 84.7(2)
and H2Tar ligands (Scheme 1), one Bpa ligand, one
coordinated water and three lattice water molecules.

Coordination modes of tartrate ligand in I are given
below.
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Fig. 1. Perspective view of the trinuclea
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O(13)
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N(2)
The Scheme correlates with the Fig. 1 clearly, the
(a) matches with the below part of ligand, the above
part matches with the (b). Although Cu(1) and Cu(2)
atoms adopt distorted trigonal-bipyramidal geome-
tries, the coordinated environments are very different.
The Cu2+ ion is coordinated by two oxygen atoms from
two hydroxy groups of one Tar ligand, two oxygen
atoms from two neighboring bidentated-bridging car-
boxylate groups of H2Tar ligands, and one oxygen
atom from a μ2-H2O molecule. While Cu(2) is formed
by one hydroxy oxygen atom and one carboxylic oxy-
gen atom from one Tar ligand, one oxygen atom of
bidentated-bridging carboxylate group, one sharing
oxygen atom of μ2-H2O molecule, and one nitrogen
atom from one Bpa ligand. The Cu(3) center lies in
distorted square-pyramidal surroundings, defined by
one hydroxy oxygen and one carboxylic oxygen atoms
from one Tar ligand, two oxygen atoms from adjacent
bidentated-bridging carboxylate groups of H2Tar
ligands, and one nitrogen atom from the other Bpa
ligand. The Cu–O distances range from 1.913(4) to
2.678(6) Å, and the OCuO bond angles vary from
OORDINATION CHEMISTRY  Vol. 44  No. 7  2018

r unit of I showing the atom numbering.
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Fig. 2. Schematic view of a trinuclear copper cluster and its adjacent four copper clusters (a) and a perspective viewing of (4,4)
cluster layer (b) in complex I; 2D framework of I showing its helical layer (c).
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(c)
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x
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85.68(16)° to 179.72(18)° (Table 2). All parameters are
similar with polymers of carboxylate [27].

Trinuclear copper cluster further binds to adjacent
four trinuclear clusters (Fig. 2a). The framework of
alternating trinuclear copper-tartrate cluster and tet-
rahedral copper nodes can be described as an infinite
2D (4,4) layer along z axis (Fig. 2b). Strikingly, the
copper clusters and tartrate form microporous chan-
nels, which are hollow and do not contain encapsu-
lated guest molecules along y axis. These copper clus-
ters are linked up via tartrate ligands to give rise to
eight-shaped helical chains. It should be noted that all
helices have the same handedness in the same layer
(Fig. 2c). This can be interpreted by the more f lexible
configuration of this tartrate ligand. Another interest-
ing aspect of the structure is that the 2D layers are
connected by Bpa ligands through the axial positions
of both Cu(2) and Cu(3) centers in subunits to form a
3D double pillared-layer structure (Fig. 3). The whole
structure can rationally be described as a 3D porous
framework with open channels, and guest water mole-
cules occupy the channels.

Magnetic measurements were performed on sam-
ples containing a collection of very small block single
crystals with random orientations. The magnetic sus-
ceptibility of complex I was measured in the range 2–
300 K. For complex I, the χMT value at room tempera-
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
ture (300 K) was 1.236 cm3 K mol–1, little higher than
the expected spin-only value for three noninteracting
Cu2+ ion (1.125 cm3 K mol–1). Upon lowering the tem-
perature, the magnetic moment (χMT) gradually aug-
ments from 1.236 cm3 K mol–1 at 300 K to reach a
maximum of 1.907 cm3 K mol–1 at 22.1 K (Fig. 4a),
which indicates ferromagnetic interactions between
copper ions. The plot of  χM

–1 versus T for complex I
obeys the Curie–Weiss law χM = , giving C =
1.22 emu K mol–1 and θ = 8.1 K (Fig. 4b). The positive
θ value confirms the ferromagnetic exchange interac-
tion between copper atoms with S = 1/2 spins. The fit
of the susceptibility data has been carried out using
Hamiltonian and the formula proposed by Sinn [28].

(1)

A least-square fit of the data to the equation (1)
yields the values of θ = 0.41, J = +27.8 cm–1, g = 2.04
and R = 1.863 × 10–4 (where R is defined as

. This indicates the pres-

ence of ferromagnetic interactions. Most of the tricop-
per compounds previously observed exhibit antiferro-
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Fig. 3. The 3D porous network of viewed along the x axis in complex I. The polyhedrons represent copper clusters, the Bpa ligands
represent white pillars. The ball represents an oblate spheroid at the center of cavity, its radius is 5 Å.
magnetic interactions [29, 30], ferromagnetic interac-
tions were reported in some μ3-oxo and μ3-hydroxo
RUSSIAN JOURNAL OF C

Fig. 4. Thermal variation of χM(h) and χMT (s) (a) and
plots of 1/χM versus T (b) for complex I.
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tricopper complexes [31–33].

To study the stability of the polymers, TG analysis
of complex I was performed (Fig. 5). TG diagrams of I
indicate two main steps of weight losses. The weight
loss begins at 20°C and is completed at 132°C. The
observed weight loss of 10.1% is corresponding to the
loss of the crystallization water molecule (calcd.
9.7%). The second weight loss occurs in the range
200–450°C, which can be attributed to the elimina-
tion of TAR and Bpa ligands (obsd. 11.2%, calcd.
10.7%) (Fig. 5).

Additionally, to confirm the phase-pure and the
stable framework of compound I, the original sample
and dehydrated sample were characterized by PXRD
at room temperature. The pattern that was simulated
from the single-crystal X-ray data of compound I was
in good agreement with those that were observed
(Fig. 6), thus compound I was obtained as a single
OORDINATION CHEMISTRY  Vol. 44  No. 7  2018

Fig. 5. Thermogravimetric curve of I.
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Fig. 6. Comparison of PXRD patterns of the simulated
pattern from the single-crystal structure determination
(1), as-synthesized product (2), the desolvated (3).
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phase. For compound I, after heating at 135°C for 4 h,
the guest water molecule was removed (the evacuated
frameworks are defined as I'). The PXRD pattern of I'
is similar to compound I, although minor differences
can be seen in the positions, intensities, and widths of
some peaks (Fig. 6), which indicates that the frame-
work of compound I is retained after the removal of
the guest molecule.

Thus, we have successfully isolated a new coordi-
nation polymer constructed from tartrate (Tar) and
N-donor co-ligand. Interestingly, Tar acts as a perfect
ligand in the self-assembly because of its moderate
length, f lexibility and five discrete metal-binding sites.
The new design idea depicted in this paper may be a
promising technique for the construction of other
intriguing organic-inorganic hybrid coordination
polymers, and further efforts on this perspective are
underway.
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