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A fascinating 3D entangled metal-organic framework, namely, {[Co2(bcp)2] 3 3H2O}n (1), was obtained through the
solvothermal generation of flexible and long dicarboxylate (bcp) andmetal salt. The crystal structure contains a 1Dmetal chain
with bcp ligandswrappedaround it in awavy line and featuresanunusual entangled topological net. Furthermore, themagnetic
behavior of 1 was also studied and indicated the existence of ferromagnetic interaction and long-range ordering character.

Introduction

The design and preparation of molecule-based magnets has
attracted a great deal of attention, especially for the metal-
organic systems involving magnetism of small clusters and
chains with unconventional behaviors.1 Up to now, a series of
different dimensional (1D, 2D, and 3D) structure compounds
based on Mn(II), Cu(II), and Ni(II) metal clusters have been
obtained by bridging of N3

-, ox, and N(CN)-, showing

behaviors from those of a single-molecule magnet to classical
magnet and dynamic behaviors.2,3 As is well-known, the
magnetic strength and nature of the magnetic coupling
between metal centers can be determined by the bridging
linkers.4 Carboxylate linkers have been widely employed to
shape molecular magnetic materials owing to their various
binding modes that afford superexchange pathways.5 So far,
the design and synthesis of polynuclear metal-carboxylate
complexes and extended networks with predictable magnetic
properties are still a challenge in the field of molecular magne-
tism. Inparticular, homometallic 3Dmetal-carboxylatemotifs
containing small metal chains give a chance for exploring
the relationship between the structure and metamagnetic
characters due to the possibilities of enhancement of the
bulk magnetic interactions.6

1,3-Bis(4-carboxy-phenoxy)propane (H2bcp) is an exam-
ple of a long, V-shaped, and flexible dicarboxylate ligand,
which has been employed by us to construct exceptional
sextuple-strandedmolecular braids in the presence of flexible
bbp (1,3-bis(4-pyridyl)propane) ligands.7 To design a homo-
metallic metal-organic framework showing interestingmag-
netic behavior, we have used the Co(II) atom with large
magnetic anisotropy and a single bridging bcp ligand, and we
successfully obtained a 3D entangled polymer {[Co2(bcp)2] 3
3H2O}n (1), which contains a 1D unusual metal chain and
displays ferromagnetism.
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Experimental Section

Materials and Instruments.All reagents were purchased from
commercial sources and used as received. The IR spectrum was
recorded with a Perkin-Elmer Spectrum One spectrometer in the
region 4000-400 cm-1 using KBr pellets. TGA was carried out
with aMettler-Toledo TA 50 in dry dinitrogen (60 mLmin-1) at a
heating rate of 5 �Cmin-1. X-ray powder diffraction (XRPD) data
were recorded on a Rigaku RU200 diffractometer at 60 kV and
300mAusingCuKR radiation (λ=1.5406 Å),with a scan speedof
2 �C/min-1 and a step size of 0.02� in 2θ. Magnetic susceptibility
data of powdered samples restrained in parafilmweremeasured on
an Oxford Maglab 2000 magnetic measurement system in the
temperature range 2-300 K and in a field of 1 kOe. Diamagnetic
correction was applied using Pascal’s constant.8

X-RayCrystallography. Single-crystal X-ray diffraction anal-
ysis of the title compound was carried out on a Bruker SMART
APEX II CCD diffractometer equipped with graphite monochro-
mated Mo KR radiation (λ=0.71073 Å) by using the φ/ω scan
technique at room temperature. The intensities were corrected for
Lorentz and polarization effects as well as for empirical absorption
based on multiscan techniques. The structure was solved using the
directmethodand refinedby full-matrix least-squares fittingonF2 by
SHELX-97.9 Absorption correction was applied by using the multi-
scanprogramSADABS.10Thehydrogenatomsof theorganic ligand
were placed in calculated positions and refined using riding on
attached atoms with isotropic thermal parameters 1.2 times those
of their carrier atoms. The water hydrogen atoms were located from
difference maps and refined with isotropic thermal parameters 1.5
times thoseof their carrieratoms.Table1showscrystallographicdata
of 1. Selected bond distances and bond angles are listed in Table 2.

Synthesis. Preparation of {[Co2(bcp)2] 3 3H2O}n (1). A mix-
ture of Co(NO3)2 3 3H2O (0.025 g, 0.11 mmol), 1,3-bis(4-
carboxy-phenoxy)propane (H2bcp) (0.032 g, 0.1mmol), CH3OH
(2mL),CH3CN(1mL), andNaOH(0.5M, 0.4mL) anddeionized
water (8mL) was stirred for 30min in the air, then transferred and
sealed in a 25 mL Teflon reactor, which was heated at 150 �C for
72h.The solutionwas then cooled to room temperature at a rate of
5 �C h-1, to yield a very fine pink crystalline product (1) in 40%
yield (based on Co). C34H33Co2O15 (799.46) (1) Anal. Calcd: C,

51.18; H, 4.16. Found: C, 52.33; H, 3.88. IR (cm-1): 3419vs,
3022m, 1554s, 1405s, 1249 m, 781 m.

Results and Discussion

X-ray analysis reveals that the asymmetric unit of 1 con-
tains one Co(II) atom (both Co1 and Co2 have 1/2 site
occupancies), one bcp ligand, and one-half of a lattice water
molecule. The bcp exhibits a (K1-K1)-(K1-μ2)-μ5 bridging
mode.11 The Co1 center adopts a distorted tetrahedral CoO4

coordination environment provided by four oxygen atoms from
two symmetric bridging carboxylate groups (two oxygen atoms
come from (K1-K1) ends, and the remaining sets originate from
μ2-bridging groups), while theCo2 shows a normally octahedral
CoO6 coordination environment derived from two (K1-K1)
and four (K1-μ2) bridging ends (Figure1).TheCo-Odistances
agreed with the normal values in reported polymers.4a,7 In 1, on
the basis of this connection, it extends along the crystallographic
a axis via bridging carboxylates, generating an infinite metal
chain through sharing Co(II) ions, as shown in Figure 2. The
chain presents a wave-like motif. The intrachain Co(II) 3 3 3
Co(II) distance and Co1-O-Co2 angle are 3.332(1) Å and
98.71(8)�, respectively. In the literature, several notable MOFs
built on Co2(μ2-OH2)(CO2)4 [the binuclear core exhibits the
(μ-aqua)bis(μ-carboxylate) unit], Co4(μ3-OH)(CO2)6 [the four
cobalt atoms forma tetranuclearunit throughbodings fromtwo
bridging μ3-OH and carboxylate groups], and Co7(μ3-OH)2-
(bhqe)6 [Co1 is coordinatedby sixμ3-alkoxooxygenatoms from
threebhqe ligands,while six symmetry equivalentCo2atomsare
arranged in a staggered fashion, three up and three down along
the c axis, sandwiching the Co1] molecular building blocks
(MMBs) have been documented,12 but there is no an instance

Table 1. Crystallographic Data and Structure Refinement Summary for Complex 1

1

formula C34H33Co2O15

Mr 799.46
cryst syst monoclinic
space group C2/c
a (Å) 13.842(2)
b (Å) 24.652(4)
c (Å) 10.5305(17)
R (deg) 90
β (deg) 105.241(3)
γ (deg) 90
V (Å3) 3467.0(9)
Z 4
F (000) 1644
Dcalcd (g/cm

3) 1.532
GOF 1.036
reflns collected 3105
unique reflns 8609 (Rint = 0.0315)
final R indices R1 = 0.0504
RR (I > 2σ(I)) wR2 = 0.1456
R indicesa,b R1 = 0.0654
(all data) wR2 = 0.1555

a R1=
P

||Fo|- |Fc||/
P

|Fo|.
b wR2={

P
[w(Fo

2-Fc
2)2]/

P
(Fo

2)2}1/2.

Table 2. Selected Bond Distances (Å) and Angles (deg)a

complex 1

Co(1)-O(6)#1 2.012(3) Co(2)-O(3)#2 2.074(2)
Co(1)-O(4)#3 2.085(2) Co(2)-O(4)#4 2.302(2)
Co(2)-O(5)#5 2.200(2)
O(6)-Co(1)-O(6) 102.42(17) O(4)-Co(1)-O(4) 101.05(12)
O(6)-Co(1)-O(4) 110.41(11) O(3)-Co(2)-O(3) 180.0
O(5)-Co(2)-O(5) 180.0 O(4)-Co(2)-O(4) 180.0

aSymmetry codes. #1:-x, y, 3/2- z; #2:-x, 1- y, 1- z; #3: 1/2þ x,
1/2þ y; 1þ z; #4:-1/2- x, 1/2þ y; 1/2- z; #5:-1/2- x, 1/2- y,-z.

Figure 1. Coordination environment of Co(II) center and coordination
mode of bcp ligand (symmetric codes: (i) x- 1/2, yþ 1/2, z- 1; (ii)-xþ
2, -y þ 1, -z).
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built on this special molecular building block. Thus, it believed
that the present Co2(CO2)4MMB is unique and unprecedented.
These chains are then connected to each other via the bcp
ligands, to give an overall 3D network (Figure 3a). Each chain
connects to six others, with each pair of chains connected to two
sets of bcp ligands. Interestingly, the V-shaped conformation
adopted by the bcp ligand leads to them wrapping around each
other in an unusual fashion, as shown in Figure 3b. To the best
of our knowledge, such a wrapping fashion character is quite
rare. Most known structures of lanthanide and transition-metal
compounds are double- or triple-stranded helicates directed by
longpolydentate linkers.13These flexible linkers are able towrap
around metal atoms forming compact helical structures. The
example is described by an interweaving of single and novel
unequal double-helical chains formed by complicated linkages
of the tripodal ligands and flexible N-donor ligands between
different Ni(II) centers.13b

Another structural feature of 1 is the presence of two kinds
of helical chains within one sheet (Figure 4). TheCo1 ions are
connected by bcp ligands, leading to a 2D sheet containing
left- and right-handed helices, while the Co2 ions are linked
by bcp to form a 1D double chain, as shown in Figure S1
(Supporting Information). From the perspective view, the
helix-like subunits construct a beautiful hexagonal diagram.
The lattice water molecules are shaped like trimer water
clusters and are filled in the cavity.
The temperature-dependent molar magnetic susceptibility

of 1 was measured at 1000 Oe in the range 2-300 K on a

polycrystalline powder sample (Figure 5). At room tempera-
ture, χMT is 3.28 cm3 mol-1 K, which is larger than the spin-
only value (1.875 cm3 mol-1 K) for S=3/2, indicating the
important orbital contribution arising from the high-spin
octahedral Co(II).14 χM

-1 obeys the Curie-Weiss law with a
Curie constant of 3.22 cm3 K mol-1 and a Weiss constant of
θ=þ6.14K. The positive θ value is indicative of a dominant
ferromagnetic interaction between Co2þ centers.1a Upon
cooling, the χMT value is almost constant from 3.28 cm3 K
mol-1 at 300 K to 3.78 cm3 K mol-1 at 50 K and then
increases drastically to a maximum of 20.42 cm3 mol-1

around 3.0 K, suggesting an appreciable intrachain ferro-
magnetic exchange between Co1 and Co2 connected to each
other through μ2-O and O-C-O bridges. The sudden
decrease in χMT below 3.0 K may be attributed to low-
temperature magnetization saturation, and the interchain
antiferromagnetic interaction and/or the zero-field splitting
effect cannot be excluded.15 Themagnetic data above 3K can
be fitted using the equation derived by Fisher for a uniform
chain of classical spins based on the Hamiltonian Ĥ =
-2JΣSiSiþ1, and the ise of this led to the parameters J =
2.33 cm-1 and g= 2.64 (see the Supporting Information).16

Accounting for the interchain interactions zJ, the least-
squares analysis of magnetic susceptibilities data led to
the parameters J=2.66 cm-1, g=2.60, and zJ=-0.024
(Figure S2, Supporting Information).
In order to estimate the strength of the ferromagnetic

exchange interaction and the spin-orbit coupling for the
4T1g state of Co2þ, the best fits above 30 K based on the
equation listed in ref 17 gave the parameters λ=-112 cm-1,

Figure 2. The unusual 1D metal chain showing wave-like fashion.

Figure 3. (a) The cross-linking of 1D metal-carboxylate chains by the bcp ligands to give an overall 3D structure for compound 1. For clarity, the two
crystallographically unique metal atoms are colored differently (orange and purple). (b) The unusual fashion in which pairs of ligands bend around each
other in the structure of 1.
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A =1.26, and θ =17.0 K (Figure S3, Supporting In-
formation). The data were fitted using the simple phenom-
enological equation (see the Supporting Information).18 The
least-squares analysis, shown as solid lines in Figure S4
(Supporting Information), led to parameters A=0.23 cm3

K mol-1, E1/k= 84 K, B= 2.98 cm3 K mol-1, and E2/k=
-11.5 K. Here, A þ B equals the Curie constant, the value
for E1/k is consistent with those given in the literature for
the effects of both spin-orbit coupling and site distortion,
and the value E2/k � -2J, corresponding to spin coupling
between Co2þ ions, shows the distinct ferromagnetic ex-
change mediated between Co2þ through μ2-O and O-C-O
bridges. The intrachainCo 3 3 3Codistance andCo1-O-Co2
angle are 3.332(1) Å and 98.71(8)�, respectively. However,
the shortest interchainCo 3 3 3Codistance is 11.153(1) Å. This
is in agreement with magnetostructural analysis: Co-Co
ferromagnetic coupling due to small Co-O-Co and anti-
ferromagnetic coupling due to large Co-O-Co angles.19

At a low applied field of 50 Oe in the temperature range
1.8-6 K, the magnetizations after zero field cooling (ZFC)
and subsequent field cooling (FC) reveal nonreversibility and

bifurcation (Figure S5, Supporting Information), showing
that long-range ordering occurs at 2.0 K. The temperature-
dependent zero field ac susceptibility is measured under
Hac=3.5 Oe and frequencies of 1, 10, 100, 1000, and 1500
Hz. Figure 5 clearly shows that the in-phase χ0 andout-of-phase
χ00 signals increase drastically around 2.0 K close to theTc. The
invariance of χ0 and χ00 with the cycling frequency confirms that
the material is not a spin glass.13a,20 Obviously, the χ00 intensity
enhances upon an increase in frequency; however, we estimate
that the χ00 maximum position is independent of frequency.
When the frequency enhances, the χ00 value drops to negative
and then increases again below 2.0K (Figure 6). Suchmagnetic
behavior could be related to the measure sample without
pressing consistency. The mechanism is, however, not clear to
us. Magnetization (M) measurements on 1 (Figure 7) show a

Figure 4. (a) The 2D layer directed by Co1 and bcp ligands. (b-f) the left- and right-handed helical tubues.

Figure 5. Plots χMT and χM
-1 of versusT for 1. Solid lines represent fits

to the data (see text for details).

Figure 6. In-phase and out-of-phase component of the ac magnetic
susceptibility data for 1, recorded with switching frequencies of 1, 10,
100, 1000, and 1500 Hz.

(18) (a) Rueff, J. M.; Masciocchi, N.; Rabu, P.; Sironi, A.; Skoulios, A.
Eur. J. Inorg. Chem. 2001, 2843. (b) Rabu, P.; Rueff, J. M.; Huang, Z. L.;
Angelov, S.; Souletie, J.; Drillon, M.Polyhedron 2001, 20, 1677. (c) Rueff, J. M.;
Masciocchi, N.; Rabu, P.; Sironi, A.; Skoulios, A.Chem.;Eur. J. 2002, 8, 1813.

(19) (a) Salah,M. B.; Vilminot, S.; Andre, G.; Richard-Plouet,M.;Mhiri,
T.; Takagi, S.; Kurmoo,M. J. Am. Chem. Soc. 2006, 128, 7972. (b) Rujiwatra,
A.; Kepert, C. J.; Rosseinsky, M.Chem. Commun. 1999, 2307. (c) Zhang, X. M.;
Zhang, X. H.; Wu, H. S.; Tong, M. L.; Ng, S. W. Inorg. Chem. 2008, 47, 7462.

(20) Marino, N.; Mastropietro, T. F.; Armentano, D.; De Munno, G.;
Doyle, R. P.; Lloret, F.; Julve, M. Dalton Trans 2008, 5152.



10426 Inorganic Chemistry, Vol. 49, No. 22, 2010 Liu et al.

rapid increase inM as a functionof field (H),withM registering
a value of 1.50Nβ atH=1kOe (at 1.8K).M continues to rise
gradually thereafter, reaching 2.77 Nβ at H=70 kOe. This
behavior is consistent with a ferromagnetically ordered state of
Co2þ for which the saturation magnetization would be in the
range of 1.0-3.0 Nβ, attributed to the spin-orbital coupling.
The magnetization versus field dependence at 2 K shows
obviously hysteretic behavior. The remanent magnetization
Mr is 0.11 Nβ, and the coercive fieldHc is 20 Oe.
Compound 1 has stability in the air and retains its crystal-

line integrity under ambient conditions. Thermogravimetric
analysis of compound 1 shows a loss of the lattice water
molecules (5.5%)within the temperature range of 43-200 �C
(calcd. 6.0%; Figure S6, Supporting Information). A further
weight loss of 72.8% was observed in the range of 230-
550 �C, which is in agreement with the removal of the bcp
ligands. The result indicates that the new type of MMB
network is thermally stable below these temperatures. Addi-
tionally, to confirm the phase purity and stability of compound

1, the original sample and the dehydrated sample were both
characterized by X-ray powder diffraction (XRPD) at room
temperature. The pattern that was simulated from the single-
crystal X-ray data of compound 1was in good agreement with
those that were observed (Figure S7, Supporting Information),
indicating that compound 1wasobtained as a single phase. For
compound 1, after heating at 200 �C for 4 h, the guest water
molecules were removed (the evacuated framework is defined
as10).TheXRPDpatternof10 is similar to thatof compound1,
although minor differences can be seen in the positions,
intensities, and widths of some peaks, which indicates that
the framework of compound 1 is retained after the removal of
the guest molecules.

Conclusions

In summary, an unusual 3D entangled metal-organic
framework has been structurally andmagnetically character-
ized. Structural analysis indicates that the assistant nuetral
ligand would markedly control the resulting motifs on the
basis of our previous example.7 The compound shows ferro-
magnetic behavior and long-range ordering character.
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Figure 7. Magnetization of 1 as a function of magnetic field at 1.8 K.


