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Magnetism and Photocatalytic Degradation of Organic Dyes 
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Abstract—A new MOF of [Co(HCOO)2] · 0.33DMF (I) was prepared and characterized by IR, powder X-ray
diffraction, and single-crystal X-ray diffraction (CIF file CCDC no. 1571166). Complex I exhibits a diamond
framework based on Co-centered CoCo4 tetrahedral nodes, in which all metal ions have octahedral coordi-
nation geometry and all HCOO groups link the metal ions in syn-syn/anti modes. The magnetic property
shows a main antiferromagnetic interaction and the ferromagnetic phase transition below 2 K. Furthermore,
the photocatalytic properties of I for degradation of the methyl violet and Rhodamine B have been explored.
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INTRODUCTION

Metal-organic frameworks (MOFs) have received
a wide range of attention in the field of supramolecular
chemistry and crystal engineering, owing to their
intriguing aesthetic structures and their potential
applications (such as, host–guest chemistry and mag-
netic materials) [1–5]. Ligands with carboxylate
groups are employed most often in the design and syn-
thesis of MOFs. For example, benzene polycarboxyl-
ate acids can bind to and connect metal centers in var-
ious modes to generate complexes with different mag-
netic properties. However, formate anions, HCOO–,
which is the simplest carboxylate, has been used infre-
quently as a building block [6–22]. More porous for-
mate coordination polymers, a series of

[ (HCOO)6] formate-MOFs were synthesized and
their magnetic properties were studied [23–29]. A
good example is the MOFs with a general formula cat-
ion@M(HCOO)3 (cation = alkylammonium, M =
divalent metal ion). These MOFs undergo a ferroelec-
tric (or antiferroelectric) phase transition in the tem-
perature range of 160–185 K, depending on the
involved M(II). They also exhibit a canted antiferro-

magnetic ordering at low temperatures (Tc = 8–36 K)
[30–34].

On the other hand, dimethyl formamide (DMF)
usually takes as a polar solvent. It is reported that the
C–N bond cleavage becomes easy under acidic condi-
tions [27–31], and its decomposition product, formic
acid (HCOOH), is a good bridging ligand for con-
structing MOFs; consequently, the relative coordina-
tion compounds involving the formate ligand
have been numerously reported. Recently, we have
devoted to the systematic investigation on assembly of
Mn-MOFs induced by temperature-driven C–N
bond cleavage of DMF molecules [35–40]. This suc-
cess prompted us to look for analogues with other
divalent transition metals. Our motives are as follows:
(a) to control the pore size by using divalent cations
having different radii (for example, Mn (0.95 Å),
Co (0.80 Å)), and (b) to study the magnetic interac-
tions by changing the electronic configuration [41].
We reported here the successful synthesis of the cobalt
MOF of [Co(HCOO)2] · 0.33DMF (I) [42]. The mag-
netic property shows a main antiferromagnetic inter-
action and the ferromagnetic phase transition below
2 K. Furthermore, the photocatalytic properties of I
for degradation of the methyl violet (MV) and
Rhodamine B (RhB) have been explored.1 The article is published in the original.
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Table 1. Crystallographic data and structure refinement
for complex I

Parameter Value

Formula weight 173.33

Crystal system Monoclinic

Space group P21/n

Unit cell dimensions:

a, Å 11.2513(17)

b, Å 9.9075(16)

c, Å 14.548(2)

β, deg 91.397(3)

Volume, Å3; Z 1621.2(4); 12

F(000) 1036

θ Range for data collection, deg 2.26–22.10

Limiting indices –14 ≤ h ≤ 14,

0 ≤ k ≤ 12,

0 ≤ l ≤ 18

Reflections collected 13602

Independent reflections (Rint) 3570 (0.1023)

Numder of refinement 195

Completeness, % 96.5

Goodness-of-fit on F2 1.077

Final R indices (I > 2σ(I)) R1 = 0.0846, wR2 = 0.1772

R indices, all data R1 = 0.1302, wR2 = 0.1990

Δρmax/Δρmin, e Å–3 1.013/–1.060
EXPERIMENTAL

Materials and measurements. All the reagents and
solvents for synthesis and analysis were commercially
available and used directly. X-ray power diffraction
data were recorded on a Rigaku RU200 diffractometer
at 60 kV, 300 mA for CuKα radiation (λ = 1.5406 Å)
with a scan speed of 2°C/min and a step size of 0.02°
in 2θ. Magnetic susceptibility data of powdered sam-
ples restrained in parafilm were measured on Oxford
Maglab 2000 magnetic measurement system in the
temperature range 300–2 K and at field of 1 kOe.

Synthesis of complex I. A mixture of quaterphenyl-
3,3''',5,5'''-tetracarboxylic acid (H4L) (0.06 mmol)
and Co(NO3)2 · 6H2O (0.1 mmol) and DMF (2 mL)
were added into a screw-capped vial. The resulting
pink slurry turned clear upon addition of 3 drops of
aqueous HNO3 (63%). The solution was gradually
heated to 105°C over a period of 10 h, and kept at this
RUSSIAN JOURNAL OF C
temperature for 3 days. The pink crystalline product
was separated by filtration and washed sequentially by
DMF, and then dried briefly in air (the yield was 31%
base on Co).

IR (KBr; ν, cm–1): 3285 v.s, 2899 w, 2331 m,
1580 v.s, 1398 v.s, 1099 m, 836 m, 786 v.s, 632 m.

X-ray crystallography. Single-crystal X-ray diffrac-
tion data for I were collected on a Bruker Apex II CCD
diffractomete with MoKα radiation (λ = 0.71073 Å) by
using φ/ω scan technique at room temperature.
The structure was solved by direct methods with
SHELXS-97 [43]. The hydrogen atoms were assigned
with common isotropic displacement factors and
included in the final refinement by use of geometrical
restrains. A full-matrix least-squares refinement on F 2

was carried out using SHELXL-97 [43]. The empirical
absorption corrections were applied by the SADABS
program. The H-atoms of carbon were assigned with
common isotropic displacement factors and included
in the final refinement by the use of geometrical
restraints. The crystallographic data for com-plex I
are listed in Table 1. Selected bond lengths and angles
for I are collected in Table 2.

The atomic coordinates and other parameters of
the complex have been deposited with the Cambridge
Crystallographic Data Center (CCDC no. 1571166;
deposit@ccdc.cam.ac.uk).

Photocatalytic method. The photocatalytic reac-
tions were performed as follows. 50 mg of I were dis-
persed in 50 mL aqueous solution of RhB/MV
(10 mg/L) under stirring in the dark for 30 min to
ensure the establishment of an adsorption-desorption
equilibrium. Then the mixed solution was exposed to
UV irradiation from an Hg lamp (250 W) and kept
under continuous stirring during irradiation for
100 min. Samples of 5 mL were taken out every 10 min
and collected by centrifugation for analysis by UV-Vis
spectrometer. By contrast, the simple control experi-
ment was also performed under the same condition
without adding any catalysts.

RESULTS AND DISCUSSION
The structure was revealed by X-ray analysis and

has Co-centered CoCo4 tetrahedra (Fig. 1a). The tet-
rahedron has one Co ion (Co(3)) at the center, four
(Co(1), Co(2), Co(4), and Co(4)iv (iv 3/2 – x, –1/2 +
y; 3/2 – z)) at the apices, and six HCOO groups on the
edges. The ligand has one O atom binding the central
Co and one apical Co in syn/anti mode while other
O atom is syn-binding one neighboring apical Co
atom. By sharing their metal apices these tetrahedra
form a 3D framework in which all metal atoms possess
octahedral coordination geometry. In the structure
Co(3)–Co(4) has two Co–O–Co and one M–O–C–
O–M bridges while Co(2)–Co(3) and Co(1)–Co(3)
have one Co–O–Co and two M–O–C–O–M
bridges. The distances of Co(3)–Co(4), Co(1)–Co(3)
OORDINATION CHEMISTRY  Vol. 44  No. 7  2018
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Table 2. Selected bond lengths (Å) and angles (deg) for complex I*

* Symmetry transformations used to generate equivalent atoms: (A) 3/2 – x, 1/2 + y, 3/2 – z.

Bond d , Å Bond d , Å

Co(1)–O (5)
Co(1)–O(1)
Co(2)–O(8)
Co(3)–O(1)
Co(3)–O(4)
Co(3)–O(6)
Co(4)–O(10)
Co(4)–O(4)
Co(4)–O(11)

2.073(8)
2.117(7)
2.074(9)
2.055(8)
2.082(7)
2.118(8)
2.037(7)
2.080(7)
2.115(7)

Co(1)–O(3)
Co(2)–O(2)
Co(2)–O(9)
Co(3)–O(9)
Co(3)–O(11)
Co(3)–O(7)
Co(4)–O(12)
Co(4)–O(6)
Co(4)–O(7)

2.095(8)
2.053(8)
2.114(7)
2.074(6)
2.100(7)
2.124(7)
2.051(8)
2.105(7)
2.118(7)

Angle ω, deg Angle ω, deg

O(2)Co(2)O(9)
O(1)Co(3)O(11)
O(4)Co(4)O(6)

92.1(3)
173.0(3)
171.8(3)

O(6)Co(3)O(7)
O(10)Co(4)O(7A)

164.2(3)
170.9(3)
and Co(2)–Co(3) are 3.168, 3.513, 3.492 Å, respec-
tively. The open framework has channels running
along the y direction. The entrance of the channel is
about 4.1 × 5.2 Å wide with the exclusion of the van
der Waals radii of the surface atoms (Fig. 1b). Com-
plex I is an amorphous compound that is formed by
dehydrating cobalt formate dehydrates and has been
reported in [42]. However, the reported compound
from Fu et al., was synthesized by cobalt chloride
hexahydrate and excess of 88% formic acid under
higher temperature directly. A similar compound is
also found by Wang and his co-workers [41].

For I, magnetic susceptibility (χM) was measured in
the temperature range of 2–300 K, and the χAT versus
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY

Fig. 1. The coordination geometries of the metal centers and the
the 30% probability level and H atoms are omitted for clarity, sy
x, 1/2 + y, 3/2 – z; iv 3/2 – x, –1/2 + y; 3/2 – z); view of the sk
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T plot is shown in Fig. 2. The observed χMT value at
room temperature (3.31 cm3 K mol–1) was larger than
the spin-only value (1.88 cm3 K mol–1) and close to
the value (3.38 cm3 K mol–1) in case the spin and
orbital angular momenta exist independently, suggest-
ing a contribution of the orbital angular momentum.
When lowering the temperature, the observed χMT
value slightly decreased to show a minimum

(2.40 cm3 K mol–1) at ~5 K, and below 3.5 K the χMT
abruptly increased (2.96 cm3 K mol–1) at 2 K. The
decreasing behavior of χMT seems to be typical of 4T1
term magnetism, caused by the first-order orbital
angular momentum, and the observed value is thought
  Vol. 44  No. 7  2018

 ligands geometries in I (a) (displacement ellipsoids are drawn at
mmetric codes: i 1 – x, 1 – y, 1 – z; ii 2 – x, 1 – y, 1 – z; iii 3/2 –
eleton of I along the y axis (b).

(b)
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Fig. 2. Plots χMT versus T for I, solid lines represent fits to
the data.
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Fig. 3. UV-Vis absorption spectra of the MV (a) and RhB (b) so
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(a)
to be the average of four crystallographically distin-
guished cobalt(II) ions. Although the structure was
too complicated to consider an exact interaction
model, the averaged χMT data was successfully fitted
by the zero-field splitting model of S = 3/2, whose
Hamiltonian is written as H = guβSuHu + D[  –
S(S + 1)/3] (u = x, y, z) [44–46]. The magnetic sus-
ceptibility equation is as follows:

2
zS

2
,

3
z xχ + χχ =

( )
( )

+ −βχ =
+ −

2 2
21 9 exp

,
24 1 exp

z
z

D
Ng kT

DkT
kT
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The best-fitting parameter set was obtained as (D,
gz, gx, (gav)) = (–78.0 cm–1, 2.90, 2.50, (2.64)) with
good discrepancy factors (Rχ = 9.7 × 10–5 and RχT =
6.4 × 10–5) in the temperature range of 4–300 K. The
abrupt increase in χMT is probably due to the ferro-
magnetic interaction (or the ferromagnetic phase
transition) [47].

The photocatalytic activities of I was evaluated by
the photo-degradation of MV/RhB in aqueous solu-
tion with UV light irradiation using a 250 W Hg lamp.
The degradation ratios of MV/RhB dyes in water were
monitored by observing the intensity of the character-
istic absorption band of MV/RhB. No new absorption
band was observed in the UV-Vis absorption spectra,
indicating the total decomposition of MV/RhB in
water. The absorption peaks of MV and RhB were
found to decrease with increasing reaction time for I
(Fig. 3). The calculation results show that the conver-
sion rates of MV and RhB are 53.45 and 77.08% under
UV irradiation, respectively. For the sake of compari-
son, the total catalytic degradation efficiency of the
control experiment (without any catalysts) had also
been carried out. The degradation rates of MV and
RhB were just 18.2 and 13.3%, respectively, within
50 min under the same condition without catalyst.
These results demonstrates that the presence of I is
necessary for the degradation of MV and RhB. Also, I
exhibits better photocatalytic activity against MV than
that of RhB under similar conditions [48].

To investigate the kinetics of MV/RhB photocata-
lytic degradation by I, experimental data can be
described by the Langmuir–Hinshelwood model as
expressed by ln(c/c0) = −kt (k = apparent reaction rate
constant, c0 is the initial concentration of MV/RhB, t
is the reaction time, and c is the concentration of
RhB/MV at the reaction time t). The plot of ln(c0/c)
and irradiation time (t) is approximately linear
and approximated the first-order kinetic equa-
tion (Fig. 3c). The calculated apparent rate con-
stant k values of RhB and MV are 2.17 × 10–2 and
0.15 × 10–2 min–1 for I, respectively. Thus, RhB are
much higher than that of MV. So, I could be chosen as
photocatalysts to degrade MV [48, 49].

Thus, we have prepared a Co-formate MOF with
Co-centered CoCo4 tetrahedral nodes and open chan-
nels. The formate is directed from the decomposition
product of dimethyl formamide. The magnetic prop-
erty shows a main antiferromagnetic interaction and
the ferromagnetic phase transition below 2 K. It was
found that the photocatalytic decomposition of RhB
catalyzed by I was faster than those initiated by MV.
The better catalytic performance of I may be ascribed

( ) ( )
( )

2 2
3 21 1 exp
4 .

21 exp
x

x

kT D
Ng D kT

DkT
kT

⎡ ⎤+ − −
⎢ ⎥β ⎣ ⎦χ =

+ −
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to adsorption properties for RhB and electronic
charges on its solid surface.
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