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A new paramagnetic and semiconductor copper citrate dimer exhibits photocatalytic behaviour 

towards the organic dye degradation.  
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Synthesis, Structure, Photocatalytic and Magnetic 

Properties of an Oxo-bridged Copper Dimer 
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Dimeric copper complex, [GuH]4[CuII
2(Cit)2].2H2O (where GuH = monoprotonated guanidine 

and Cit = citrate anion) was synthesized solvothermally and characterized by single crystal-X-

ray diffraction. The Cu atoms are bridged by alkoxide oxygen atoms of the citrate ligand 

forming the dimer. The Cu atom adopts distorted square pyramidal geometry. Two CuO5 units 

are connected edge-wise to form the dimer which is capped by the citrate ligand. This 

molecular dimer is strongly H-bonded with guanidine cation and water molecule to form 

supramolecular structure. The optical band gap energy data exhibits its semiconductor 

behavior. We have explored this material as a photocatalyst for the degradation of organic dye. 

The magnetic measurements show that compound 1 behaves like a paramagnet. Detailed 

theoretical investigations reveal that inter-molecular H-bonding is responsible for the stability 

of this structure. 

 

 

 

 

 

 

The increasing interest in dimer, trimer, tetramer and higher-
membered metal complexes is due to their unusual properties and 
their potential as single-molecule magnets (SMMs).1,2 The focus on 
cluster-based coordination polymers have increased rapidly in recent 
years due to their richness in chemistry.3 Much efforts have been 
devoted to the construction of such compounds with tunable 
properties through the design of metal clusters as secondary building 
units (SBUs) and organic ligands as linkers.4 Metal carboxylate 
clusters due to their thermal stability and multiple bonding centers 
have proven their value to construct hierarchy of structures.5 

Recently Lin et al. showed that increase in size of the Zn-based SBU 
clusters lead to a red shift in band gap energy of metal organic 
framework (MOFs).4a They also proved that conjugation of 
carboxylate linkers have pronounced effect on MOFs’ band gap 
energy.4a Hendon et al. reported that functionalization of ligand can 
lead to a change in band gap energy.4b In this context we have shown 
that substitution of metal ion in MOFs can significantly modify the 
band gap energy.6 Linked clusters are stabilized through strong 
covalent interactions while for an isolated cluster, H-bonding plays a 
crucial role in its stability, which can affect the properties of the 
cluster when these are crystallized with protonated amine and water 
molecules.7 Due to its unique binding mode citric acid can stabilize 
metal cluster with variation in metal coordination number.8 The 
citrate ligand is able to generate metal-oxocubane structures that are 
of particular interest for the creation of SMMs.8 The literature on 
dimeric cluster based on citrate ligand is rare.9 Cluster chemistry is 
fascinating due to their magnetic behavior and in most of the cases it 

behave like a SMM. The optical behavior of clusters have not been 
explored much.10 We are interested in exploring the semiconductor 
properties of clusters based materials.11 A new application of 
semiconductor cluster is photocatalysis and some results have 
demonstrated that these are efficient photocatalysts for the 
degradation of organic dyes.12 There is always a great demand to 
correlate the structure-properties relationship for these type of 
materials.13 To do this we have synthesized a dimeric copper cluster 
linked by citrate ligand. The cluster is stabilized by H-bonding with 
protonated guanidine cation and water molecule. Here we present the 
synthesis, single crystal structure, DFT calculations, optical band 
gap energy, photocatalysis, magnetism of [GuH]4[CuII

2(cit)2].2H2O, 
1. 
 
Experimental Section 

General: All chemicals were of reagent-grade quality and purchased 
from Sigma-Aldrich and used as received without further 
purification. The elemental analysis (C, H, and N) was carried out on 
vario MICRO elementar instrument. The FT-IR spectrum was 
recorded from KBr pellets in the range of 400-4000 cm-1 on 
SHIMADZU FT-IR spectrometer. The TGA was performed on 
Perkin-Elmer TG-7 analyzer in flowing argon with a heating rate of 
5⁰ C per minute. Powder X-ray diffraction data was collected on 
PAN analytical machine with CuKα radiation (λ = 1.54060 Å) and 
single crystal X-ray diffraction data was collected on Bruker APEX-
II machine with MoKα = 0.71073 Å). 
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Synthesis  

In a conventional synthesis, citric acid (1.00 g, 5.2 mmol) and 
Cu(NO3)2. 2.5H2O (1.26 g, 5.2 mmol) was dissolved in distilled 
water (50 ml). To this, guanidine carbonate (3.78 g, 20.8 mmol) was 
added. Mixture was sonicated for two minutes. A portion of the 
resulting blue solution was kept uncovered in petri dish and after 24 
hours blue colored crystals were formed. The residue was washed 
with methanol several times to remove the impurity. Yield was 85% 
based on metal. 

Single Crystal Structure Determination 

A suitable crystal of 1 was carefully selected under a polarizing 
microscope and glued to a thin glass fiber. The single crystal 
diffraction data was collected on a Bruker AXS APEX-II CCD 
diffractometer at 298(2) K. The X-ray generator was operated at 50 
kV and 35 mA using MoKα (λ = 0.71073Å) radiation. Data was 
collected with ω scan width of 0.3°. A total of 606 frames were 
collected in three different settings of φ (0°, 90°, 180°) keeping the 
sample to-detector distance fixed at 6.03 cm and the detector 
position (2θ) fixed at -25°. Pertinent structural parameters of 1 are 
presented in Table S1. 

The data was reduced using SAINTPLUS,14 and an empirical 
absorption correction was applied using the SADABS program.15 

The crystal structure was solved by direct methods using 
SHELXS97 and refined using SHELXL97 present in the WinGx 
suite of programs (Version 1.63.04a).16 We have located the 
hydrogen atoms to lattice-water and guanidine molecules in 1. For 
the final refinement, the hydrogen atoms were placed in 
geometrically ideal positions and refined using the riding mode. The 
last cycle of the refinement included atomic positions, anisotropic 
thermal parameters for all the non-hydrogen atoms, and isotropic 
thermal parameters for all the hydrogen atoms. Full-matrix-least-
squares structure refinement against F2 was carried out using the 
WINGX 17 package of programs. 

CCDC-978079 contains the crystallographic data for 1. This data 
can be obtained free of charge from The Cambridge Crystallographic 
Data Centre (CCDC) via www.ccdc. cam.ac.uk/data_request/cif 

Characterizations 

Initial characterizations were carried out by elemental analysis, 

powder X-ray diffraction (XRD), thermogravimetric analysis (TGA), 

and IR spectroscopic studies. Elemental analysis of the crystals was 

carried out using a CHNS analyzer. Elemental analysis calculated 

(%) for 1: C 24.90, H 3.66, N 21.78; found: C 24.82, H 3.75, N 

21.87. 

The powder XRD pattern was recorded on crushed single crystals 
in the 2θ range 5-50°. The XRD pattern indicated that the product is 
a new material; the pattern was entirely consistent with the simulated 
XRD patterns generated based on the structures determined using 
single-crystal XRD (Figure S1). The TGA for as synthesized 
materials showed a weight-loss step at (25–100 W C) which is due to 
the loss of lattice water molecules (Figure S2). The second weight 
loss after 250 W C is due to loss of amine molecules and citrate 
ligands. IR spectroscopic studies were carried out in the range 400-
4000 cm-1 using the KBr pellet method (Perkin-Elmer, SPECTRUM 
1000). IR spectrum exhibited typical peaks corresponding to the 
amine molecule, the carboxylate moiety, and the lattice-water 
molecule in their respective bands (Table S2 and Figure S3). 
 

  

Optical Band Gap Energy Measurements 

The diffuse reflective spectra of compound 1 and metal precursor 
Cu(NO3)2.2.5H2O were collected on a Shimadzu UV/Vis/NIR 
spectrophotometer using BaSO4 as reference material. The room 
temperature diffuse reflectance spectra was measured and converted 
to a Kubelka–Munk function from which the band gap energy of the 
compound 1 and metal precursor, Cu(NO3)2.2.5H2O were 
estimated.18 This two-flux model which considers only diffuse light 
is used to determine the absorption coefficient from a surface that 
both scatters and absorbs incident radiation. For a crystalline solid 
with a band gap (Ebg), the frequency (ν) dependence of the 
absorption coefficient (κ) can be approximated as 

 
 

 
 
Where BT is a constant derived from the square of the averaged 
dipolar momentum matrix element and n is equal to 0.5 and 2 for 
direct and indirect band gap transitions, respectively.19 Using the 
above equation, the band gap of a material can be obtained by 
extrapolating to x-axis with the linear fit to a plot of (khν)1/n vs hν. 

Computational Section 

To understand the nature of interaction among copper citrate 
framework, protonated guanidine molecules and water molecules in 
1, the ground state of all the individual molecules and the compound 
1 were optimized in gas phase using the hybrid DFT functional 
M06-2X 20,21 as implemented in Gaussian 09 with 6-31+G(d,p)22 (for 
all atoms) and 6-31+G(d,p) (H, C, N, O), LANL2DZ (Cu) basis set 
schemes.23 The hybrid meta exchange-correlation functional, M06-
2X from Truhlar's group has been successful in accounting for 
medium – range electron correlation in charge – transfer systems and 
correctly incorporates dispersion forces.24,25 Additional harmonic 
frequency calculations were performed for ensuring that the 
structures do not correspond to saddle – points. All the computed 
structures have real vibrational modes in the ground state structures. 
Basis Set Superposition Error (BSSE) was corrected using the 
Counterpoise (CP) correction scheme.26 

Photocatalytic Activity Study 

The photocatalytic activities of compound 1 was evaluated by the 
degradation of methyl orange (MO) in aqueous solution. A 50 mL of 
MO aqueous solution with a concentration of 300 ppm was mixed 
with 100 mg of compound 1. A lamp (365 nm) was used as the UV 
source. During the degradation, the mixture was stirred continuously 
by a magnetic stirrer. At regular time intervals, 1 mL of the solution 
was sampled, filtered and diluted to 10 mL in a volumetric flask. The 
UV-Vis absorption spectra of MO in aqueous solution were 
measured by UV-Vis spectroscopic method. 

Magnetic Measurement 

Magnetic susceptibility (χ) as a function of temperature (T) was 
measured at an applied field (H) of 0.5 T. A magnetization (M) 
isotherm (M vs. H) was also measured at T=2 K. Both the 
measurements were done using a SQUID-VSM [Quantum Design]. 

Results and Discussion 

Structural Description 

The compound [GuH]4[CuII
2(cit)2].2H2O, 1 crystallizes in an 

orthorhombic system with space group Pbca.[9a] The asymmetric unit 

             BT(hν - Ebg)
n 

κ(ν)=                           , 
                    hν 
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contains one copper atom, one molecule of citrate ligand, two 
guanidine cations and one lattice water molecule. Each copper atom 
of the dimeric unit is five coordinated and the geometry around the 
copper ion is distorted square-pyramidal (Figures 1, S4 and Table 
S3). Each Cu has a distorted square pyramidal type of geometry as 
ascertained by Reedijk’s τ factor of 0.266 (τ =0 for a square pyramid, 
and τ = 1 for a trigonal bipyramid).27 The structural index τ is 
defined as (α – β)/60, where α and β being the two largest angles. 
The structure of 1 consists of two CuO5 units which are connected 
edge-wise and capped by two citrate ligands forming the [Cu2(cit)2]

4- 
dimer. The bridging Cu2O2 unit is planar with a crystallographic 
inversion center. The dimer having six pendent C = O bonds from 
two citrate ligands which is a potential moiety for forming hydrogen 
bonding. The guanidinium counter cation and water molecules are 
involved in an extensive H-bonding network with the citrate ligand 
oxygen atoms of C = O bonds and forming the H-bonded 
supramolecular structure (Figures 2 and S5).  

Compound 1 is highly stable due to the presence of a network of 
ten hydrogen bonds (Figure 3). The encapsulated water molecule 
within the framework of 1 contains both donor (N-H...O = 2.17 Å 
and N-H...O = 2.06 Å) and acceptor (O-H...O = 1.99 Å) type H-
bonding. Using M06-2X DFT functional with 6-31+g(d,p)basis and 
with mixed basis, the stabilization energies are -290.2 kcal/mol and -
279.2  kcal/mol, respectively. BSSE corrected stabilization energies 
for the complex with pure and mixed basis set are -282.7 kcal/mol 
and -272.6 kcal/mol, respectively. 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The structure of 1, [GuH]4[CuII
2(Cit)2]. 2H2O,  

showing two Cu ions bridged by oxygen atoms. 
 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

Figure 2. The supramolecular structure of 1, which is formed by the 
H-bond interactions between copper citrate, protonated amine and 
lattice water molecules. (For clarity H-bonds were not shown). 

 

 

 

 
 
 
 
 
 
 
 

Figure 3. Ground state optimized structures (at M06-2X/6-

31+G(d,p level of theory) in gas phase. 

Band Gap Energy Measurement 

We have collected the diffuse reflectance UV-Vis spectra of the 
powder sample of 1 in order to measure the band gap energy (Ebg), 
which was confirmed as the intersection point between the energy 
axis and the line extrapolated from the linear portion of the 
adsorption edge in a plot of the Kubelka–Munk function vs. energy. 
As shown in figure S6, the optical absorption associated with Ebg can 
be assessed at 2.30 eV for 1. Khanna and coworkers, from the 
theoretical calculations, have shown that this kind of materials 
exhibit flat bands which indicates indirect band gap in the material.10 

The reflectance spectra indicate that compound 1 is a semiconductor 
material and can be used as a photocatalyst. We have measured the 
band gap energy of metal precursor, [Cu(NO3)2. 2.5H2O] to find the 
role of anion towards the band gap energy. The result shows that 
band gap energy increases from metal precursor (Ebg = 2.24 eV) to 
compound 1 (Ebg = 2.30 eV) (Figure S6). It is evident that for such 
metal complexes the conduction band is influenced by the metal ion 
while the valence band contribution comes from the anionic 
ligand.4b,28 In this case though the metal ion is same, there is a 
difference in their coordination (tetrahedral for Cu(NO3)2 and 
distorted square-pyramidal for compound 1) (Figure S7) which 
apparently leads to a change in position of their conduction bands. 
Secondly due to different electron withdrawing ability of the ligands 
(NO3 vs citrate) the valence band positions also varies. These 
combined effects may be responsible for the difference in band gap 
energy between precursor and compound 1.  

The band gap energy of 1 (Ebg = 2.30 eV) underscores its 
potential as a photocatalyst. To study the photocatalytic activity of 
compound 1 in detail, we have taken methyl orange (MO) as a 
model dye pollutant in aqueous media to demonstrate the efficacies 
of the photocatalytic behavior. The photocatalytic performance of 
compound 1 was estimated from the variation of the color in the 
reaction system by monitoring the absorbance (at λ = 460 nm) 
characteristic of the target MO which directly relate to the structural 
changes of their chromophore. Control experiments suggest that 
compound 1 can degrade the dye in presence of UV light only 
(Figure 4).  
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Figure 4. Degradation profiles of Methyl Orange (MO) dye with an 
initial concentration of 300 ppm (a) catalyst under UV, (b) under UV 
(without catalyst), (c) Visible light (without catalyst), (d) only 
catalyst (under visible light). 

To quantify the reactions, the kinetics was determined by the 
Langmuir-Hinshelwood (L-H) kinetic. This can be written as r0 = 
k0C0/(1 + K0C0), where r0 is the initial rate, C0 is the initial 
concentration of the dye, k0 is the kinetic rate constant, and 
parameter K0 represents the equivalent adsorption coefficient. The 
plot of the reciprocal initial degradation rate (1/ro) with the 
reciprocal of the initial dye concentration (1/C0) by using 1 is shown 
in Figure 5. The values of the parameters, k0 and K0, for the 
photocatalytic degradation of MO, obtained from the slope and the 
intercept of the linear plot, are 0.006 min-1 and 0.0014 ppm-1, 
respectively. As the parameter, K0, represents the adsorption 
equilibrium coefficient, the low value of K0 can be attributed to 
negligible adsorption. This is also confirmed by powder XRD of the 
catalyst after the photocatalytic degradation experiments, which 
clearly indicated that the structure remained the same and no 
adsorption was observed (Figure S8). 

To understand the photocatalytic degradation of the organic dye, 
we employ a simple approach based upon valence band (VB) and 
conduction band (CB) consideration. The initial process of 
photocatalysis is the generation of electron– hole pairs in the 
compound 1. After absorption of energy equal to or greater than the 
band gap of compound 1 (Ebg = 2.30 eV), the electrons (e-) are 
excited from VB to the CB, leaving the holes (h+) in the VB. The 
electrons and holes migrate to the surface of the compound 1, then 
the photoinduced energy transfers to the adsorbed species. The 
adsorbed oxygen (O2) is reduced to oxygen radicals (•O2

-), and 
finally transforms into hydroxyl radicals (•OH). Hydroxyl (OH-) ions 
adsorbed on the surface of 1 interact with the hole (h+) generating 
hydroxyl radicals (•OH) Hydroxyl radicals (•OH) have the ability to 
decompose methyl orange effectively (scheme 1).29 

 

The molar magnetic susceptibility (χm) of the powder sample of 1 
was measured in the temperature range 2-400 K (Figure 6). The χm 
value increases slowly as the temperature decreases in a Curie-Weiss 
(CW) manner reflecting the paramagnetic nature of the compound. 
No indication of any magnetic ordering was found down to 2 K. 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 5. Variation of the photodegradation rate with concentration 
of MO. 

In order to extract the magnetic parameters we fitted the data 
using the following expression 

χm = χ0 +C/(T – W), where χ0 is the temperature-independent 
contribution and the second term is the Curie-Weiss (CW) law with 
the Curie constant, C [= Ng2µB

2S(S+1)/3kB] and Weiss temperature 
Ө. The effective moment is given by µeff =g[S(S + 1)]1/2µB. The data 
in the whole temperature range was fitted with the parameters χ0 =-
4.709 × 10−4 cm3/mol.Cu, C = 0.559 cm3 K/mol.Cu, and θ = 3.3 K. 
This value of C corresponds to µeff = 2.1 µB, which is slightly higher 
than the expected spin-only value (1.73 µB) for S = 1/2 of Cu2+ 
assuming g = 2. The negligible value of Ө suggests that the 
interaction between the Cu spins is very weak. 

The M vs. H curve at T = 2 K (inset of Figure 6) increases almost 
linearly at low fields and then saturates at 7 T to a saturation 
magnetization Ms = 1 µB. For S=1/2 system the saturation 
magnetization is expected to be 1 µB (Ms = gSµB). The overall shape 
of the curve is similar to that expected for a paramagnet.30 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Temperature variation of the molar magnetic susceptibility 
(χm) for 1. The inset shows the corresponding magnetization (M) vs 
field (T) plot. 
 

Nearly negligible super-exchange between copper centers of 
dimer complexes which exhibit a square pyramidal geometry can be 
explained in terms of Hoffmann’s theory.31 From the structural 
analysis it was found that copper ions are having distorted square 
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pyramidal geometry (τ = 0.266). In such geometry the dx
2

-y
2 orbitals 

of copper ions and 2p orbitals of oxygen atom which are responsible 
for super-exchange are aligned orthogonal to each other. Due to this 
kind of orbital arrangements the super-exchange between copper 
ions is negligible which is evident from the experiment. 

Conclusions 

In conclusion, we have synthesized dimeric copper compound, 
which is characterized by single crystal X-ray diffraction, elemental 
analysis, IR and TGA analysis. Theoretical calculations underscore 
the role of H-bonding towards the stability of 1. The optical band 
gap energy measurement shows that the compound behaves like a 
semiconductor. The semiconductor behavior of 1 was explored as a 
photocatalyst. It shows good photocatalytic activity towards MO 
degradation. Magnetic measurement exhibits its paramagnetic 
behavior. The square-pyramidal geometry of the copper ion in 1 is 
responsible for the lack of super-exchange. 
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