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A porous coordination solid of nickel(II) dihydroxyterephthalate has been synthesized by the microwave-assisted 
(MW) method. The synthesized nickel(II) dihyroxylterephthalate was designated by the general formula of [Ni2(dhtp) 
(H2O)2]·8H2O (where, dhtp = 2,5-dihydroxyterephthalate, denoted by Ni-DHTP). The effect of microwave-irradiation 
temperature and time of irradiation on the porosity and morphological changes in the solids have also been investigated. 
The catalytic performance of Ni-DHTP synthesized by MW method has been studied in the oxidation of cyclohexene 
with aqueous H2O2, which gave cyclohexene oxide as the primary product and 2-cyclohexene-1-ol as a major product.
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Introduction

The metal-organic frameworks (MOFs)1-5 have recently re-
ceived considerable attention in gas storage,6,7 catalysis,8 drug 
delivery9 and molecular recognition10 because of their excel-
lent crystallinity, tailor-made porosity with high surface area, 
framework flexibility and bifunctionalities of metal and ligands. 
Among them, nickel dihydroxyterephthalate [Ni2(dhtp)(H2O)2]· 
8H2O (where, dhtp = 2,5-dihydroxyterephthalate, hereafter de-
noted by Ni-DHTP which was named by Ni-CPO-27 is one of 
the frequently studied metal-organic framework (MOF) mate-
rial because of a large surface area, a relatively high thermal 
stability and a large number of open metal sites after removal 
of solvent or water molecules from the framework pores.11-13 
These properties enable the above material to be a potential 
candidate for gas sorption and delivery.14-16 Since the discovery 
of Ni-DHTP which has equivalent structure of MOF-74 report-
ed by Rosi et al.,17 this has been synthesized by conventional 
hydrothermal or solvothermal method (CH) for improving the 
purity of crystal. As reported earlier by us, MOFs show a signi-
ficant difference in porosity and crystallinity depending on the 
synthetic conditions and preparation method as well as purifi-
cation procedure.18,19 Microwave-assisted hydrothermal or sol-
vothermal synthesis (MW) has significant advantages over CH 
synthesis because of rapid heating, faster kinetics, higher yield 
and better reproducibility.19-23 In addition to this, it provides an 
efficient way to control particle size distribution, phase selec-
tivity and macroscopic morphology in the synthesis of nano-
porous materials.24-26 Despite these facts, there are only a few 
reports on the use of microwave for synthesis of porous coordi-
nation materials.19, 27-30 Here, we present the use of microwaves 
for the synthesis of Ni-DHTP in a much shorter time and lower 
temperature than reported for the original synthesis via CH 
method.11 

MOFs are porous and crystalline coordination polymers con-
sisting of mainly transition metals, which have recently attract-
ed many researchers to explore the possibilities of their appli-

cations in catalytic organic transformations.31-35 However, the 
study on catalytic applications of MOF materials is limited.8,36-40 

Therefore, besides microwave synthesis, the catalytic activity 
of Ni-DHTP synthesized by MW method has been studied in 
the oxidation of cyclohexene with aqueous H2O2 as oxidant. 
Ni-DHTP synthesized by MW at different synthesis tempera-
tures and irradiation times has been found to be a good catalyst 
system for the oxidation of cyclohexene under milder condi-
tions, which gave cyclohexene oxide and 2-cyclohexene-1-ol 
as the major products under milder oxidation conditions.

 
Experimental

Materials. Nickel acetate tetrahydrate, 2,5-dihydroxytereph-
thalic acid and THF of AR grade were procured from Sigma- 
Aldrich Chemicals and were used without purification. Aqueous 
H2O2 (28% solution) was used as an oxidant in the reaction. De- 
ionized water was used for the synthesis of Ni-DHTP materials 
by both CH and MW methods. Microwave instrument of make 
MARS-5, CEM operating at 50 oC to 220 oC with resistance to 
autogenic pressure in up to 400 psig and power 600 W was 
used in the preparation of catalysts by MW method.

Synthesis of Ni-DHTP. A solution of nickel acetate tetra-
hydrate (0.381 g, 1.5 mmole) in 10 mL of water and a solution 
of 2,5-dihydroxyterephthalic acid (0.152 g, 0.75 mmole) in 10 
mL of THF were mixed in a teflon vessel. The autoclave was 
loaded in a microwave oven (MARS-5, CEM with 600 W) and 
heated at 90, 110, 130 oC from 2 min to 1 h, respectively. After 
the completion of the reaction, the mixtures were allowed to 
cool down to room temperature, filtered and washed with water 
and ethanol mixture several times and were dried at 100 oC over-
night. In this work, the as-synthesized samples obtained by 
microwave method at 90, 110, and 130 oC for 1h are denoted 
by MW-90(1H), MW-110(1H), and MW-130(1H), respec-
tively. Numbers in parenthesis indicate microwave irradiation 
time, i.e. 1H means 1 h. Also two more samples were prepared 
for checking the effect of irradiation time 2M and 10M i.e. 2M 
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Table 1. Physicochemical properties of Ni-DHTP synthesized by MW and CH methods

Samplesa Synthesis Method Synthesis Temperature
(oC)

Synthesis Time 
(h or min)

Surface area
(m2/g)

Pore volume
(mL/g)

CH-90(72H) Conventional solvothermal synthesis 90 72 h 1157 0.64
CH-110(72H) Conventional solvothermal synthesis 110 72 h 1226 0.65
MW-90(1H) Microwave synthesis 90 1 h 1148 0.67
MW-110(1H) Microwave synthesis 110 1 h 1050 0.68
MW-130(1H) Microwave synthesis 130 1 h 913 0.58
MW-110(2M) Microwave synthesis 110 2 min 774 0.54
MW-110(10M) Microwave synthesis 110 10 min 908 0.57

aCH = Conventional solvothermal synthesis; MW = Microwave synthesis. Note: in CH method, Ni-DHTP did not form as expected at less than 72 h.
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Figure 1. XRD patterns of Ni-DHTP synthesized by (a) MW and (b) 
CH methods at different temperatures.

means 2 minute, MW-110(2M) and MW-110(10M), respec-
tively. For the sake of comparison, sample was also prepared 
by CH method following the known procedure11 using the above 
mixtures at 90 oC or 110 oC for 72 h. The as-synthesized sam-
ples obtained by conventional solvothermal heating are denot-
ed by CH-90(72H) and CH-110(72H), respectively. Similarly, 
numbers in parenthesis indicate synthesis time, i.e. 72H means 
72 h. The physicochemical properties of the Ni-DHTP samples 
are presented in Table 1.

Characterization of Ni-DHTP. The as-synthesized Ni-DHTP 
materials by CH and MW methods at different temperatures 
and irradiation times were characterized for their structural 
integrities by XRD, BET, FT-IR and SEM methods. Specific 
surface areas of Ni-DHTP were measured by N2 adsorption 
and desorption isotherms at liquid nitrogen temperature using 
a sorption analyzer (Micromeritics, Tristar 3000) and standard 
multipoint BET analysis method. Samples were degassed in 
flowing N2 for 5 h at 250 oC before N2 physisorption measure-
ments. The specific surface areas were evaluated using the Bru-
nauer-Emmett-Teller (BET) method in the p/p0 range of 0.05 ~ 
0.2. Powder X-ray diffraction patterns of all the samples were 
obtained by a Rigaku diffract meter (D/MAX IIIB, 2 kW) using 
Ni-filtered CuKα-radiation (40 kV, 30 mA, λ = 1.5406 Å) and 
a graphite crystal monochromator. The crystal sizes and mor-
phology of the catalysts were examined using a scanning elec-
tron microscope (SEM, JEOL JSM-840A).

Catalytic measurements. The oxidation of cyclohexene was 
performed in a conventional glass reactor (50 mL) with a con-
denser and stirrer. In a typical run of catalytic measurement, 
the reactor was loaded with 0.1 g catalyst, 5 mL cyclohexene 
(5 mmol), 18 mL acetonitrile and a proper amount of 30% aque-
ous H2O2. The catalyst was dehydrated at 250 oC for 4 h before 
loading into the glass reactor. The progress of the reaction was 
monitored by analyzing the reaction samples at different time 
intervals by a gas chromatograph (ACME 6000 Series make, 
Youngin) equipped with a FID detector and a DB-Wax capillary 
column which is operated with oven temperature maintained at 
105 oC ~ 175 oC programmed with a heating rate of 10 oC/min. 
Conversion of cyclohexene and products selectivity was esti-
mated based on the GC analysis.

Results and Discussion

Microwave synthesis of Ni-DHTP. XRD patterns of Ni- 
DHTP synthesized by MW method at different temperatures 

in 1 h are depicted in Figure 1(a). It is seen that the samples 
synthesized at 90 oC, 110 oC and 130 oC show two well-resolv-
ed prominent diffraction peaks at 2θ of 6.9o and 11.9o which 
are characteristic peaks of trigonal (R-3) space group of Ni- 
CPO-2711 indicating highly crystalline nature of the samples. 
The crystal sizes of the samples calculated from the Scherer 
equation are 28 nm (MW-90(1H)), 28 nm (MW-110(1H)) and 
22 nm (MW-130(1H)), respectively. These values show domain 
sizes of primary particles, indicating that the sample synthesiz-
ed at 90 oC is well crystallized than that synthesized at 130 oC. 
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Figure 2. N2 adsorption-desorption isotherm of Ni-DHTP synthesized
by (a) MW and (b) CH methods at different temperatures. Close and 
open symbols mean adsorption and desorption isotherms, respectively.
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Figure 3. SEM images of Ni-DHTP synthesized by MW method at different temperatures: (a) MW-90(1H), (b) MW-110(1H) and (c) MW-130(1H).

Moreover, the intensities of the corresponding peaks decrease 
(broadened) with increasing the synthesis temperature, which 
is attributed to rapid nucleation and growth of smaller crystals 
at higher temperature. Along with the smaller crystallite size, 
BET surface area (913 m2/g) of the MW-130(1H) sample is 
notably less than those of other samples (Table 1), 1148 m2/g 
for MW-90(1H) and 1050 m2/g for MW-110(1H). Therefore, 
it could be concluded that Ni-DHTP synthesized at higher tem-
perature by MW method results in higher crystallinity (smaller 
crystal size) compared to low temperatures. Similar observa-
tions with respect to XRD patterns have been obtained with the 

Ni-DHTP synthesized by CH method as shown in Figure 1(b). 
At 90 oC crystal growth is relatively slower than at 110 oC in 
CH conditions because of lower thermal activation energy. Fur-
ther evidences to support XRD observations will be discussed 
in BET and SEM analysis.

Figure 2 illustrates the nitrogen adsorption-desorption iso-
therms at ‒196 oC showing the pore characteristics of Ni-DHTP 
synthesized at different temperatures. All samples show type-I 
isotherms with a steep increases in adsorption at p/p of ~ 0.0, 
due to rapid filling of nitrogen in the well-defined micropores 
of Ni-DHTP. Texture properties of all the Ni-DHTP samples 
synthesized by MW and CH methods are summarized in Table 1. 
It is seen that increase in synthesis temperature from 90 oC to 
110 oC with CH method, the surface area and pore volumes are 
increased because of smaller size of crystals. However, in MW 
irradiation condition surface area and pore volumes decreased 
with increase in temperature due to the rapid crystallization at 
higher temperature resulted in lower crystallinity. The main di-
fference between MW and CH synthesis method is the synthesis 
time, which is 72 h with CH, while it is 1 h or even shorter with 
MW in the same range of temperatures. At CH condition, re-
action time of 72 h is enough to form the well crystalline Ni- 
DHTP; therefore higher temperature resulted in smaller particle 
size and higher surface area than lower temperature. However, 
in MW irradiation condition nucleation and crystallization was 
controlled within one hour, therefore temperature is more in-
fluencing on crystallinity than CH. Microwave irradiation time 
is also allowed to increase the surface area as seen in Table 1. 
To understand the microwave effect on nucleation and crystal 
growth the study made has been discussed in further text.

To know the effect of temperature on the morphological 
changes, SEM photographs of Ni-DHTP synthesized by MW 
method at different temperatures are shown in Figure 3. Ni- 
DHTP resulted in small crystal sizes in aggregate form. This is 
clear from the SEM photographs that the crystal growth be-
comes finely dispersed at 130 oC (80 nm aggregate). While, the 
crystal sizes of the Ni-DHTP synthesized by MW method at 
90 oC (560 nm aggregate) and 110 oC (160 nm aggregate) are 
slightly higher than that of 130 oC synthesized material. These 
results are consistent with XRD and BET data as shown in 
Figure 1 and Figure 2, respectively. Similarly, Figure 4 shows 
the pronounced effect of temperature on the growth of crystal 
size. Both the MW and CH methods led to the formation of high-
ly dispersed crystals of Ni-DHTP, while MW has advantages 
over CH method with respect to synthesis time and gave highly 
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                                          (a)                                                    (b)                                                    (c)

Figure 4. SEM images of Ni-DHTP synthesized by CE method at different temperatures: (a) CH-90(72H) , (b) CH-110(72H) and (c) CH-130(72H).
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Figure 5. XRD patterns of Ni-DHTP synthesized by MW method at 
different irradiation times: (a) MW-110(2M), (b) MW-110(10M), and
(c) MW-110(1H).
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Figure 6. SEM image of synthesized by MW method samples at different irradiation times: (a) MW-110(2M), (b) MW-110(10M), and (c) 
MW-110(1H).
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Figure 7. FT-IR spectra of Ni-DHTP synthesized by MW and CH 
methods: (a) CH-110(72H), (b) MW-110(2M), (c) MW-110(10M), 
and (d) MW-110(1H).

dispersed crystal sizes. Moreover, the crystal sizes obtained as 
aggregate with MW method even at lower temperatures are 
much smaller.

Effect of irradiation time on XRD patterns of Ni-DHTP 
washed with ethanol synthesized by MW method is as shown 
in Figure 5. The crystal size as a function irradiation time, it 
was found that crystal size of MW synthesized at 110 oC in 
aggregate forms, 2 min – MW 110 oC (28 nm), 10 min –  MW 
110 oC (28 nm) and 1 h – MW 110 oC (22 nm), respectively. The 
sizes of polycrystal domain were not much affected because 
of smaller irradiation times and even at 2 min irradiation, the 
crystal size is 28 nm, which is highly dispersed into smaller cry-

stals. However, the yields remained the same (~ 60%). Figure 6 
shows the SEM images of the MW synthesized Ni-DHTP sam-
ples at 110 oC with different irradiation time intervals in the 
range 2 min to 1 h. It is seen that irradiation time has no sig-
nificant influence on the crystal growth recorded in 10 nm to 
1 µm range, which reached high dispersity even in 2 minute. 
These observations are supported by XRD diffractions patterns 
as seen in Figure 5.

Purified crystalline MOFs with high porosity and surface 
areas are critically essential in terms of chemical and physical 
properties and of applications.18 Figure 7 shows the FT-IR 
spectra of the Ni-DHTP samples synthesized by MW irradiation 
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Table 2. Oxidation of cyclohexene with H2O2 over Ni-DHTP (MW-110(1H)) synthesized by MWa

H2O2/Cyclohexene
(molar ratio)

Cyclohexene
Conv. (%) TOFb Product selectivity (%)c

Cyclo-oxide Cyclo-one Cyclo-ol Cyclo-diol

1   7.8   1.2 34.7 21.7 43.6 -
2 63.6   9.9 36.2 21.4 33.1   9.3
3 75.4 11.8 39.7 18.7 27.2 14.4

aReaction conditions: Catalyst = 0.1 g, Temp. = 60 oC and Time = 8 h. bTOF (Turnover frequency) = mole of cyclohexene converted per mole of catalyst per
hour. cLegend: Cyclo-oxide = Cyclohexene oxide; Cyclo-one = 2-cycolhexene-1-one; Cyclo-ol = 2-cycolhexene-1-ol; Cyclo-diol = 1,2- cyclohexanediol.

         

Slope = 1168

298K

318K

333K

Ea = 9.7 KJ/mol

           0.0034     0.0033     0.0032     0.0031      0.0030

                                             1/T (K‒1)

9.9

9.8

9.7

9.6

9.5

9.4

-ln
 (r

at
e)

Ea = 9.7 KJ/mol

333 K

298 K

318 K
Slope = 1168

Figure 8. Arrhenius graph for the oxidation reaction.
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Scheme 1. Oxidation of cyclohexene

at temperatures in the range of 90 oC to 110 oC with different 
irradiation times of 2 min to 1 h. After ethanol treatment, the 
unreacted 2,5-dihydroxyterephthalic acid and metal ions were 
almost occluded in crystalline Ni-DHTP. From the above results, 
we can conclude that the optimum synthesis conditions to get 
highly crystalline Ni-DHTP from MW method are reaction tem-
perature of 110 oC and irradiation time of 1 h. Further studies 
on catalytic application have been investigated with NI-DHTP, 
MW-110(1H) in the oxidation of cyclohexene using H2O2 as 
an oxidant in liquid phase conditions at moderate reaction con-
ditions.

Cyclohexene oxidation. In the oxidation of cyclohexene 
using H2O2, four products such as cyclohexene oxide, 2-cyclo- 
hexen-1-one, 2-cyclo-hexen-1-ol and 1,2-cyclohexanediol, re-
spectively were formed as shown in Scheme 1. Results on the 
oxidation of cyclohexene carried out using aqueous H2O2 over 
Ni-DHTP catalyst presented in Table 2. It is seen that convert-
sion of cyclohexene increased with increase in H2O2/cyclohexe 
mole ratio from 1 to 3. Highest conversion of 75.4% cyclo-
hexene is obtained at H2O2/cyclohexe mole ratio of 3 with a 
TOF of 11.8 (mole cyclohexene converted per mole of catalyst 
per h) at 60 oC in 8 h. However, the selectivities for cyclohexene 
oxide and 2-cyclohexene-1-one remained almost the same in 
all H2O2/cyclohexene mole ratio varied from 1 to 3, while the 
selectivity for 2-cyclohexene-1-ol was found to be maximum 
(43.6%), with H2O2/cyclohexene mole ratio of 1. Higher amo-
unt of H2O2 in the reaction mixture decreased the selectivity 
for 2-cyclohexene-1-ol. This is expected since increase in H2O2/ 

cyclohexene mole ratio, where higher H2O2 available leads to 
further oxidation to give 1,2-cyclohexenediol as the final pro-
duct of cyclohexene oxidation. Therefore, it is concluded that 
the optimum reaction conditions to get selectively 2-cyclo-
hexene-1-ol would be H2O2/cyclohexene mole ratio of 1, 60 oC 
and 8 h reaction time. Under the reaction conditions, we also 
checked and found the absence of decomposition of H2O2 (by 
titration with Na2S2O3 solution) and the efficiency was maxi-
mum (100%) and fully utilized in the oxidation reaction. Cyclo-
hexene oxide is the primary product of the oxidation reaction 
(Scheme 1) and it is getting converted into to other products 
either through parallel/ or successive reactions steps finally to 
give 1,2-cyclohexanediol as the end product. It is seen from 
Table 2 results that maximum yields of 2-cyclo-hexen-1-ol are 
formed with H2O2/cyclohexene mole ratio of 1. However, with 
increase in H2O2/cyclohexene mole ratio as 2 or 3, the yields 
of 2-cyclo-hexen-1-ol are drastically decreased and led to the 
formation of 1,2-cyclohexanediol. As we previously reported 
that nickel phosphates VSB-5 with Ni2+ species in the frame-
works showed a shape-selectivity for epoxidation of cyclic 
olefins,41 the unsaturated Ni(II) sites presented in Ni-DHTP is 
thought to be possible active species for expoxidation of cyclic 
olefins. Moreover, when we used H2O2 as the oxidant, the 
soluble nickel salts including NiCl2·6H2O and Ni(ac)2·4H2O 
showed the very low cyclohexene conversion of 21.3% and 
27.7%, respectively, indicating that nickel salts are ineffective 
in epoxidation using H2O2. However, further detail study is 
needed to clarify how nickel species catalyze the epoxidation 
reaction. The activities of Ni-DHTP synthesized by MW at 
different temperatures are also compared.

To confirm the effect of temperature on the rate of oxidation 
and to evaluate activation energy (∆Ea), the oxidation of cyclo-
hexene with aqueous H2O2 was carried out with the best Ni- 



1494      Bull. Korean Chem. Soc. 2010, Vol. 31, No. 6  Ji Sun Lee et al.

Table 3. Effect of temperature on conversion and products selectivities by Ni-DHTP (MW-110(1H))

Temp.
(°C)

Cyclohexene
Conv. (%)

Rate
(mole/min) × 10‒5

Products selectivity (%)c

Cyclo-oxide Cyclo-one Cyclo-ol Cyclo-diol

25 50.2 5.2 12.8 29.3 44.3 13.6
45 66.5 6.9 48.9   9.5 14.9 26.7
60 75.4 7.9 39.7 18.7 27.2 14.4

Conditions: H2O2/Cyclohexene = 3 (mole ratio), catalyst = 0.1 g, and time = 8 h. cLegend: Cyclo-oxide = Cyclohexene oxide; Cyclo-one = 2-cycol-
hexene-1-one; Cyclo-ol = 2-cycolhexene-1-ol; Cyclo-diol = 1, 2- cyclohexanediol.

DHTP, MW-110(1H) catalyst in the range of temperatures 25 
to 60 oC. The results along with reaction conditions are listed in 
Table 3. It is seen from the results that conversion of cyclo-
hexene is strongly dependent on reaction temperature. The rate 
(mole of cyclohexene converted per min) increased with in-
crease in temperature. From the Arrhenius plot, the activation 
energy was calculated to be 9.7 kJ/mol.

Catalyst leaching was studied at 65 oC and at room tempe-
rature under similar conditions of oxidation (H2O2/cyclohexene 
mole ratio 3, catalyst = 0.1 g, temp. = 60 oC and time = 8 h to 
establish catalyst leaching into the reaction mixture and deter-
mine whether it is homogeneously or heterogeneously catalyzed 
oxidation). After the 4 h reaction, the catalyst was separated 
by filtration from both the set of experiments. These filtrates 
were subjected for further reaction without the catalyst. It was 
noticed that the conversion of cyclohexene increased with the 
filtrate separated from the oxidation reaction carried out at 65 oC 
confirming the catalyst leaching. However, the filtrate at room 
temperature oxidation experiment did not show any increase 
in cyclohexene conversion, which confirms that the catalyst is 
not leached at room temperature and the oxidation proceeds in 
heterogeneous path. So, we suggest that the Ni-CPO-27 catal-
yst is most suitable for room temperature or low temperature 
oxidation of cyclohexene, wherein this could be used as a hetero-
geneous catalyst.

Conclusions

Metal-Organic Framework (MOF), Nickel dihydroxytere-
phthalate (Ni-DHTP) containing coordination complex of nickel 
ions and 2,5-dihydroxyterephthalic acid could be synthesized 
more efficiently in shorter irradiation times by MW method 
compared to the CH method. MW method gave highly crystal-
line and dispersed Ni-DHTP MOF at 110 oC crystals (22.5 nm 
aggregates) within 1 h. We have demonstrated in this report 
that Ni-DHTP synthesized by MW method showed excellent 
catalytic activity in cyclohexene oxidation using aqueous H2O2 

oxidant with higher selectivity for cyclohexene oxide and 
2-cyclo-hexen-1-ol. Hence, we recommend that Ni-DHTP syn-
thesized by MW could be used for the oxidation of other mono-
olefins to have controlled and selective oxidation for the desired 
products.
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