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Graphene oxide/poly(vinyl imidazole)
nanocomposite: an effective support for
preparation of highly loaded heterogeneous
copper catalyst

Ali Pourjavadi®*, Niloofar Safaie®, Seyed Hassan Hosseini® and Craig Bennett”

A heterogeneous polymeric catalyst was synthesized by immobilization of copper ions in a graphene oxide/poly(vinyl imidaz-
ole) nanocomposite. This catalyst has proven to be highly active in a practical protocol for click synthesis of 1,2,3-triazole via
one-pot three-component cycloaddition of halides, terminal alkynes and sodium azide. The reaction was carried out in water
medium and good to excellent yields of products were obtained using only 1.0 mol% of catalyst. The catalyst can be readily
recovered and reused eight times under the described reaction conditions without significant loss of activity. The reaction also
proceeded well with only 0.002 mol% of catalyst, which shows the high activity of the resulting copper-loaded nanocompos-

ite. Copyright © 2015 John Wiley & Sons, Ltd.

Additional supporting information may be found in the online version of this article at the publisher’s web-site.
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Introduction

One of the notable reactions within the click chemistry concept
is the copper-catalyzed azide-alkyne cycloaddition (CuAAC)
which was originated by pioneering Sharpless and Meldal in
2001."* The regioselective and high-yield 1,2,3-triazole is ob-
tained in the presence of Cu(l) catalyst under the benign reac-
tion conditions in comparison with the former Huisgen method
which produced a mixture of 1,4- and 1,5-disubstituted products
at high temperature.*® These five-membered nitrogen heterocy-
cles are involved in various research areas including biological
chemistry,”? pharmaceutical science,® material science’ and or-
ganic synthesis."” Scheme 1 shows the structure of a protease
inhibitor for HIV disease, which has a triazole group.®

Up to now, several methods have been developed for the syn-
thesis of 1,2,3-triazole. These methods are based on using various
homogeneous copper catalytic systems such as Cu(l) salts in the
presence of base or ligands"" Cu(ll)/Cu(0) comprotonation,'?
Cu/Cu oxide nanoparticles and direct reduction of Cu(ll)'* in
the reaction medium typically by ascorbate. However, these
methods suffer from some drawbacks such as recyclability and re-
covery issues, the use of stoichiometric and relatively expensive re-
agents, prolonged maintenance, requirements of solvent mixture
and tedious work-ups leading to generation of large amounts of
toxic waste which restrict its utilization on a practical scale. To over-
come the separation problem, a reasonable choice is metal immo-
bilization on a solid support. Some distinctive solid supports have
been reported like zeolites,"” polymer backbones,® silica,'”]
magnetic nanoparticles!® and carbon-based materials.’® How-
ever, small amount of metal loading, metal leaching, difficulties in
synthesis process and recovery are some disadvantages of these
solid supports.

Graphene, a two-dimensional aromatic material, has received
great attention in a broad category of applications based on its out-
standing chemical, thermal and mechanical stability in electronics,
energy storage, solar cells, optical imaging, biology and drug
delivery.”>=2” Graphene with a high specific area has great poten-
tial in the development of new kinds of composite materials
especially in catalytic applications.”*=" Graphene oxide (GO), a
single-layered oxidized form of graphene, is an alternative
substrate of carbon which could serve as a significant supporting
material to stabilize transition metals or active species due to its
high surface area, biocompatibility and efficient adsorption
capacity.®>3¢! However, only a limited number of reports have
dealt with the immobilization of transition metals onto GO
because of its weak chelation towards metals which causes
metal leaching problems. Modification of GO with chelating
materials improves its metal absorbency, but low loading of
metal is still an issue.2*3%

Herein, we report the synthesis of a recyclable heterogeneous
copper catalyst. In this catalytic system, GO is entrapped into a
cross-linked poly(vinyl imidazole) matrix and then copper is
adsorbed onto the nanocomposite support by complexation with
the imidazole rings in the polymer chains. The multi-layered nature
of the cross-linked polymer increases the copper loading onto the
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Scheme 1. Protease inhibitor

catalyst. The catalyst was used in the synthesis of triazole using
one-pot three-component cycloaddition of sodium azide, benzyl
bromide and phenylacetylene in water medium.

Materials and Methods

GO was prepared according to the Hummers method with slight
modification from flake graphite. 1-Vinylimidazole was obtained
from Sigma-Aldrich and was distilled before use. 1,4-Dibromobutane
was obtained from Aldrich. 2,2"-Azobisisobutyronitrile (AIBN; Kanto,
97%) was recrystallized from ethanol.

Thin-layer chromatography (TLC) was performed using silica gel
60 F254 plates and UV light was used for visualization. FT-IR spectra
of samples were obtained using an ABB Bomen MB-100 FT-IR
spectrometer. The samples were powdered and mixed with KBr
to make pellets. NMR spectra of samples were recorded with a
Bruker 500 MHz NMR instrument. Thermogravimetric analysis
(TGA) was conducted under a nitrogen atmosphere with a TGA Q
50 thermogravimetric analyzer. Transmission electron microscopy
(TEM) images were obtained with a TOPCON-002B electron micro-
scope. The morphology of the catalyst was observed using a MIRA3
TESCAN scanning electron microscopy (SEM) instrument.

Synthesis of GO

GO was prepared from natural graphite powder by oxidation with
KMnO, in concentrated H,SO, according to the Hummers
method.®”" In brief, 1 g of purified graphite was mixed with 13 ml
of HsPO,4 and 120 ml of H,SO4 in a 1 | flask at 50°C under vigorous
stirring. KMnO, (6 g) was slowly added to the mixture and stirred for
8 h. When the color of the solution changed to brown, the flask was
placed in an ice bath and 200 ml of distilled water was added to the
solution. An amount of 2 ml of H,0, (30%) was slowly added until
no gas was produced. The mixture was centrifuged and washed
with HCl solution (10%) to remove residual ions. Then, the GO
was washed with distilled water to neutralize the solution and to
remove excess acid. The GO solution was centrifuged at 8000
rpm for 15 min; the obtained yellow-brown powder was dried at
60°Cin an oven. A TEM image of GO is presented in the supporting
information.

Synthesis of Cross-linker

Cross-linker was prepared as previously reported.*® Amounts of
10 mmol of 1-vinylimidazole and 5 mmol of 1,4-dibromobutane
were added to 30 ml of methanol in a 100 ml round-bottom flask.
The mixture was stirred at room temperature overnight and heated
to 60°C for 16 h. The reaction mixture was cooled to room temper-
ature and it was added slowly to 250 ml of diethyl ether. The ob-
tained white participate was placed in a refrigerator for 5 h and
then washed three times with diethyl ether and dried under vac-
uum at 50°C.

Synthesis of Catalyst

GO (0.2 g), 1-vinylimidazole (1 g) and cross-linker (0.4 g) were
loaded into a 100 ml round-bottom flask and 10 ml of methanol
was added. The mixture was sonicated for 20 min and then deoxy-
genated under argon for another 20 min. Afterwards, AIBN (3 wt%)
was added to initiate polymerization. The flask was equipped with a
condenser and placed in an oil bath at 70°C for a day. The solid
product (GO/Pim) was washed several times with methanol to elim-
inate excess reactants and was dried under vacuum at 50°C.
Amounts of 0.50 g of the resulting GO/Pim powder and 0.40 g of
CuSO, were added into 5 ml of water in a 50 ml round-bottom flask
and placed at 50°C overnight. The reaction product (GO/Pim/Cu)
was filtered and washed several times with water and methanol
and then the catalyst was dried at 50°C in an oven.

General Procedure for CUAAC Reaction Catalyzed by
GO/Pim/Cu

Phenylacetylene (1 mmol), benzyl bromide (1 mmol), sodium azide
(1.3 mmol) and water (2 ml) were added into a 10 ml round-bottom
flask and stirred for 10 min at room temperature. Then, 4.7 mg of
GO/Pim/Cu (1.0 mol%) was added with 10 mol% of sodium ascor-
bate to reduce Cu(ll) to Cu(l). The mixture was stirred for an appro-
priate time at 50°C as indicated in Table 1. After completion of the
reaction, which was monitored with TLC (using silica gel with ethyl
acetate and n-hexane (1:4) as eluent), the catalyst was removed by
filtration and was washed three times with 5 ml of methanol and
dried for another run. The resulting product was extracted using
hot ethyl acetate and dried under reduced pressure to afford the
desired triazole as a white crystalline solid.

Results and Discussion

The desired catalyst was synthesized in the following steps. Step
one: GO was synthesized by exfoliation of graphite based on the
Hummers method.®”! This method produces GO with sufficient hy-
droxyl and carboxyl groups to give it an amphiphilic character such
that it can perform as a phase transfer substrate between organic
materials and aqueous solvent. Step two: GO was entrapped in
cross-linked poly(vinyl imidazole) prepared by free radical initiation
polymerization of 1-vinylimidazole, GO and cross-linker agent. The
polymerization was initiated by AIBN and the cross-linked insoluble
copolymer was precipitated from the solution. Step 3: copper was
loaded using complexation of copper sulfate and imidazole groups
(Scheme 2).

Such an approach for the preparation of the heterogeneous cat-
alyst improves the loading level of copper ions onto the catalyst
surface due to multi-layered structure of cross-linked poly(vinyl
imidazole) in comparison with traditional supported materials.
Therefore, a low weight percentage of the catalyst could be used
compared to the substrates. It is certainly beneficial for large-scale
application to avoid using large amounts of catalyst and solvent.
Moreover, the presence of GO as an inexpensive and abundant ma-
terial with high surface area can enhance the activity of the sup-
ported material which facilitates synthetic transformation. Also,
defects in the GO structure endow it with unpaired spins, which is
helpful for activation of small molecules by the spin flip process.

FT-IR spectroscopy was employed to characterize the catalyst
structure. Figure 1 shows the FT-IR spectra of GO, GO/Pim and
GO/Pim/Cu. The FT-IR spectrum of GO (Fig. 1(a)) shows stretching
vibration of O-H as a broad peak at 3300-3500 cm ™ '. The peaks
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Table 1. Optimization of synthesis of 1,2,3-triazole catalyzed by GO/Pim/Cu®
. oy L
©/+ @/\ Br NaN3, Sodium ascorbate @& N
Solvent, Cat.

Entry Catalyst Solvent Catalyst loading (mol%) T(°Q) Time (h) NaNs (eq.) Yield (%)° TOF (h )
1 — H,0 — rt. 24 1 <1¢ —
2 — H,0 —_ 70 8 1 <3¢ —_
3 CuSO, H,0 50 50 10 1 23 0.46
4 GO/Pim H,O 10 mg 50 10 1 <3 —
5 GO/Pim/Cu H,O 20 rt. 3 1 80 13.33
6 GO/Pim/Cu H,O 15 rt. 3 1 77 17.11
7 GO/Pim/Cu H,0 1.0 r.t. 3 1 76 2533
8 GO/Pim/Cu H,0 1.0 rt. 4 1 84 21
9 GO/Pim/Cu H,0 0.5 r.t. 3 1 64 42.66
10 GO/Pim/Cu H,0 0.3 rt. 3 1 43 47.77
1 GO/Pim/Cu H,O 1.0 80 0.5 1 99 198
12 GO/Pim/Cu H,0 1.0 50 0.5 1 94 188
13 GO/Pim/Cu H,O 1.0 50 0.5 1.3 29 198
14 GO/Pim/Cu H,0 0.7 50 0.5 1.3 77 220
15 GO/Pim/Cu H,0 0.3 50 0.5 1.3 54 360
16 GO/Pim/Cu Neat 1.0 50 3 1.3 40 13.33
17 GO/Pim/Cu t-BuOH 1.0 50 3 13 71 23.66
18 GO/Pim/Cu DMF 1.0 50 3 13 62 20.66
19 GO/Pim/Cu CHsCN 1.0 50 3 1.3 21 7
20 GO/Pim/Cu CH,Cl, 1.0 50 3 1.3 <1 —
21 GO/Pim/Cu THF 1.0 50 3 13 10 333
22 GO/Pim/Cu Toluene 1.0 50 3 13 33 1
23 Pim/Cu® H,0 1.0 50 1 13 84 84
24 GO/Pim/Cu® H,O 0.002 50 20 1.3 93 2325
“Reaction condition: phenylacetylene (1 mmol), benzyl bromide (1 mmol), sodium ascorbate (10 mol%), solvent (2 ml).
Plsolated yield.
“Mainly recovery of the starting materials.
dCross-linked poly(vinyl imidazole) was used. Loading amount of copper on Pim is 0.61 mmol 971.
€10 mmol scale of reactant.

Cuso,
—_—

i D N R
N N AIBN
\ +N/ N
. é@ :

Scheme 2. Synthesis and structure of GO/Pim/Cu

at 1730 and 1623 cm™" correspond to C=0 and C=C stretching vi-
brations, respectively. Also, the weak peaks at 1084 and 1387 cm ™"
are related to C-O stretching. In the FT-IR spectrum of GO/Pim
(Fig. 1(b)), characteristic peaks of imidazolium ring are observed at
1565 and 1640 cm™ ' attributed to C=C and C=N bonds. The

aliphatic C-H band at 2930 cm ™" clearly indicates the presence of
imidazole rings. The FT-IR spectrum of GO/Pim/Cu (Fig. 1(c)) shows
a new strong band at 1120 cm ™' which is attributed to stretching
vibration of S=0 bond, indicating the presence of CuSO, in the
catalyst structure.

Thermal stability and organic content of GO/Pim/Cu were inves-
tigated using TGA (Fig. 2(1)). In both curves, weight loss below 150°C
is attributed to the loss of adsorbed water molecules. The TGA
curve of GO (Fig. 2(la)) shows two weight losses: the first is attrib-
uted to loss of hydroxyl and carboxyl groups and the second to
GO sheet decomposition. The TGA curve of the catalyst (Fig. 2(Ib))
shows a main weight loss at 340°C which is attributed to dissocia-
tion of imidazole groups from the main alkyl chains. It is necessary
to emphasize that the loading amount of the monomer and the
cross-linker cannot be calculated individually using TGA due to
the identical nature of the monomer and the cross-linker. DTG anal-
ysis of the catalyst (Fig. 2(l)) also shows a main strong peak at
340°C. These results indicate that the catalyst is thermally stable
and can be used under harsh reaction conditions at high tempera-
ture (lower than 340°C).

Surface morphologies of Pim/Cu and GO/Pim/Cu were visualized
using SEM, as shown in Figs. 3(a) and (b), respectively. As can be
seen, Pim/Cu has a smooth surface without any porosity but
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Figure 1. FT-IR spectra of (a) GO, (b) GO/Pim and (c) and GO/Pim/Cu

GO/Pim/Cu shows a layered structure due to the presence of GO.
Catalytic surface area and catalytic activity could be improved due
to such a layered structure. Energy-dispersive X-ray spectroscopy
(EDS) analysis of GO/Pim/Cu can confirm the presence of copper
in the catalyst (Fig. 3(c)).

A TEM image of the GO/Pim/Cu catalyst is shown in Fig. 4. The
TEM image of the catalyst shows the presence of GO sheets in
the copolymer matrix.

The loading amount of Cu(ll) ions in GO/Pim/Cu was calculated
with atomic absorption spectroscopy using standard samples. It is
found that the loading amount of Cu(ll) ions in the catalyst is
2.10 mmol g~ which is quite high for such a metal-supported
catalyst. To investigate the complexation of copper to Pim chains,
the loading level of imidazole groups in the catalyst structure was
calculated by titration of GO/Pim with HCl (0.1 M). The result of
titration shows that the loading level of imidazole groups is about
5.60 mmol g~ . This result indicates that most of the copper ions
are coordinated to two imidazole rings (Scheme 2). Moreover, it
can be concluded that copper ions do not penetrate into the inte-
rior layers of the catalyst and some of the imidazole rings of poly-
mer chains are uncoordinated.

The catalytic activity of GO/Pim/Cu was investigated by choosing
the reaction between benzyl bromide, sodium azide and
phenylacetylene as a model reaction. In order to obtain the best
catalytic conditions for synthesis of N-benzyl-4-phenyl-1,2,3-
triazole, several parameters such as catalyst loading, NaN; amount,
solvent and temperature were examined. Considering the green
chemistry concept in the synthesis of triazoles, we focused our at-
tention on the development of this reaction in water as a green sol-
vent. Water, a universal solvent with low cost and environmental

Figure 3. SEM images of (a) Pim/Cu and (b) GO/Pim/Cu. (c) EDS analysis of
GO/Pim/Cu

acceptability, can be chosen as a green alternative to reduce the
production of toxic waste. Therefore, the optimization of the reac-
tion was mainly conducted in water (Table 1). The results show that
no product is produced when using no catalyst even at higher tem-
perature (entries 1 and 2). When 5 mol% of copper sulfate is used as
a catalyst, the reaction yield is 23%. GO/Pim has no catalytic activity
in the absence of copper (entry 4). But using 2 mol% of GO/Pim/Cu
gives 80% yield at room temperature. It is found that a reduction in
the amount of catalyst reduces the yield of products (entries 5-10).
Moreover, reducing the reaction temperature from 80 to 50°C
slightly reduces the yield of triazole product (entries 11 and 12).
Due to the importance of avoiding consumption of energy and
time, the use of 1 mol% of GO/Pim/Cu at 50°C was chosen for fur-
ther optimization of the model reaction (entry 12). It is found that
increasing the amount of NaNs from 1 to 1.3 eq. has a positive effect
on the yield of product (entry 13). In solvent-free condition no

120 120 0.002
- 0
100 1 (I) 100
e + -0.002
3 . <) J
°:,’ 80 xX 80 | 0004 ~
Z 2 s
=] 3 =
- 60 - 3 60 L -0.006 =
= b <
o 2 - -0.008 &
S 40 - S 40 a
=z @) z
b) - -0.01
o 207 L _0.012
0 - . . - - v 0 x x - r - . -0.014
0 100 200 300 400 500 600 700 (1] 100 200 300 400 500 600 700
Temperature (°C) Temperature (°C)
Figure 2. (I) TGA curves of (a) GO and (b) GO/Pim/Cu; (Il) DTG curve of GO/Pim/Cu
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Figure 4. TEM image of GO/Pim/Cu catalyst

significant yield is obtained (entry 16). Also, various kinds of sol-
vents were assessed which can be categorized to aprotic polar
and non-polar (entries 17-22). Aprotic solvents give lower yields
which can be attributed to their less capability of dissolving NaNs.
However, polar aprotic solvents give higher yields, more than

Table 2. Three-component click synthesis of 1,2,3-triazoles using GO/
Pim/Cu catalyst®

GO/Pim/Cu N=N
s Nalls + Na ascorbate (10 mol%) R’N% R
1 2 H.0, 50°C 3
Entry R R Time (h)  Yield of 3 (%)°
1 PhCH, Ph 0.5 (X=Br) 3a:94
1.5 (X=dl) 3a: 93
2 4-BrPhCH, Ph 1 (X=Br) 3b: 90
3 4-MePhCH, Ph 0.5 (X=Br) 3¢ 91
1.5 (X=dl) 3d: 88
4 NH,COCH, Ph 0.5 (X=Br) 3e: 96
5 C4Hg Ph 0.5 (X=Br) 3f. 87
6 C4Hg Ph 1 (X=Br) 39: 88
7 Allyl Ph 1.5 (X=Br) 3h: 83
2 (X=a 3h: 80
8 PhCOCH, Ph 1.5 (X=Br) 3i: 90
9 C,HsOCOCH, Ph 2 (X=Br) 3j: 91
10 CH3C(CH3)CHCH, Ph 0.5 (X=Br) 3k: 92
1 (X=d) 3k: 90
11 1-(Chloromethyl) Ph 25 31: 90
naphthalene
12 PhCH, Ph 2 (X=0Ts) 3a: 95
13 PhCH, 4-NO,Ph 3 (X=Br) 3m: 90°
14 PhCH, 4-MeOPh 3.5 (X=Br) 3n:91°¢
15 PhCH, EtO,C 3.5 (X=Br) 30: 93
16 PhCH, CsHyq, 2.5 (X=Br) 3p: 86
17 Allyl CsHyy 2 (X=Br) 3q: 90
18  PhCOCH, CsHyy 3 (X=Br) 3r: 87
19  4-BrPhCH, CsHyq 3 (X=Br) 3s:91
20  4-BrPhCH, OHCH, 2.5 (X=Br) 3t: 90
21 PhCH, OHCH, 1.5 (X=Br) 3u: 91

“Reaction conditions: alkyl halide (1 mmol), NaNs (1.3 mmol), acetylene
(1 mmol), GO/Pim/Cu (1.0 mol%), H,O (2 ml).

Plsolated yield.
“MeOH used as solvent to dissolve the substrates.
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approximately 70%. In another experiment cross-linked poly(vinyl
imidazole) (Pim) was prepared and used as a support for copper
ions (entry 23). The result shows that in the absence of GO in the
catalyst structure, the loading amount of copper is dramatically re-
duced to 0.61 mmol g~ which clearly shows the effect of GO on
adsorption of copper ion. Therefore, with lower copper loading,
higher mass of Pim/Cu is used compare to usage of GO/Pim/Cu.
Moreover, GO/Pim/Cu shows higher activity than Pim/Cu which
can be attributed to the porous structure of GO/Pim/Cu as a result
of the presence of GO. For further investigation of catalyst activity, a
very small amount of catalyst was used in large-scale production of
triazole. The reaction was performed at a 10 mmol scale of reactants
in the presence of 0.002 mol% of catalyst which gives a 93% yield
for longer reaction time (20 h).

Encouraged by these results, several alkynes and halides were
used for the synthesis of 1,2,3-triazole under the optimized condi-
tions (Table 2). Both aliphatic and aromatic terminal alkynes readily
produce the corresponding 1,2,3-triazole in good to excellent
yields. Aliphatic alkynes in comparison to aromatic ones require
longer reaction times. Surprisingly, electron-withdrawing alkynes
which are difficult substrates for 1,2,3 triazole synthesis, give high
yield of products with acceptable reaction time. It is found that
chlorides have slower reaction rates than bromides (Table 2, entries
1, 3,7 and 10). Hence, longer reaction times are required to achieve
equivalent transformations. Moreover, electron-donating benzyl
halides give lower yields in longer reaction times. These results re-
veal the efficiency of GO/Pim/Cu for the synthesis of 1,4-
disubstituted 1,2,3-triazoles.

120
100
Catalyst removal
80

60 1

Yield (%)

40

20

0 T T T T
0 10 20 30 40 50

Time (min)

Figure 5. Leaching experiment: reaction with catalyst (blue line) and
reaction after catalyst removal (red line)

250 .
u Yield (%)
2004 u Time (min)
= TOF (1/h)
1504—-—RB—

100 4 b BB

50 1

1 2 3 4 5 6 7 8
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Figure 6. Reusability experiments
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Table 3. Comparison of GO/Pim/Cu with reported catalysts in the synthesis of triazoles®

Catalyst Copper loading on catalyst (mmol gf]) Catalyst loading (mol%)  Time (h) T(°Q) Yield (%) Ref.
Cell-Cul NPs 0.37 37 2 70 9 391
PS-C22-Cul (Cul cryptand 22) 0.15 0.6 10 rt 99 (a0l
Cu/C 0.47 1 0.6-1 100 91 @
MNP@BiimM (Cu) 17 0.85 05 rt 99 42]

Cu NPs/Magsilica 1.07 43 1 70 98 1431
Functionalized chitosan/Cu 0.6 0.1 12 70 99 )
Cross-linked poly(IL)/Cu 1.0 1.0 48 rt 98 (3]
lonic polymer/Cu 0.25 5 25 rt 99 el
Poly(4-vinyl pyridine)/Cu 1.32 13 0.4 100 89 @7
Nano ferrite/glutathione/copper 0.25 2.5 0.17 120, mw 99 a8l
Poly(NIPAM/Im)/Cu 0.46 0.25 15 50 99 (4]
Poly(NIPAM/Im)/Cu 0.46 0.00045 31 50 9 9]
MNP-CuBr 0.44 1.46 03 80, mw 9% (501
Cu/AlL0; 0.29 10 1 rt 92 (51
Cu(ly/clay 15 2 0.25 Sonic, rt. 98 (521
Cu/Sio, 2.59 10 0.17 70,50, mw 92 (531
CuNPs/Magsilica 1.07 43 1 70 98 53]

Cu NP/activated carbon 0.25 0.5 3 70 98 54
MNP@PIL/Cu 1.87 0.7 0.4 50 95 38l
GO/Pim/Cu 2.1 1.0 0.5 50 99  This work
GO/Pim/Cu 2.1 0.002 20 50 93  This work
“Reaction conditions: phenylacetylene, benzyl bromide, sodium ascorbate, sodium azide.

Metal contamination of products is a serious issue while working
with metal-supported heterogeneous catalysts. Metal leaching
would imply a time-consuming and costly clean-up step which
makes the synthesis procedure more expensive, and also leaching
of active species could decrease turnover frequency (TOF). In order
to investigate whether the observed catalytic activity is derived from
the solid-supported heterogeneous catalyst or leached metal spe-
cies, the following experiment was performed. The model reaction
was carried out under the optimized condition (Table 1, entry 13),
and the catalyst was removed from the reaction mixture after
10 min by centrifugation. Then, the reaction was allowed to continue
for more than 45 min while monitoring with GC. The result shows
that no further amount of product (1,2,3-triazole) is obtained after
catalyst separation (Fig. 5). After catalyst removal, the reaction mix-
ture was also analyzed using inductively coupled plasma optical
emission spectrometry, and no significant leached copper is de-
tected. These results verify the heterogeneous feature of the catalyst.

Along with the high activity of GO/Pim/Cu in the 1,2,3-triazole
synthesis, other important advantages of the catalyst are its reus-
ability and stability under the reaction conditions. To investigate
the recyclability of the catalyst, reaction between benzyl bromide,
phenylacetylene and sodium azide under the optimized conditions
was selected as a model. After completion of the reaction, the cat-
alyst was easily recovered by centrifugation and reused in another
vessel under the same conditions. As depicted in Fig. 6, the catalyst
can be reused eight times in subsequent runs with almost 92%
yield and without significant loss of activity. According to the
leaching experiment, a slight decrease in yield can be ascribed to
the loss of catalyst mass during washing and recovery procedures.

To establish the merit of the current procedure for the synthesis
of 1,2,3-triazole, a brief comparison of activity between GO/Pim/Cu
and some other supported copper catalysts is presented at Table 3.
Among the heterogeneous catalysts in Table 3, the present method
gives high yield as well as requiring a low applied amount of

catalyst in the reaction. The presence of GO along with imidazole
groups strongly adsorbs copper ions which results in high copper
loading on the GO/Pim/Cu catalyst.

Conclusions

We have demonstrated a facile route for the one-pot synthesis of
1,4-disubstittued 1,2,3-triazole via a novel, environmentally benign
entrapped graphene oxide/cross-linked poly(vinyl imidazole)-sup-
ported copper(ll) catalyst. The multilayered structure of the catalyst
provides a convenient support for high loading of active metal to
reduce the amount of the catalyst in each reaction. The resulting
catalyst was shown to be applicable to a wide substrate scope (ar-
omatic/aliphatic alkynes and alkyl/benzyl halides) giving excellent
yields under mild reaction conditions. The operational simplicity,
purity of products, absence of hazardous organic solvents and high
recyclability of the catalyst (up to eight runs) make it an attractive
proposition for large-scale applications.
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