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CuI anchored onto mesoporous SBA-16 functiona-
lized by aminated 3-glycidyloxypropyl-
trimethoxysilane with thiosemicarbazide
(SBA-16/GPTMS-TSC-CuI): a heterogeneous
mesostructured catalyst for S-arylation reaction
under solvent-free conditions†

Sara S. E. Ghodsinia and Batool Akhlaghinia *

Herein, we report the novel synthesis of CuI anchored onto a cage-like mesoporous material (SBA-16),

which was successfully functionalized by aminated 3-glycidyloxypropyltrimethoxysilane with thiosemicar-

bazide (SBA-16/GPTMS-TSC-CuI) into an efficient and highly recyclable heterogeneous catalyst. The as-

synthesized mesostructured catalyst (SBA-16/GPTMS-TSC-CuI) was comprehensively characterized by

different techniques, namely, FT-IR, FIR, SAXRD, XRD, XPS, BET, TEM, FE-SEM, EDX, EDX mapping, TGA,

ICP-OES, and CHNS analyses. SBA-16 with a unique “super-cage” structure efficiently controlled the for-

mation of dispersed organic and metal species in the mesoporous channels. These confined nano-

particles with a narrow particle size distribution (3–7 nm) exhibited excellent catalytic activity in the

S-arylation reaction without necessitating the use of toxic solvents and/or expensive metal catalysts.

Interestingly, the mesoporous catalyst was extremely stable under the reaction conditions and could be

easily separated by a simple filtration process and reused for at least seven recycle runs (without any

appreciable loss in catalytic activity). Due to the inimitable structure of the abovementioned mesostruc-

tured catalyst, the C–S coupling products of aryl halides with S8/thiourea under solvent-free conditions

were obtained in good to excellent yields in remarkably reduced reaction times in comparison to those

reported in earlier studies.

Introduction

Today, the C–S bond has arguably become one of the most
important functional groups with a wide range of applications
in the expansion of novel precursors or intermediates in
organic synthesis.1 In particular, during the last few years, its
significance in making various arrangements of target com-
pounds, including pharmaceutical to biological molecules,
has been its extraordinary applicability in biochemistry and
materials science as the frontiers of modern synthetic organic
chemistry.2,3 Among aromatic sulfur-containing compounds
that abundantly occur in nature, diaryl thioethers are
employed in various clinical applications such as antidiabetic,
antiinflammatory, anti-Alzheimer’s, anti-Parkinson’s, anti-
cancer, and anti-HIV compounds.4,5 Due to the importance of

these compounds, the search for new preparation methods of
diaryl thioethers has gained strategic importance in synthetic
chemistry, which has received considerable interest recently.
Classical sulfide construction involves the reduction of aryl
sulfones or aryl sulfoxides,6 thiol(ate) alkylation or
arylation,7–16 or the treatment of an organometallic reagent
with a disulfide molecule.17–21 However, most of these
methods have certain limitations such as the use of strong
reducing agents, strong non-reusable bases, elevated tempera-
tures, being environmentally unfavorable, as well as the fact
that odorous thiols are air-sensitive, volatile, and hazardous
starting materials. Moreover, the common drawbacks associ-
ated with these reactions are their formidable tendency for the
oxidative coupling of thiols to form (homocoupling sulfur–
sulfur) disulfides (as side products that lead to environmental
and safety problems), as well as the capability of thiolate
anions to suppress the activity of the catalyst (has reverse
effect in the target process). In order to overcome these short-
comings and to replace the traditional method of C–S cross-
coupling reactions, other interesting sulfur surrogates such as
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thiourea,22–26 potassium thioacetate,27 carbon disulfide,28–32

metal sulfides,33,34 sulfonyl hydrazide,35,36 ethyl xanthogen-
ate,37 thiocyanate,38 thioacetamide,39 S8,

40–49 and Na2S2O3
50

are used as alternatives to thiols in the recent years. Among
the sulfur-transfer reagents, S8 (since antiquity has been
known and recently become popular in chemical industries)
and thiourea presented an interesting breakthrough in the
field of thiol-free C–S bond formation due to their low cost,
availability, safety, and being odorless.26,51,52 Owing to the
strong coordination nature of the sulfur atom, the transition-
metal-catalyzed C–S cross-coupling reaction has not been
extensively studied in comparison to the other carbon-hetero-
atom bonds such as C–N, C–O, and C–P. Over the past few
decades, few methods for C–S bond formation have gained
much interest and improved the employment of transition
metals like Pd, Ni, Fe, Cu, Co, In, and Bi.53 Copper, in particu-
lar, yields a higher catalytic activity due to its special redox pro-
perties, polarizability, and cost-effectiveness than most other
transition metals.54 The reported methods of copper-catalyzed
S-arylation include Cu-nanoparticle systems,55 ligand-free
systems,56 ligand-based systems,57 and systems using various
sulfur reagents.58

Recently, heterogeneous catalysis due to economic and
industrial significance has gained immense importance in
many areas.59–64 Published reports indicate that hetero-
geneously catalyzed processes scored over homogeneous cata-
lysts. Nowadays, the immobilization of metal active sites on
solid supports, such as polymeric microspheres, micro-
capsules and resin,65–67 mesoporous materials,68,69 amorphous
silica,70 and carbon nanofibers,71 have been extensively devel-
oped. Due to a regularly arranged pore structure,72 narrow
pore size distribution,73 high pore volume, large specific
surface area, and excellent hydrothermal stability, mesoporous
materials (particularly SBA-type silica) have shown consider-
able superiority among other solid supports. Cubic-structured
mesoporous silica (nanocage interconnected in a three-dimen-
sional manner to eight neighboring cages through pore
entrances that are more resistant to blocking), such as SBA-16,
as a novel mesoporous silica material with a large cage Im3m
structure74 can accommodate metal, metal oxide, and metal
sulfide catalysts in situ up to the size of the cage.75 SBA-16
improved the catalytic activities via reducing the agglomera-
tion of particles and allowed the smooth transport of reactants
and products, too. The migration of metal nanoparticles may
be inhibited by the smaller pore entrances, which was limited
by the extent of sintering. Furthermore, SBA-16 enhanced the
stability of the catalyst as a prerequisite for applications at
higher temperatures, particularly in the presence of water.76,77

SBA-16 as a nanoreactor is superior to other widely used
channel-like materials (e.g., MCM-41 and SBA-15). Further, its
good pore connectivity and unique structure for the grafting
and passage of large molecules such as organic reactants
(various linkers and ligands) and metal complexes made it a
viable candidate for the designing of catalysts.78–80 Generally,
the high surface area in combination with more active sites
can yield a highly dispersed system.81 Considering all the

above reasons and following our recent interests in the devel-
opment of new nanostructured catalysts,82,83 in the present
study, we report the synthesis of CuI anchored onto meso-
porous SBA-16 functionalized by aminated 3-glycidyloxypropyl-
trimethoxysilane with thiosemicarbazide (SBA-16/
GPTMS-TSC-CuI) as a new heterogeneous catalyst via the post-
synthetic stepwise manner, as shown in Scheme 1. Firstly,
SBA-16 (I) was synthesized by a hydrothermal multistep prepa-
ration method,76,84 comprising the reaction of tetraethyl ortho-
silicate (as the silica source) and a mixture of Pluronic F127
and P123 (as the templates) under low acidic conditions
(37%), followed by calcination at 550 °C for 10 h (to remove
the templates). Therefore, the final mesoporous silica material
was obtained. Thereafter, appropriate surface functionalization
of hydroxyl groups (on the surface) of the as-synthesized
SBA-16 (I) was performed by the treatment of I with
3-glycidyloxypropyltrimethoxysilane (GPTMS) in refluxing
toluene, which yielded SBA-16/GPTMS (II). In the following
step, the reaction of II with thiosemicarbazide (TSC) afforded
SBA-16/GPTMS-TSC (III), which—upon treatment with ethano-
lic solution of CuCl under argon atmosphere—produced CuI

anchored onto mesoporous SBA-16 functionalized by aminated
GPTMS with TSC (SBA-16/GPTMS-TSC-CuI (IV)) (with 1.18 wt%
copper content according to the inductively coupled plasma
optical emission spectroscopy (ICP-OES) measurement).

Hence, as a part of our research program directed toward
cross-coupling reactions,85 as well as considering the above
fundamental understandings regarding the C–S bond for-
mation, we targeted our study to determine a new approach
using SBA-16/GPTMS-TSC-CuI (IV) for the synthesis of sym-
metrical diaryl sulfides from the cascade reaction of aryl
halides with S8/thiourea with more operational simplicity,
greater selectivity, higher product yield, and economic viabi-
lity, in addition to catalyst reusability as a welcome goal con-
cerning the green chemistry demands (Scheme 2).

Results and discussion

After the preparation of SBA-16/GPTMS-TSC-CuI (IV), the
mesostructured catalyst was characterized by certain micro-
scopic and spectroscopic techniques including Fourier-trans-
form infrared (FT-IR) spectroscopy, far-infrared (FIR), small-
angle X-ray diffraction (small-angle XRD), X-ray powder diffrac-
tion (XRD), X-ray photoelectron spectroscopy (XPS), Brunauer–
Emmett–Teller (BET) surface area, transmission electron
microscopy (TEM), field-emission scanning electron
microscopy (FE-SEM), energy-dispersive X-ray (EDX), thermo-
gravimetric analysis (TGA), ICP-OES, and elemental (CHNS)
analyses.

Characterization of SBA-16/GPTMS-TSC-CuI

FT-IR spectroscopy was conducted for every step of the as-syn-
thesized mesostructured catalyst to verify the successful
functionalization of SBA-16. Fig. 1 shows the FT-IR spectra of
SBA-16 NPs (I) (a), SBA-16/GPTMS NPs (II) (b), SBA-16/
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GPTMS-TSC NPs (III) (c), SBA-16/GPTMS-TSC-CuI NPs (IV) (d),
and the 7th reused SBA-16/GPTMS-TSC-CuI NPs (IV) (e). As
shown in Fig. 1a, the typical absorption bands, which are
attributed to the asymmetric, symmetric, and bending
vibrations of Si–O–Si, were observed at 1087, 811, and
460 cm−1, respectively.86 The broad absorption band at
3430 cm−1 and the distinctive band at 1630 cm−1 could be
assigned to the stretching and bending modes of the surface-
attached hydroxyl groups (Si–OH) and adsorbed water mole-

Scheme 1 Preparation of SBA-16/GPTMS-TSC-CuI.

Scheme 2 Synthesis of symmetrical diaryl sulfides from the cascade
reaction of aryl halides with S8/thiourea in the presence of SBA-16/
GPTMS-TSC-CuI under solvent-free conditions.

Fig. 1 FT-IR spectra of mesoporous silica SBA-16 (I) (a), mesoporous
silica SBA-16/GPTMS (II) (b), mesoporous silica SBA-16/GPTMS-TSC (III)
(c), mesoporous silica SBA-16/GPTMS-TSC-CuI (IV) (d), and 7th reused
SBA-16/GPTMS-TSC-CuI (IV) (e).
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cules, respectively.87–89 The asymmetric stretching vibration of
Si–O–Si linkage, which is overlapped with Si–O–C and Si–C
bonds, can be identified in the range of 1200–1100 cm−1. The
absorption band at 965 cm−1 is assigned to the stretching
vibration of the silanol group (Si–OH bond). The obtained
results are in accordance with the literature data.86 The exist-
ence of the epoxy ring grafted onto the SBA-16 framework was
confirmed by the appearance of two distinctive bands at 2949
and 2851 cm−1, which can be allocated to the asymmetric and
symmetric methylene C–H stretching vibrational frequencies,
respectively (Fig. 1b).90,91

Further, the ether linkage in the glycidoxy group is known
to be in the same region and it overlaps with the strong Si–O–
Si absorption band (Fig. 1b).92 The successful modification
process can be confirmed by the decrease in the intensity of
the bands at 3421 and 1634 cm−1 (corresponding to the O–H
stretching and bending vibrations, respectively), as well as that
at around 960 cm−1 (corresponding to Si–O–H vibration) in the
modified SBA-16 against the parent SBA-16 (see the dotted
areas in Fig. 1b). The existence of grafted TSC on the surface of
SBA-16/GPTMS NPs (II) can be verified by the appearance of a
new band at 3366 cm−1 (corresponding to the asymmetric (N–
H) vibration of the terminal NH2 group), as well as the two
new bands at 3264 and 3181 cm−1 (corresponding to the sym-
metric N–H vibrations of the amino groups).93 The character-
istic stretching vibration of O–H (attributed to the ring
opening of the epoxy ring) is found in approximately the same
region that is covered by the absorption bands of the amino
groups in TSC. The well-synthesized SBA-16/GPTMS-TSC NPs
(III) can be further established by the presence of two distinc-
tive absorption bands at 1644 and 1620 cm−1, which could be
assigned to the N–H (secondary amine) bending vibrations
(Fig. 1c). Interestingly, the ring opening of epoxy with TSC
leads to the appearance of two bands located at around 1244
and 802 cm−1 (corresponding to the (CvS) stretching vibration
and νs (CS)) (Fig. 1c).94–96 The FT-IR spectrum of SBA-16/
GPTMS-TSC (III) after coordination with CuI ions (Fig. 1d)
revealed the coordination between the N and O atoms with CuI

ions. The stretching vibrations of OH and NH at
3366–3181 cm−1 shift to 3343–3129 cm−1. Similarly, the
bending vibrations attributed to the N–H (secondary amine)
vibrations at 1644 and 1620 cm−1 shift to 1634 and 1605 cm−1,
respectively. The decrease in the vibrational frequencies is a
result of the interaction between amine and hydroxyl groups
with Cu ions.97 The strong metal–sulfur bond formation can
also be confirmed by the shift in νs (CS) from 802 to 792 cm−1.

Predictably, this band (809–730 cm−1) can be used as a par-
ticular diagnostic tool for transition metal complexes of TSCs
and thiosemicarbazones; hence, upon coordination with a
metal, the characteristic band at almost 100 cm−1 shifts to
lower frequencies (regarding the coordination of copper ions
to the sulfur atom).98 The results were also filtered with FIR
and XPS analyses. The above results implied the strong inter-
action of the organic moieties with the CuI complex.

Furthermore, the FIR spectrum was obtained to facilitate
the comprehension of CuI species immobilization on the

active sites inserted onto mesostructured SBA-16 (Fig. 2). The
FIR confirms a detailed description of the IR-active low-fre-
quency modes (frequency region below 700 cm−1), and it can
provide information on the metal–ligand vibrations.

The coordination of the –NH, –OH, and S groups is further
substantiated by the appearance of additional bands in the
420–302 cm−1 range corresponding to the stretching vibrations
of Cu–N and Cu–S99–102 and a band at 620 cm−1 assigned to
the vibration of Cu–O.103 The results show a reasonably good
agreement with the available literature data.104

Small-angle X-ray diffraction (SAXRD) technique was
implemented to gain a further insight into the structural pro-
perties of pristine SBA-16 (I) and SBA-16/GPTMS-TSC-CuI (IV)
(Fig. 3).

From Fig. 3a, it is evident that the SAXRD pattern of pure
SBA-16 exhibits an intense diffraction peak at 2θ = 0.55°

Fig. 2 FIR spectrum of SBA-16/GPTMS-TSC-CuI (IV).

Fig. 3 Small-angle XRD patterns of SBA-16 (I) (a), SBA-16/
GPTMS-TSC-CuI (IV) (b), and 7th reused SBA-16/GPTMS-TSC-CuI (IV) (c).
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indexed to the (1 1 0) plane. Furthermore, the two weak peaks
at 2θ = 0.91° (2 0 0) and 1.2° (2 1 1) Bragg reflections are
characteristic of the 3D hexagonal structure of mesoporous
materials.105,106

It is interesting to note that the highly ordered hexagonal
structure of SBA-16 is preserved even after the modification
process. The only observed difference is related to the decrease
in peak intensity due to the presence of organic/inorganic seg-
ments (ligand functionalization and further immobilization of
the CuI complex) in the pores (Fig. 3b). These results are also
confirmed by the N2 sorption detection results.

The XRD patterns of pure SBA-16 and SBA-16/
GPTMS-TSC-CuI are similar (Fig. 4a and b). Fig. 4a shows that
the strong and broad diffraction peak in 2θ = 15°–35° can be
assigned to the amorphous structure of SBA-16.107 In the wide-
angle XRD pattern (Fig. 4b), the diffraction peaks corres-
ponding to copper cannot be observed for SBA-16/
GPTMS-TSC-CuI (with 1.18 wt% Cu loadings), which reveals
high copper dispersion. The absence of Cu diffraction peaks
indicates the formation of finely dispersed copper species on
the mesostructure that are not detectable by this technique (as
copper loading is lower than 5 wt%).108–110 Therefore, the XRD
results confirm the presence of high copper dispersion.

To achieve a better insight into the oxidation state of Cu
ions, as well as to evaluate the mechanism by which CuI could
coordinate with the active units inserted onto functionalized
mesostructured SBA-16, we decided to carry out the XPS ana-
lysis of SBA-16/GPTMS-TSC-CuI (Fig. 5). In fact, XPS is one of
the most powerful surface analysis techniques to identify the
oxidation states of elements in various compounds. The exact
binding energy of the core electrons is influenced by the
chemical environment of that atom (e.g., alteration in oxi-
dation state or functional group). These alterations in binding
energy are known as “chemical shifts”.111

A comprehensive examination of the XPS spectra allows
more precise identification of the nature of the copper species
and the existence of elements in the mesostructured catalyst.

The full-scan XPS spectra of fresh SBA-16/GPTMS-TSC-CuI

and 7th reused mesostructured catalyst were recorded, as

shown in Fig. 5a and b, respectively. Evidently, the peaks
corresponding to carbon, nitrogen, oxygen, sulfur, and copper
have been detected in the XPS elemental survey scan of the
fresh mesostructured catalyst at 287.08 eV (C 1s), 404.8 eV (N
1s), 536.08 eV (O 1s), 170.08 eV (S 2p), and 935.08 eV (Cu 2p),
respectively (Fig. 5a).

The high-resolution XPS spectrum of C 1s (Fig. 5c) confirms
the presence of N–CvS, C–O–Cu/C–N–Cu, and C–OH at
binding energies of 290.1, 288.8, and 286.5 eV, respectively.
The high-resolution XPS spectrum of N 1s (Fig. 5d) exhibits
two peaks with binding energies of 401.06 and 400.06 eV that
correspond to N–Cu and N–C, respectively. This is in agree-
ment with the reported values for N atoms in TSCs by sharing
the lone pair of electrons for the formation of a covalent bond
between N atoms and CuI ions.112–114

Similarly, the high-resolution XPS spectrum of O 1s
(Fig. 5e) shows that the peak with binding energy of 533.6 eV
may be attributed to the C–O bond related to the hydroxyl
group.115 This result confirms that the hydroxyl group in
GPTMS is involved in CuI adsorption, where the oxygen atom
donates a lone pair of electrons to the metal ions and the
resulting electron density decreases around the O atom.116

Another close-up survey in the S 2p region (Fig. 5f) reveals the
presence of two peaks at 164.68 and 163.3 eV, which can be
attributed to the S 2p1/2 and S 2p3/2 states, respectively. This
is also in good agreement with the formation of Cu–S, which
slightly shifts to lower values.117,118

Decreasing the binding energy confirms the accumulation
of negative charge or increasing the polarity on the surface of
sulfur to attract positively charged copper ions.119 All these
peak positions are in good agreement with the reported values
in the literature (after coordination of CuI onto SBA-16/
GPTMS-TSC, there is a resulting shift in the peaks toward
lower binding energies).120 The high-resolution XPS spectrum
of copper (Fig. 5g) shows the peaks at 952.5 and 932.5 eV that
can be ascribed to the binding energies of Cu 2p1/2 and Cu
2p3/2, respectively, indicative of CuI with a peak separation of
20 eV. It is noteworthy that both the peaks exhibit high sym-
metry, which implies the attendance of CuI in the formation of
Cu–S.113,117

From the Cu spectrum, the absence of peaks can be
ascribed to metallic Cu, and the appearance of new peaks at
932.5 and 952.5 eV provide further evidence that there is no
metallic Cu as impurity and Cu atoms are coordinated by
organic ligands to form SBA-16/GPTMS-TSC-CuI. As stated in
the literature, metallic Cu exhibits two peaks at 953 and 933
eV, which can be assigned to the binding energies of Cu 2p1/2
and Cu 2p3/2, respectively, assigned to CuI.121

FT-IR, FIR, and XPS analyses confirm the successful
covalent immobilization of CuI onto the modified mesostruc-
tured SBA-16.

The nitrogen adsorption–desorption isotherms and corres-
ponding BJH pore size distribution curves of pure SBA-16 (I)
and SBA-16/GPTMS-TSC-CuI (IV) are shown in Fig. 6.
According to the IUPAC classification, the appearance of H2-
type hysteresis loops at a relative pressure can be identified as

Fig. 4 Wide-angle XRD patterns of SBA-16 (I) (a) and SBA-16/
GPTMS-TSC-CuI (IV) (b).

Green Chemistry Paper

This journal is © The Royal Society of Chemistry 2019 Green Chem., 2019, 21, 3029–3049 | 3033



type IV isotherms, which are associated with the presence of a
mesoporous cage-like structure.122 The nitrogen adsorption–
desorption isotherm of SBA-16 (I) contains asymmetrical and

triangular branches, which are characteristic of mesoporous
materials with ink-bottle pores and pore network connectivity.
The respective average surface areas, pore volumes, and mean

Fig. 5 XPS elemental survey of fresh mesoporous silica SBA-16/GPTMS-TSC-CuI (IV) (a) and 7th reused SBA-16/GPTMS-TSC-CuI (IV) (b); high-
resolution XPS spectra of C 1s (c), N 1s (d), O 1s (e), S 2p (f ) Cu 2p (fresh SBA-16/GPTMS-TSC-CuI (IV)) (g), and Cu 2p (7th reused SBA-16/
GPTMS-TSC-CuI (IV)) (h).
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pore diameters of both pure SBA-16 (I) and SBA-16/
GPTMS-TSC-CuI (IV) are listed in Table 1. The BET surface
area, pore volume, and pore diameter of intact SBA-16 (I) are
635.03, 0.596, and 3.7544, respectively, which decrease after
the modification process. These results clearly verify the suc-
cessful functionalization of mesoporous SBA-16 (I). In
addition, BJH calculations demonstrated a uniform pore size
distribution with a high-intensity peak, which proves the high
regularity of the mesostructure (Fig. 6b and d).

The particle size and morphology of mesoporous SBA-16 (I),
SBA-16/GPTMS-TSC-CuI (IV), and 7th reused SBA-16/
GPTMS-TSC-CuI (IV) are defined by TEM (Fig. 7). The images
in SBA-16 (I) indicate a well-ordered cubic mesostructure with
the Im3m space group (Fig. 7a and b).123 The particle size of
SBA-16 (I) with a regular geometric shape was estimated to be
3–7 nm. As evident in Fig. 7c, the ordered hexagonal arrange-
ment of uniform channels with excellent regularity of the
mesostructured catalyst was well conserved subsequent to the
coordination process.

Furthermore, the distribution histograms of SBA-16 (I) and
SBA-16/GPTMS-TSC-CuI (IV) reveal that the average diameter of

the nanoparticles is 3–7 nm (Fig. 8). The obtained TEM results
are in very good agreement with the small-angle XRD data.

The FE-SEM technique was conducted for further investi-
gation into the size and morphology of pure SBA-16 (I) and
SBA-16/GPTMS-TSC-CuI (IV) (Fig. 9). From Fig. 6, it is evident
that the as-synthesized mesostructured catalyst exhibited good
dispersity with spherical morphology, which is in good agree-
ment with the data obtained from the TEM and SAXRD ana-
lyses. To survey the types of elements present in the structure
of SBA-16/GPTMS-TSC-CuI (IV), the EDX spectrum was
obtained, as shown in Fig. 10.

Evidently, the presence of C, O, Si, N, S, Cu, and Cl in the
SBA-16/GPTMS-TSC-CuI (IV) composition is confirmed by the
EDX spectrum (Fig. 10).

To further evaluate the composition of SBA-16/
GPTMS-TSC-CuI (IV), EDX-mapping analysis was performed
and the results are shown in Fig. 11. The presence of C, O, Si,
N, S, Cu, and Cl with uniform distributions was confirmed.

The quantitative determination of thermal stability and
amount of organic moieties on the surface of calcinated
SBA-16 was assessed by TGA at the heating rate of 10 °C min−1

under a nitrogen atmosphere in the temperature range of

Fig. 6 Nitrogen adsorption–desorption isotherms (a and c) and pore
size distribution isotherms (b and d) of SBA-16 (I) and SBA-16/
GPTMS-TSC-CuI (IV).

Fig. 7 TEM images of pure SBA-16 (I) (a and b), fresh SBA-16/
GPTMS-TSC-CuI (IV) (b), and 7th recovered SBA-16/GPTMS-TSC-CuI (IV) (d).

Fig. 8 Particle size distribution histogram of pure SBA-16 (I) (a), fresh
SBA-16/GPTMS-TSC-CuI (IV) (b).

Table 1 Specific surface area (SBET), pore volume, and mean pore dia-
meter of SBA-16 (I) (a) and SBA-16/GPTMS-TSC-CuI (IV) (b)

Samples
BET surface
area (m2 g−1)

Total pore
volume
(cm3 g−1)

Mean pore
diameter (nm)

SBA-16 (I) 635.03 0.596 3.7544
SBA-16/GPTMS-
TSC-CuI (IV)

247.65 0.2191 3.5386
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25–800 °C. The TGA thermograms of pure SBA-16 (I) (a),
SBA-16/GPTMS (II) (b), SBA-16/GPTMS-TSC-CuI (IV) (c), and 7th

reused SBA-16/GPTMS-TSC-CuI (IV) (d) are shown in Fig. 12.
From Fig. 12a, it is clear that the TGA of SBA-16 exhibits one
weight loss (11.02%) from 25 to 150 °C, which can be assigned
to the thermodesorption of physically adsorbed water existing
on the surface and in the channels of mesoporous silica
materials. Above this temperature and up to 800 °C, no signifi-
cant weight loss could be identified.124 The good cross-coup-
ling of the organic spacer groups (GPTMS) on the surface of
SBA-16 NPs was confirmed by the two-step thermal decompo-
sition (Fig. 12b). The initial step of weight loss (2.94%)
occurred from 25 to 150 °C, which can be attributed to the
extrusion of physically absorbed water from the pore interface.
The second weight loss (21.31%, 1.86 mmol g−1) from 160 to
450 °C indicated the total decomposition of the grafted epoxy
group, as reported by Hosgör et al.125 This result indicated that
GPTMS was successfully grafted onto the surface of SBA-16 (I).
The well-modified surface of SBA-16/GPTMS (II) with the TSC
was corroborated by the presence of four-step thermal degra-
dation, as shown in Fig. 12c. The first negligible weight loss
(2.39%) from 25 to 150 °C was related to the removal of
adsorbed water molecules. The part of ligand TSC (–NH–CS–)
(4.69%) was decomposed within the temperature range of
190–265 °C.126,127 The third weight loss (15.48%) from 180 to
350 °C confirmed the presence of GPTMS grafted onto the SBA
surface. The last weight loss (15.15%, 1.7 mmol g−1) from 350
to 650 °C was caused by the decomposition of the remaining
part of the TSC coated on the surface of SBA-16/GPTMS
(Fig. 12c).128,129 Good agreement was observed between the
elemental analysis (CHNS) and TGA data, which is shown in
Table 2. These results clearly corroborated that organic func-
tional groups were successfully embedded on the surface of
pure SBA-16 (I). In addition, the exact loading amount of Cu

Fig. 9 FE-SEM images of SBA-16 (I) (a and b) and SBA-16/
GPTMS-TSC-CuI (IV) (c and d).

Fig. 10 EDX spectrum of SBA-16/GPTMS-TSC-CuI (IV).

Fig. 11 EDX-mapping analysis of SBA-16/GPTMS-TSC-CuI (IV).

Fig. 12 TGA thermograms of SBA- (I) (a), SBA-16/GPTMS (II) (b),
SBA-16/GPTMS-TSC-CuI (IV) (c) and 7th reused SBA-16/GPTMS-TSC-CuI

(IV) (d).
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on the modified mesoporous SBA-16 (I) was determined to be
1.18 wt% (1.86 mmol g−1) based on the inductively coupled
plasma (ICP) analysis.

The TGA curve and ICP analysis also proved the successful
supporting of Cu and organic ligands on the catalyst surface.

Similarly, the data obtained from the XPS results determine
the copper loading on the functionalized mesostructured cata-
lyst (1.95 wt%). The result is in good agreement with those
obtained from the ICP-OES and EDX (Fig. 10) analyses.

Catalytic studies

Here, in order to evaluate the efficiency of SBA-16/
GPTMS-TSC-CuI (IV) NPs, the catalytic activity of this mesos-
tructured catalyst was investigated by means of a symmetrical
S-arylation reaction (Scheme 2). At the outset of this study, the
reaction of iodobenzene (1 mmol) with S8/thiourea (0.5 mmol)
was chosen as the model reaction (Table 2).

The optimal reaction conditions were investigated in terms
of the solvent, base, temperature, and catalyst loading. For the
first trial, conducting the reaction with no addition of catalyst
and/or base in DMSO at 120 °C does not lead to the formation
of diphenyl sulfide even after a long period of time (Table 3,
entries 1–3), whereas the target compound was obtained using
SBA-16/GPTMS-TSC-CuI (IV) and KOH (Table 3, entry 4). To
access the most optimal catalytic conditions, the effect of
various solvents on the model reaction was comprehensively
investigated. In surveying common solvents (DMF, DMSO,
PEG, THF, toluene, 1,4-dioxane, H2O), it was found that only
poor yields were obtained in solvents such as THF, toluene,
PEG, 1,4-dioxane, and H2O, while the yield and reaction rate
was enhanced by employing DMSO in this transformation
(Table 3, entries 5–10). Thereafter, the reaction was scrutinized
under neat conditions. Interestingly, it was found that the
solvent-free condition was the most suitable media for the C–S
coupling reaction in the presence of SBA-16/GPTMS-TSC-CuI

(IV) (Table 3, entry 11). Control experiments for the base and
base-loading examination listed in entries 12–19 indicated that
KOH as the base was crucial for the reaction: base loading
should be set at 4 mmol. Subsequently, upon temperature
examination, 110 °C proved to be the optimal reaction temp-
erature (Table 3, entries 20–22). This reaction also showed
strong dependence on the catalyst loading (Table 3, entries
23–26). It is evident that the best result in the synthesis of sym-
metrical diaryl sulfides could be achieved by carrying out the
reaction by employing KOH (4 mmol) and 1.3 mol%

(1.86 mmol g−1) of the mesostructured catalyst at 110 °C
(Table 3, entry 25). The model reaction was further tested in
the presence of SBA-16 (I), SBA-16/GPTMS (II), SBA-16/
GPTMS-TSC (III), and CuCl, aiming to elucidate the effective
catalytic activity of SBA-16/GPTMS-TSC-CuI (Table 3, entries
27–30). It was found that the highest yield of diphenyl sulfide
was comparatively obtained in the presence of SBA-16/
GPTMS-TSC-CuI (IV) within a short reaction time.

To further develop the scope of the C–S coupling reaction,
motivated by the accurate initial studies on the optimized con-
ditions and having the obtained results, the substrate scope of
the S-arylation reaction was extended for a variety of structu-
rally divergent aryl halides. It consisted of electron-poor, elec-
tron-rich, and heterocyclic aryl halides with S8/thiourea as the
sulfur-transfer reagent to yield symmetrical diaryl sulfides.
From Table 4, it is evident that when aryl halides containing
electron-donating substituents (such as methyl, methoxy,
amino, and hydroxyl groups) were used, slightly longer reac-
tion times were required to obtain the respective diaryl sulfides
(Table 4, entries 2, 3, 7, 11, and 12). The lower reactivity of the
electron-rich aryl halides in this system is probably associated
with the difficulty of the insertion of copper into the carbon–
halide bond as compared to that in electron-deficient ones.128

It is important to note that the unprotected amino groups in
aryl halides did not hinder the reaction and no N-arylating pro-
ducts were detected in these cases (Table 4, entries 7 and 11).

Comparatively, electron-withdrawing substituents (such as
nitro and cyano) reacted more quickly than those with elec-
tron-rich aromatic rings and the corresponding diaryl sulfides
generated in excellent yields (Table 4, entries 4, 5, 8, and 10).
As illustrated in Table 4, due to the lower C–I bond strength as
compared to those of C–Br and C–Cl bonds, the aryl iodides
elevated the S-arylation reaction significantly faster than those
by aryl bromides and aryl chlorides (Table 4, entry 1 vs. entries
6 and 9). Using this catalytic system, 2-bromothiophene as a
heteroaryl halide was efficiently reacted, affording the corres-
ponding product in an excellent yield (Table 4, entry 13).
Another important aspect of this method is the successful
reaction of 2-bromonaphthalene as a model of sterically hin-
dered aryl halide to give the corresponding sulfide in a high
yield under the same reaction conditions (Table 4, entry 14).
From Table 4, it is obviously evident that SBA-16/
GPTMS-TSC-CuI (IV) is not only a highly efficient mesostruc-
tured catalyst to catalyze the present reaction but also facili-
tates the acceleration of the C–S cross-coupling reactions of

Table 2 TGA and elemental analysis (EA) results

Samples
Weight loss (w/w%)
150–600 °C

Weight loss (w/w%)
150–600 °C

Organic grafted
segments (mmol g−1) C (%) N (%) S (%)

SBA-16 11.02a — — — — —
SBA-16/GPTMS 2.94a 21.31 1.85 13.64 — —
SBA-16/GPTMS-TSC-CuI 2.39a 15.5b 1.70 15.87 7.36 5.21

a Attributed to the removal of physically absorbed water from the pore interface. b Attributed to the decomposition of TSC coating on the surface
of SBA-16/GPTMS.
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aryl bromides and unreactive aryl chlorides containing elec-
tron-withdrawing and electron-donating groups. The for-
mation of diaryl disulfide as the byproduct is one of the major
limiting factors in this reaction, which can be due to the facile
oxidation of thiols. Here, the NMR data confirmed that diaryl
sulfide was the only reaction product, and diaryl disulfide was
not formed in any of the cases. According to the established
data in Table 4, symmetrical diaryl sulfides were obtained in
good to excellent yields in the presence of S8 as a nontoxic
sulfur source, while thiourea produced the corresponding pro-
ducts in the same yields after comparatively longer reaction
times.

In the present study, the progress of S-arylation reaction
was monitored by the disappearance of the starting materials
and further formation of the desired cross-coupled products
on TLC. All the synthesized compounds were known and iso-
lated as oil or solid products. The obtained products were
characterized by a comparison of their melting points with
those reported in the literature. The molecular ion peaks of

certain selected products exhibited their respective m/z values,
according to the mass spectrometric data. In addition, the
structures of all the prepared products were effectively corrobo-
rated by surveying their high-field 1H NMR and 13C NMR spec-
tral data (ESI†).

The proposed reaction pathway of the C–S coupling reaction
with S8 as a sulfur source based on the literature reports is out-
lined in Scheme 3.129,130 Initially, it was hypothesized that
metal disulfide I (K2S2) was produced upon the reaction of
sulfur powder with KOH. Then, stable copper disulfide (inter-
mediate II)131 was produced from the anion exchange reaction
between SBA-16/GPTMS-TSC-CuI and I. Thereafter, the oxi-
dative addition reaction of aryl halide to II afforded III, which
was instantly followed by aryl migration to generate intermedi-
ate IV. At that time, the transformation of intermediate IV into
V and the consequent oxidative addition reaction with another
aryl halide molecule provided the key intermediate VI.
Eventually, a reductive elimination reaction led to the for-
mation of the desired diaryl sulfide (VII) and the regeneration

Table 3 Synthesis of diphenyl sulfide from the reaction of iodobenzene with S8/thiourea catalyzed by SBA-16/GPTMS-TSC-CuI under different
reaction conditions

Entry Catalyst (mol%) Solvent Base (mmol) Temperature (°C)
Time (h) Isolated yield (%)
S8/thiourea S8/thiourea

1 — DMSO — 120 24/24 —/—
2 — DMSO KOH (4.0) 20 24/24 —/—
3 1.3 DMSO — 120 24/24 —/—
4 1.3 DMSO KOH (4.0) 120 20 (min)/1 98/95
5 1.3 DMF KOH (4.0) 120 1/3 86/80
6 1.3 PEG KOH (4.0) 120 2.5/6 57/45
7 1.3 Toluene KOH (4.0) Reflux 10/16 15/10
8 1.3 H2O KOH (4.0) Reflux 8/12 25/10
9 1.3 1,4-Dioxane KOH (4.0) Reflux 24/24 Trace/Trace
10 1.3 THF KOH (4.0) Reflux 24/24 —/—
11 1.3 — KOH (4.0) 120 20 (min)/1 98/95
12 1.3 — NaOH (4.0) 120 1/4 85/78
13 1.3 — CaO (4.0) 120 1/2 95/90
14 1.3 — K2CO3 (4.0) 120 3/9 35/30
15 1.3 — Na2CO3 (4.0) 120 3/9 25/35
16 1.3 — NaOEt (4.0) 120 30 (min)/1.5 97/94
17 1.3 — K3PO4 (4.0) 120 2/7 58/50
18 1.3 — KOH (3.5) 120 20(min)/1 75/68
19 1.3 — KOH (3.0) 120 20(min)/1 64/58
20 1.3 — KOH (4.0) 130 20 (min)/1 98/95
21 1.3 — KOH (4.0) 110 20 (min)/1 98/95
22 1.3 — KOH (4.0) 100 20 (min)/1 80/74
23 0.65 — KOH (4.0) 110 1/4 82/70
24 0.78 KOH (4.0) 110 40 (min)/2.5 90/85
25 1.3 — KOH (4.0) 110 20 (min)/1 98/95
26 1.95 — KOH (4.0) 110 20 (min)/1 98/95
27a 0.01 (g) — KOH (4.0) 110 10/18 22 /17
28b 0.01 (g) — KOH (4.0) 110 10/18 22 /17
29c 0.01 (g) — KOH (4.0) 110 10/18 22 /17
30d 1.3 — KOH (4.0) 110 20/28 35/24

Reaction conditions: iodobenzene (1 mmol), S8/thiourea (0.5 mmol). a Reaction was performed in the presence of SBA-16 (I) as the catalyst.
b Reaction was performed in the presence of SBA-16/GPTMS (II) as the catalyst. c Reaction was performed in the presence of SBA-16/GPTMS-TSC
(III) as the catalyst. d Reaction was performed in the presence of CuCl as the catalyst.
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Table 4 Synthesis of diaryl sulfides from the coupling reaction of aryl halides with S8/thiourea catalyzed by SBA-16/GPTMS-TSC-CuI

Entry Aryl halide Product
Time (h) Isolated yield (%)
S8/thiourea S8/thiourea

1 20 (min)/1.00 98/95

2 1.30/2.45 82/70

3 1.00/2.15 85/74

4 30 (min)/1.45 91/84

5 20 (min)/1.00 89/84

6 50 (min)/2.30 90/84

7 3.00/3.30 86/82

8 1.30/2.20 89/85

9 2.00/3.30 75/70

10 2.15/3.45 77/73

1̀1 6.30/8.00 71/68

12 7.30/8.45 68/59

13 3.30/4.15 85/74
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of the active catalytic species CuI for the next run. There is no
doubt that a more detailed study is required to completely
understand the mechanism of the S-arylation reaction in the
presence of copper species (Scheme 3).

By the analogy of the previously reported mechanism in the
literature129 and according to our investigations, a conceivable
mechanism to the C–S coupling of aryl halides with thiourea
was formulated, as shown in Scheme 4. Initially, the insertion
of CuI species into the aryl halide bond (I) as an oxidative
addition reaction produced intermediate II. The first step was
considered as the most important step in determining the

reaction rate, as shown by the data in Table 4. In the sub-
sequent step, intermediate II (containing CuIII species) reacted
with thiourea to give intermediate III. Subsequently, the reduc-
tive elimination of intermediate III smoothly occurred to
produce intermediate IV alongside the regeneration of the CuI

catalyst. Then, the obtained thiol moiety (V) in alkaline
media reacted with another molecule of intermediate II to give
intermediate VI. Finally, intermediate VI upon the
reductive elimination process produced the desired diaryl
thioether (VII) and active catalytic species CuI, as well as reen-
tering the next catalytic cycle. Further investigations to eluci-

Scheme 3 Recommended mechanism pathway for the preparation of diaryl sulfide derivatives using aryl halides and S8 catalyzed by SBA-16/
GPTMS-TSC-CuI.

Table 4 (Contd.)

Entry Aryl halide Product
Time (h) Isolated yield (%)
S8/thiourea S8/thiourea

14 7.00/8.30 72/75
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date the details of the mechanism of S-arylation reaction are
ongoing (Scheme 4).

From a green chemistry viewpoint, the reusability and long
durability of the metal catalyst are very significant factors, par-
ticularly for commercial and industrial applications. In this
regard, to check the reusability behavior of CuI grafted onto
mesoporous SBA-16 functionalized by GPTMS-TSC, successive
one-pot C–S coupling reaction of iodobenzene with S8/thiourea
was carried out under optimized reaction conditions. At the
end of each reaction (monitored by TLC), the mesostructured
catalyst was separated by a simple filtration process, washed in
turn with distilled water (to get rid of the excess (KOH) base
and highly soluble thiourea) and then with ethanol (to remove
trace amounts of organic reactant molecules and S8), and
dried under a vacuum at 60 °C overnight to remove the
residual solvents for use in the next run.

The plots of the recycling efficiency are shown in Fig. 13
and 14. Evidently, it is noticed that the aforementioned catalytic
system is extremely reusable under the investigated reaction con-
ditions since almost no significant deactivation of the meso-
porous catalyst occurred after several recovery processes (Fig. 13
and 14). However, the lower observed efficiency of the regenerated
mesoporous catalyst after seven cycles might be principally due to
the partial saturation of the mesochannels containing the cata-
lytic active sites during the reaction process. The almost similar
results in each cycle clearly conclude that SBA-16/GPTMS-TSC-CuI

(IV) is not only sufficiently active for the S-arylation reaction but it
is also stable even after several recycle runs.

To reveal the structural stability of SBA-16/GPTMS-TSC-CuI

(IV), after seven cycles in the reaction of aryl halides with
thiourea, any structural changes in the mesostructured catalyst
were investigated by FT-IR, XRD, TEM, TGA, and ICP-OES tech-

Scheme 4 Recommended mechanism pathway for the preparation of diaryl sulfide derivatives using aryl halides and thiourea catalyzed by SBA-16/
GPTMS-TSC-CuI.

Fig. 13 Synthesis of diphenyl sulfide of aryl halide with S8 in the pres-
ence of reused SBA-16/GPTMS-TSC-CuI (IV).

Fig. 14 Synthesis of diphenyl sulfide of aryl halide with thiourea in the
presence of reused SBA-16/GPTMS-TSC-CuI (IV).
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niques. As expected, in the FT-IR spectrum of the 7th reused
mesostructured catalyst, all the characteristic absorption
bands were observed to be effectively preserved in terms of
shapes, positions, intensities, and frequencies even after seven
recycle runs (Fig. 1e).

In addition, in the small-angle XRD patterns of SBA-16 (I),
fresh SBA-16/GPTMS-TSC-CuI (IV), and 7th recovered mesos-
tructured catalyst, the presence of 3 well-resolved peaks below
2°, indexed as (1 1 0), (2 0 0), and (2 1 1) reflections, clearly
confirmed the 3D hexagonal symmetry of these materials
(Fig. 3). However, the overall attenuation in the intensity of
these three peaks (particularly the intensity of the (1 1 0)
reflection) was noticed after the modification process (Fig. 3b).
This might be caused by the effect of pore filling of the func-
tional groups, which can reduce the scattering contrast
between the framework of the SBA-16 support and the filled
pores with the organic moieties; this would be accompanied
by the fractional loss of the ordered silica structure due to the
incorporation of organic motifs. More importantly, the small-
angle XRD pattern of SBA-16/GPTMS-TSC-CuI (IV) after seven
runs showed no considerable broadening of the peaks when
compared with the small-angle XRD pattern of the fresh cata-
lyst (Fig. 3c). Moreover, in the XPS elemental survey scan of the
7th reused SBA-16/GPTMS-TSC-CuI (IV) clearly confirmed that
the peaks corresponding to carbon, nitrogen, oxygen, sulfur,
and copper were conserved (Fig. 5b). In addition, the oxidation
state of the CuI species was preserved even after seven recycles
in the S-arylation reaction (Fig. 5h).

Interestingly, the TEM image of the 7th recovered SBA-16/
GPTMS-TSC-CuI (IV) was obtained, and the results showed that
the well-ordered cage-like structure of the 7th recovered meso-
porous catalyst was retained to a certain extent and no increase in
the particle size was observed (according to the data shown in
Fig. 7d).

Furthermore, the TGA thermogram of pristine and 7th

reused SBA-16/GPTMS-TSC-CuI (IV) revealed that no significant
difference was observed in the decomposition patterns, which
is evident from Fig. 12d. The only observed difference was
related to decreasing the percentage weight loss from 40.8% in
the fresh mesostructured catalyst to 39.1% after seven cycles in
the S-arylation reaction. Accordingly, the amount of organic
segments decreased from 1.85 to 1.7 mmol g−1, which might
be ascribed to the negligible loss of the organic linkers
anchored onto the support surface (due to trapping of the
organic segments within the cage-like pores of mesostructured
SBA-16) during the reuse process. These results demonstrated
that the mesostructured catalyst is thermally stable up to 800 °C
and organic segments existed in the structure of the 7th recov-
ered catalyst. Furthermore, the ICP-OES technique was used to
assess the exact amount of CuI in pristine and 7th reused
SBA-16/GPTMS-TSC-CuI (IV). According to the obtained data,
1.3 and 1.23 mmol of copper were anchored onto 1.000 g of
pristine and 7th reused mesostructured catalyst, respectively.
These results clearly proved that a negligible amount of copper
was leached from the surface of the mesostructured catalyst
during the recycling processes. The obtained data from the

FT-IR, FIR, SAXRD, XRD, XPS, TEM, TGA, and ICP-OES analyses
unequivocally confirmed the admirable structural and mechani-
cal stabilities of the reused catalyst after seven reuse cycles.

Heterogeneity studies

To investigate the homogeneity or heterogeneity characteristic
of the mesoporous catalyst in the one-pot synthesis of sym-
metrical diaryl sulfides under optimized conditions, hot fil-
tration test was done and discussed.

Hot filtration test

The hot filtration test, as a worthwhile test, was conducted to
evaluate the heterogeneity of the catalytic species in the
S-arylation reaction under optimal conditions through the
possibility of copper leaching into the reaction mixture. For
this purpose, the reaction of iodobenzene and thiourea was
selected as the model reaction, which was evaluated under
optimal conditions. Precisely, at the halfway point of the reac-
tion (10 min), the mesostructured catalyst was separated from
the reaction mixture by filtration. In this step, only 55% con-
version was achieved. Subsequently, the remaining mixture
was allowed to continue to run without a catalyst for another
10 min under similar conditions. The reaction progress before
and after the separation was monitored by TLC. The assess-
ment of the rate of the desired product preparation indicates
that no remarkable increase in the conversion was observed
even after an extended time. This result clearly demonstrated
that no leaching of the active species occurred from the
surface of SBA-16/GPTMS-TSC-CuI (IV) during the entire
course of the reaction (less than 0.07 mol% according to the
ICP-OES analysis). These results established the strong coordi-
nation of copper nanoparticles to the SBA-16/GPTMS-TSC (IV)
surface (Fig. 15). It is worth mentioning that although the
positive results from hot filtration test highlight the homogen-
eity of the catalyst, a negative result does not necessarily indi-

Fig. 15 Time-dependent correlation of the product yield in hot fil-
tration test.
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cate the heterogeneous nature of the catalyst; this is because
in many circumstances, leached and soluble metal species can
be redeposited on the insoluble support during the hot fil-
tration stage. In this context, the catalytic pathway would
proceed through a “release–capture” mechanism.132 Moreover,
we have speculated that the respective mesostructured catalyst
most likely operated in a heterogeneous manner.

In this line of work, to illustrate the suitability of the
present protocol to other reported methods in the literature,
the catalytic activity of SBA-16/GPTMS-TSC-CuI (IV) was com-
pared with some of the previously reported catalysts in the
S-arylation of aryl halides with S8/thiourea (Table 5). Although
all the listed catalysts can produce the desired product in a
good to excellent yield, it is evident that SBA-16/
GPTMS-TSC-CuI (IV) as a heterogeneous and green mesostruc-
tured catalyst is more efficient than most of the well-known
supported catalyst systems with respect to the reaction con-
ditions. As shown in Table 5, the use of homogenous catalytic
systems, tedious product purification procedures (Table 5,
entry 1), high temperatures (Table 5, entries 1, 2, and 7–10),
hazardous solvents (Table 5, entries 4–11), long reaction times
to obtain the desired product (Table 5, entries 1–8), and recov-
ery and reusability (Table 5, entry 1), as well as price and tox-
icity are some of the disadvantages of these methods.
Moreover, the newly synthesized mesostructured catalyst with
excellent catalytic efficiency is found to easily recover from the
reaction mixture using simple filtration. These results effec-
tively indicated the superiority of the current approach to
earlier reported methods. In this regard, SBA-16/
GPTMS-TSC-CuI (IV) affords a higher yield in a shorter reaction
time than those for the other reported catalysts.

Conclusion

In the present study, SBA-16/GPTMS-TSC-CuI (IV) NPs were
synthesized as a novel, efficient, and heterogeneous mesos-

tructured catalyst. The characterization results from various
spectroscopic and microscopic techniques such as FT-IR, FIR,
SAXRD, XRD, XPS, BET, TEM, FE-SEM, EDX, EDX mapping,
TGA, ICP-OES, and CHNS analyses showed that SBA-16/
GPTMS-TSC-CuI (IV) (mean size: 3–7 nm) is ordered in the
form of a cubic mesostructure with the Im3m space group. The
catalytic efficiency of SBA-16/GPTMS-TSC-CuI (IV) as a new
mesostructured catalyst was investigated in the reaction of a
wide range of aryl halides with S8/thiourea as a sulfur source
under solvent-free conditions (by reducing the reaction time
and temperature to avoid necessitating the use of DMSO or
DMF, which are expensive and toxic solvents) to yield sym-
metrical diaryl sulfides. Interestingly, the unique stable meso-
structured catalyst (SBA-16/GPTMS-TSC-CuI (IV)) could be easily
separated by simple filtration from the reaction mixture and
reused for at least seven times with trace copper leaching and
without a significant reduction in the yields of the desired pro-
ducts, too. Due to the inimitable structure of the abovemen-
tioned efficient, low-cost, low-toxic, and intriguing mesostruc-
tured catalyst, high yields of the symmetrical diaryl sulfides
were obtained in short reaction times. Further studies are
underway in our laboratory to extend the application of this
mesostructured catalyst to other coupling reactions.

Experimental
General

All the chemical reagents and solvents were purchased from
Merck and Sigma-Aldrich and were used as received without
any further purification. The purity determinations of the pro-
ducts and reaction progresses were obtained by TLC on silica
gel polygram STL G/UV 254 plates. The melting points of the
products were determined with an Electrothermal Type
9100 melting point apparatus. The FT-IR spectra were recorded
on an AVATAR 370 FT-IR spectrometer (Therma Nicolet spectro-
meter, USA) using KBr plates at room temperature in the range

Table 5 Comparison of the catalytic activity of SBA-16/GPTMS-TSC-CuI (IV) with those of certain literature precedents using the S-arylation
reaction

Entry Catalyst Solvent Base Temperature (°C) Time (h) Yield (%) Ref.

1 CuIa PEG-200 Na2CO3 120 15 93 133
2 CuFe2O4 MNPsb PEG-400 Cs2CO3 120 20.5 97 134
3 mPANI/pFe3O4

a,c H2O KOH 100 24 92 135
4 CuO@GOa DMSO Cs2CO3 110 12 98 136
5 Pd2dba3/triphose

a,d 1,4-Dioxane Cs2CO3 100 18 80 23
6 CuO nanoa DMSO Cs2CO3 110 15 97 137
7 Cu(II)-2-MPE@MCM-41a DMF·H2O KOH 130 12 75 138
8 Magnetic nano CuFe2O4

a DMF K2CO3 120 12 95 139
9 ZrO nanoparticlesb DMSO KOH 130 2 90 140
10 GO-N-isatin-Ni(II)a DMSO NaOEt 120 4 95 141
11 Cu(II)-vanillin-MCM-41b DMSO KOH 110 0.75 90 142
12 SBA-16/GPTMS-TSC-CuI a — KOH 110 20 (min) 98 Present study
13 SBA-16/GPTMS-TSC-CuI b — KOH 110 1 95 Present study

a Synthesis of symmetric diaryl sulfides from the reaction of aryl halides with thiourea. b Synthesis of symmetric diaryl sulfides from the reaction
of aryl halides with S8.

cMesoporous polyaniline/porous magnetic Fe3O4.
d Tris(dibenzylideneacetone)dipalladium(0)/1,1,1-tris (diphenylphosphi-

nomethyl)ethane.
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between 4000 and 400 cm−1 with a resolution of 4 cm−1. The
FIR spectrum in the region of 650–200 cm−1 was obtained
using a Thermo Nicolet NEXUS 870 FT-IR spectrometer (USA)
equipped with DTGS/polyethylene detector and a solid sub-
strate beam splitter. The NMR spectra were recorded on a
Bruker Avance 400 MHz instrument in CDCl3 and DMSO-d6 as
the solvents. Elemental analyses were performed using a
Thermo Finnigan FlashEA 1112 series instrument (furnace:
900 °C; oven: 65 °C; flow carrier: 140 mL min−1; flow reference:
100 mL min−1). Mass spectra were recorded with a CH7A
Varianmat Bremen instrument at 70 eV electron impact ioniza-
tion, in m/z (rel.%). The crystalline structure of the catalyst was
analyzed by small-angle XRD using a PANalytical Company
X’Pert PRO MPD diffractometer operated at 40 kV and 40 mA,
utilizing Cu Kα radiation (λ = 0.154 nm) (at a step size of
0.020° and time step of 2 s). XRD was performed on a
PANalytical Company X’Pert Pro MPD diffractometer with Cu
Kα radiation (λ = 0.154 nm) radiation. XPS was performed
using a Thermo Scientific ESCALAB 250 Xi Mg X-ray resource.
The BET surface area and pore size distribution were measured
on a Belsorp-mini II system at −196 °C using N2 as the adsor-
bate. TEM was performed using EM10C (100 kV) microscope
(Zeiss, Germany). FE-SEM images, EDS, and EDS mapping
were recorded using a TESCAN (model: Sigma VP) scanning
electron microscope operating at an acceleration voltage of
15.00 kV and resolution of about 500 nm (Zeiss, Germany).
TGA was carried out using a Shimadzu thermogravimetric ana-
lyzer (TG-50) in the temperature range of 25–800 °C at a
heating rate of 10 °C min−1 under a nitrogen atmosphere.
ICP-OES was carried out on a 76004555 SPECTRO ARCOS
ICP-OES analyzer. Mesoporous silica (SBA-16) was prepared by
the method reported in the literature.84

All the yields refer to the isolated products after purification
obtained by thin-layer chromatography or recrystallization
from ethanol.

Preparation of mesoporous silica, SBA-16 (I)

A mixture of Pluronic F127 (1.484 g) and P123 (0.238 g) was
completely dissolved in a solution of concentrated hydro-
chloric acid (37%) (8.87 mL) in deionized water (60 mL). The
resulting solution was magnetically stirred at 35 °C for 4 h
before the dropwise addition of tetraethyl orthosilicate (TEOS)
(25.08 mmol, 5.22 g). After being magnetically stirred for
40 min, the suspension was transferred into a Teflon auto-
clave. The autoclave was placed under static conditions at the
same temperature for 24 h. Thereafter, the temperature was
raised up to 100 °C, and this temperature was maintained for
32 h. Subsequently, the solid was isolated by filtration and
dried in air at room temperature. Then, the obtained white
powder was calcined at 550 °C for 10 h to produce the final
mesoporous silica, namely, SBA-16 (I).

Preparation of mesoporous SBA-16 functionalized by GPTMS
(SBA-16/GPTMS) (II)

SBA-16 (I) (1 g) was dispersed in dry toluene (50 mL) by magne-
tically stirring at 110 °C for 30 min. GPTMS (9.05 mmol,

2.14 g) was then added to the resultant suspension, maintain-
ing stirring for another 24 h under reflux conditions and nitro-
gen atmosphere. Successively, SBA-16/GPTMS (II) was filtered,
washed with ethanol (5 × 5 mL) until the additional amount of
GPTMS was removed before drying at 100 °C under a vacuum
for 10 h.

Preparation of mesoporous SBA-16 functionalized by aminated
GPTMS with TSC (SBA-16/GPTMS-TSC) (III)

To a suspension of the obtained SBA-16/GPTMS (II) (1 g) in dry
toluene (50 mL) (by sonication for 30 min), TSC (5.49 mmol,
0.5 g) was added in the presence of a catalytic amount of Et3N
(7.17 mmol, 0.72 g). The resultant mixture was refluxed under
a nitrogen atmosphere. After 28 h, SBA-16/GPTMS-TSC (III)
was filtered, washed with ethanol (5 × 5 mL), and dried at
100 °C overnight.

Preparation of CuI anchored onto mesoporous SBA-16
functionalized by aminated GPTMS with TSC
(SBA-16/GPTMS-TSC-CuI) (IV)

To a solution of CuCl (0.3 mmol, 0.03 g) in absolute EtOH
(5 mL), SBA-16/GPTMS-TSC (III) (0.5 g) was added at room
temperature. The reaction mixture was magnetically stirred
under an argon atmosphere for 4 h. Thereafter, the resulting
suspension was filtered and the obtained pale green precipi-
tate, namely, SBA-16/GPTMS-TSC-CuI (IV), was washed with
ethanol (5 × 5 mL), before drying under a vacuum at ambient
temperature overnight.

Typical procedure for preparation of diphenyl sulfide in the
presence of SBA-16/GPTMS-TSC-CuI (IV)

A mixture of finely powdered KOH (4 mmol, 0.23 g), SBA-16/
GPTMS-TSC-CuI (1.3 mol%, 1.86 mmol g−1), and S8/thiourea
(0.5 mmol, 0.016 g/0.038 g) was ground together in a mortar
using a pestle for 3 min. Then, the solidified mixture was
added to iodobenzene (1 mmol, 0.2 g) and the reaction was
allowed to proceed exothermically under magnetic stirring and
heated at 110 °C under solvent-free conditions. After the com-
pletion of the reaction, which was monitored by TLC (n-hexane :
ethyl acetate = 9 : 1), the reaction mixture was cooled to room
temperature and diluted with ethyl acetate (10 mL). Thereafter,
the mesostructured catalyst was separated by simple filtration,
washed with distilled water (2 × 5 mL), ethanol (2 × 5 mL), and
dried under a vacuum at 60 °C for the use in the next run. The
crude product was then extracted with ethyl acetate (unreacted
S8/thiourea was removed by adding water to the filtrate) and an
organic layer was dried over anhydrous Na2SO4. After the evap-
oration of the solvent, the residue was purified by thin-layer
chromatography on silica gel (n-hexane : ethyl acetate = 9 : 1) to
yield the desired product (diphenyl sulfide from S8 (0.182 g,
98%) and thiourea (0.176 g, 95%)).
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