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coupling of thiols into disulfides†
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Photocatalytic coupling of thiols is a promising green approach to obtain disulfides. In this work, we

report a stable pyrene-based MOF (Ni-PTTB) and its exfoliated two-dimensional (2D) nanobelts (Ni-

PTTB-NB), which were prepared through the self-assembly of 1,3,6,8-tetrakis(3-carboxyphenyl) pyrene

(H4PTTB) and Ni(NO3)2·6H2O. Taking advantages of the uniformly dispersed π-conjugated pyrene units,

the obtained pyrene-based MOFs displayed visible-light absorption as well as intriguing optoelectronic

properties. Interestingly, the 2D Ni-PTTB-NB showed obviously improved charge separation and

migration compared to the pristine bulk Ni-PTTB, as revealed by a range of photoelectrochemical tests as

well as Kelvin probe force microscopy (KPFM) measurements. Importantly, the Ni-PTTB-NB exhibited

exceptional catalytic performance in the photocatalytic coupling of thiols in the air, giving rise to a 99%

conversion of thiols and 99% selectivity of the disulfide products. Mechanism studies disclosed that the

thiyl radicals are important intermediate in the catalytic process, which are obtained through the oxidation

of thiols by the photogenerated holes. This work provides insights into the future design and development

of 2D MOFs for the photocatalytic synthesis of high-value organic compounds.

Introduction

Disulfides are important synthetic intermediates, which are
widely used in diverse fields, ranging from biochemistry to
industrially important polymers.1,2 The selective coupling of
thiols is considered to be a feasible way to obtain disulfides.3,4

However, massive methods for this coupling reaction usually
require expensive/toxic reagents or harsh reaction conditions,
as well as complicated purification processes, resulting in
massive energy consumption and environmental pollution.5,6

Thus, the synthesis of disulfides via heterogeneous photo-
catalytic routes would be meaningful from the standpoint of
green and sustainable chemistry with broad application pro-
spects. Although a few heterogeneous photocatalysts have been
developed, the sophisticated reaction atmosphere (O2 or inert

gas) as well as the long reaction time (Table S1†) still remain
key hurdles to the widespread applications.7–15 Therefore, it
would be of great significance to explore heterogeneous cata-
lyst for the photocatalytic coupling of thiols with a facile oper-
ation route and satisfactory efficiency.

As an emerging class of porous materials composed of
metal clusters and adjustable organic ligands, metal–organic
frameworks (MOFs) provide a versatile platform for the
rational design of heterogeneous photocatalysts.16,17

Compared to 3D bulk MOFs, two-dimensional (2D) MOF
nanosheets or nanobelts possess nanometre thickness to
facilitate rapid mass transport as well as efficient photogene-
rated carrier transport, leading to improved photocatalytic
activities.18–21 As planar π-conjugation compounds, pyrene and
its derivatives possess an electron-enriched skeleton as well as
unique optical and photoelectronic properties, which enable
them to be promising candidates for the design of photoactive
MOFs.22–24 The uniform structure of MOFs offers opportu-
nities to heterogenize and isolate pyrene units in an ordered
array, which renders pyrene-based MOFs with visible-light
absorption, and rapid charge separation and transfer capabili-
ties, giving rise to excellent photophysical and photochemical
properties.25 Currently, numerous works have focused on 3D
pyrene-based MOFs for photocatalytic application;26–28

however, the study of 2D pyrene-based MOFs in photocatalysis
is still in its infancy and worth further exploration.29–32
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Herein, we report a new stable pyrene-based MOF, namely
Ni-PTTB, consisting of the H4PTTB ligand (H4PTTB = 1,3,6,8-tet-
rakis(3-carboxyphenyl) pyrene) and a binuclear nickel–oxygen
cluster. The 2D Ni-PTTB-NB was successfully prepared from the
bulk Ni-PTTB crystal via a simple ultrasonic exfoliation process.
The resulting 2D Ni-PTTB-NB exhibited significantly improved
charge separation and migration, as confirmed by a series of
photoelectrochemical studies. Meanwhile, Ni-PTTB-NB dis-
played remarkable photocatalytic performance towards the
photocatalytic coupling of thiol in the air, giving rise to the
corresponding disulfide with high selectivity.

Results and discussion
Synthesis and structural characterizations

The green rod-shaped crystals of Ni-PTTB were obtained
through the solvothermal reaction of H4PTTB with Ni
(NO3)2·6H2O in the presence of DMF and EtOH at 120 °C for
72 h (Fig. S1†). The FT-IR spectra of H4PTTB and WYU-11 are
displayed in Fig. S2.† Single-crystal X-ray diffraction analysis
disclosed that Ni-TPPB adopted a 2D layered stacking mode,
which crystallizes in the monoclinic with the space group C2/
m. The asymmetric unit of Ni-PTTB consisted of one PTTB4−

ligand, two Ni2+ ions, and one coordinated water molecule.
Each deprotonated PTTB ligand is coordinated with six Ni2+

ions via six O atoms, leaving two O atoms uncoordinated
(Fig. 1a). It was interesting to note that the uncoordinated car-
boxyl oxygen atoms in the H4PTTB ligand could serve as acid–
base buffer sites, strengthening the stability of Ni-PTTB in

aqueous solution.30 In the binuclear nickel–oxygen cluster, Ni1
is coordinated with two O atoms from different H4PTTB
linkers and a bridging O atom, while Ni2 is connected with
four O atoms from four different H4PTTB linkers, and the
length of Ni–O bonds are in the range of 2.04–2.09 Å
(Fig. S3a†). Such coordination mode between Ni atoms and
H4PTTB linkers enables the formation of Ni-PTTB into two-
dimensional (2D) sheets, meanwhile the adjacent single layers
are stacked orderly, giving rise to a 3D structure with an inter-
layer distance of 10 Å (Fig. 1b and S3b†). The three-dimen-
sional (3D) framework exhibits a 1D irregular rectangle
channel with a size of 10.3 × 9.1 Å2 along the a-axis and an
irregular hexagon channel with a cross-section of about 14.3 ×
8.1 Å2 along the c-axis (including the van der Waals radius of
the atoms), respectively (Fig. S3c and S3d†). The 3D network of
Ni-PTTB exhibits a (4,4)-connected sql topology with the point
symbol of {44·62}(Fig. 1c). The powder X-ray diffraction (PXRD)
patterns of Ni-PTTB were consistent with the simulated one,
manifesting the good phase purity of the as-synthesized
material (Fig. 1d). Scanning electron microscopy energy-disper-
sive X-ray spectroscopy (SEM-EDX) analysis verified the pres-
ence of all the constituent elements (C, O, Ni) in Ni-PTTB
(Fig. S4†). The thermogravimetric (TG) curves of the activated
samples disclosed the good thermal stability of Ni-PTTB, with
a decomposition temperature up to 300 °C (Fig. S5†). The
chemical stability of Ni-PTTB was tested by immersing the
samples in various organic solvents and aqueous solution in
the pH range of 2–12 for 5 days, respectively, and the
unchanged PXRD patterns verified the samples’ excellent
stability (Fig. S6 and S7†).

Fig. 1 (a) Characterization of Ni-PTTB and Ni-PTTB-NB. Coordination environment of the PTTB4− ligand; (b) 2D layered structure viewed along the
b-axis direction; (c) schematic representation of the (4,4)-connected framework of Ni-PTTB with the sql topology; (d) PXRD patterns; (e) TEM image
of Ni-PTTB-NB; (f ) atomic force microscopy (AFM) image of Ni-PTTB-NB (insert: height profile).
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In light of the excellent stability of Ni-PTTB in organic sol-
vents, bulk single crystals of Ni-PTTB were further treated in
an ultrasonic ethanol solution for 30 min, leading to the for-
mation of 2D Ni-PTTB nanobelts (denoted as Ni-PTTB-NB)
(Fig. S8†). The well fitted PXRD patterns of Ni-PTTB-NB with
that of the pristine Ni-PTTB suggested that its crystallinity
could be well maintained during the simple ultrasonic exfolia-
tion process (Fig. 1d). The morphology of the exfoliated Ni-
PTTB-NB was revealed by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM), indicating that
the exfoliated Ni-PTTB samples were thin strip-shaped struc-
tures about 900 nm length and 50 nm width (Fig. 1e and S9†).
The thickness of Ni-PTTB-NB was measured to be 32 nm using
atomic force microscopy (AFM) (Fig. 1f); therefore, the layer
number of the obtained Ni-PTTB-NB was estimated to be 32,
taking into account the theoretical interlayer distance of Ni-
PTTB (Fig. S3b†). Such thin layers would provide more oppor-
tunities for close contact between the substrates and the active

sites in the MOFs. The X-ray photoelectron spectroscopy (XPS)
spectrum of Ni 2p exhibited two subpeaks, located at 856.2
and 874.2 eV, which could be assigned to Ni 2p3/2 and Ni 2p1/2,
respectively (Fig. S10†). Meanwhile, two satellite peaks
appeared simultaneously at 861.3 and 880.0 eV, respectively.
The spin-energy separation of the two main peaks was around
18 eV, indicating the +2 valence nature of Ni in Ni-PTTB-NB.33

Photoelectrochemical properties

Ni-PTTB-NB exhibited broad absorption in the range of
300–800 nm in the solid-state UV-vis spectra (Fig. 2a). The
band gap energy of Ni-PTTB-NB was calculated to be 2.76 eV
according to the Tauc plot (Fig. 2a, insert). Mott–Schottky (M–

S) measurements indicated the n-type semiconductor charac-
teristics of Ni-PTTB-NB, and the flat band potential was deter-
mined to be −1.98 V (Fig. 2b). Therefore, the conduction band
(CB) and valence band (VB) values of Ni-PTTB-NB were calcu-
lated to be −1.78 and 0.98 V, respectively, considering that the

Fig. 2 (a) Solid-state UV-vis of Ni-PTTB-NB (insert: Tauc plot); (b) Mott–Schottky plot of Ni-PTTB-NB in 0.2 M Na2SO4 aqueous solution (pH 6.8);
(c) band structures of Ni-PTTB-NB; PL spectra (d), transient photocurrent response (e) and Nyquist plots (f ) of Ni-PTTB and Ni-PTTB-NB; KPFM
images of Ni-PTTB in the dark (g) and under illumination (h); (i) corresponding line-scanning surface potential profile of Ni-PTTB in the absence and
presence of light; KPFM images of Ni-PTTB-NB in the dark ( j) and under illumination (k); (l) corresponding line-scanning surface potential profile of
Ni-PTTB-NB in the absence and presence of light.
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bottom of the CB in n-type semiconductors is approximately
equal to the flat band potential.34 The band structure of Ni-
PTTB-NB is shown in Fig. 2c.

The charge separation and migration properties of the as-
synthesized materials were investigated. Ni-PTTB-NB displayed
significantly suppressed photoluminescence (PL) emission
intensity compared to Ni-PTTB, suggesting that rapid charge
transfer occurred after exfoliation (Fig. 2d). Further evidence of
this was obtained from the photocurrent tests and electro-
chemical impedance spectroscopy (EIS) analysis. Ni-PTTB-NB
showed a higher photocurrent density than Ni-PTTB, implying
its higher charge-transfer efficiency (Fig. 2e). In addition, Ni-
PTTB-NB displayed a smaller EIS radius, indicating its smaller
charge-transfer resistance (Fig. 2f). We also carried out open-
circuit potential (OCP) response measurements to identify the
promoted charge separation over Ni-PTTB and Ni-PTTB-NB.
The open-circuit potential (OCP) response reflects the electron-
transfer process on a material surface, in which a decreased
rate of OCP signals under a light-off condition indicates the
lifetime of the photogenerated charge carriers.35 As shown in
Fig. S11,† Ni-PTTB-NB had a slower decreased rate than Ni-
PTTB, suggesting that Ni-PTTB-NB has a relatively longer life-
time of charge carriers than Ni-PTTB. Combining the PL,
photocurrent, EIS, and OCP measurements, it could be
inferred that after exfoliation, the resulting Ni-PTTB-NB is ben-
eficial for promoting the separation of photogenerated charge
carriers, as well as improving the charge-carrier mobility.

To gain visual evidence of the charge-migration processes
on the surfaces of Ni-PTTB and Ni-PTTB-NB, light-assisted
Kelvin probe force microscopy (KPFM) measurements were
carried out (Fig. 2g–l). When the sample comes into electrical
contact with the Kelvin tip, the Fermi levels (Ef ) of both would
realign to arrive at equilibrium via the electron flow.36 The
contact potential difference (CPD) represents the difference in
work function between the Kelvin tip (Φt) and the sample (Φs).
As shown in Fig. 2g, h, j and k, the different colours reflect the
diverse CPD values of the materials due to the differential Ef in
the absence and presence of light. Under light irradiation,
electron–hole pairs were photoexcited and separated, and
afterwards a downward bending of Ef on the material surface
or upward bending of the vacuum level (Ev) occurred, which
would result in the decreased CPD values of the materials. The
CPD variations along a straight line, both before and after
visible irradiation using Ni-PTTB and Ni-PTTB-NB, are
depicted in Fig. 2i and l respectively. It is generally accepted
that the surface photovoltage can be determined by evaluating
the contact potential difference (ΔCPD) in the absence and
presence of light.37,38 Since Ni-PTTB-NB exhibited a larger
ΔCPD (37.6 mV) than that of Ni-PTTB (22.1 mV), it could be
therefore concluded that the exfoliated Ni-PTTB-NB offers con-
siderable improvements in the separation and migration of
photogenerated charge carriers.

Photocatalytic coupling of thiols to disulfide

The excellent visible-light absorption, increased chance for
intimate contact between the substrates and the framework,

and especially the enhanced charge-transfer properties of Ni-
PTTB-NB, motivated us to explore its potential photocatalytic
application. The synthesis of disulfides has aroused wide-
spread attention nowadays as they are important intermediates
in organic transformation and medicinal chemistry.39 Initially,
4-methoxythiophenol (1a) was chosen as the model substrate.
To our delight, Ni-PTTB-NB displayed high efficiency towards
this reaction, giving rise to the corresponding bis(4-methoxy-
phenyl) disulfide (2a) product with a conversion of 99% and a
selectivity of 99% under visible light (λ > 400 nm) irradiation
for 2 h (Table 1, entry 1). In contrast, bulk Ni-PTTB exhibited a
significantly decreased conversion (35%) (Table 1, entry 2). In
order to clarify the activity of each component in Ni-PTTB-NB,
control experiments were studied. When the ligand H4PTTB
was used as the catalyst, a 35% conversion of 1a was obtained
(Table 1, entry 3), while Ni(NO3)2 only gave a trace conversion
of 1a (Table 1, entry 4). In addition, no product could be
detected with the catalyst-free system (Table 1, entry 5). Also,
without visible light irradiation, this coupling reaction could
hardly proceed (Table 1, entry 6). Furthermore, the reaction
was carried out under N2 atmosphere, and the unaffected cata-
lytic activity ruled out the possibility that O2 was involved in
the photocatalytic process (Table 1, entry 7). We also con-
ducted solvent optimization experiments, and the results
showed that MeCN delivered the best performance (Table S4†).

With the optimal reaction conditions established, the scope
of the applicable thiols was examined, and it was found that a
series of thiophenols bearing different substituent groups
could smoothly transform into their corresponding disulfides
with excellent conversion and selectivity (Table 2, entries 1–8).
It was found that electron-donating groups (Table 2, entries
1–4) or electron-withdrawing groups on the benzene ring
(Table 2, entries 5–8) could be well tolerated. In addition, para-
, meta-, and ortho-substituted thiophenol derivatives exhibited

Table 1 Control experiments for the photocatalytic coupling of thiola

Entry Catalyst Conversionb (%) Selectivityc (%)

1 Ni-PTTB-NB 99 99
2d Ni-PTTB 37 99
3e H4PTTB 35 99
4 f Ni(NO3)2 4 99
5 — 0 0
6g Ni-PTTB-NB Trace Trace
7h Ni-PTTB-NB 99 99

a Reaction conditions: 4-methoxythiophenol (14 mg, 0.1 mmol), Ni-
PTTB-NB (5.6 mg, 6 mol%), MeCN (5 mL), visible light (λ > 400 nm),
2 h. b The conversion of 4-methoxythiophenol was determined by gas
chromatography (GC) using hexadecane as the internal standard. c The
selectivity of the corresponding bis(4-methoxyphenyl) disulfide was
determined by GC using hexadecane as an internal standard. d 6 mol%
of Ni-PTTB. e 6 mol% of H4PTTB.

f 6 mol% of Ni(NO3)2.
gWithout

visible light irradiation. hN2 atmosphere.
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similar high activities (Table 2, entries 1, 3, and 4). Moreover,
the generation rate of bis(4-methoxyphenyl) disulfide was cal-
culated to be 8.9 mmol g h−1, which was comparable to other
heterogeneous catalysts (Fig. S1†).

Recyclability is an important parameter for heterogeneous
catalysis. The recyclability of Ni-PTTB-NB was investigated. As
shown in Fig. S12,† Ni-PTTB-NB could be recycled for up to 9
runs without loss of activity. The PXRD patterns of the recycled
catalysts disclosed that the framework structure was retained
but the crystallinity was poorer after photocatalysis (Fig. S13†).
Meanwhile, the TEM image of the recycled Ni-PTTB-NB dis-
closed that its morphology was almost maintained the same
(Fig. S14†). As indicated by the XPS spectra, the +2 valence
state of Ni remained in the recycled photocatalyst (Fig. S15†).
After the photocatalysis, the amount of Ni leaching into the
reaction mixture was found to be 0.45%, as revealed by ICP-MS
analysis of the filtrate.

Mechanism studies

To uncover the underlying reacting mechanism, a controlled
experiment was performed to evaluate the active species in
the photocatalytic process. 2,2,6,6-Tetramethylpiperidinooxy

(TEMPO), an effective radical trapping agent, was employed to
capture the thiyl radical.40 The addition of TEMPO to the cata-
lytic mixture significantly inhibited the conversion of 4-meth-
oxythiophenol (1a), giving rise to only a trace amount of bis(4-
methoxyphenyl) disulfide (2a) (Fig. 3a). We also carried out
electron paramagnetic resonance (EPR) measurements using
5,5-dimethyl-1-pyrrolin N-oxide (DMPO) as the trapping agent
to detect the intermediate radical in the photocatalytic coup-
ling of thiols. As shown in Fig. 3b, no characteristic signal
peaks were observed in the dark; whereas under light illumina-
tion, Ni-PTTB-NB exhibited six characteristic signal peaks
associated with thiyl radical intermediates (αN = 13.96 and αH
= 14.75, related to the nitrogen hyperfine splitting and hydro-
gen hyperfine splitting of the nitroxide nitrogen), verifying the
production of thiyl radicals during the photocatalytic
process.11,41,42 The above EPR results disclosed that light
irradiation is a precondition to generate thiyl radicals, which
thus further promote the photocatalytic performance.
Meanwhile, the thiyl-TEMPO adduct was detected by GC-MS
(Fig. S16†), which also confirms the fact that the thiyl radical
(3a) was generated during the photocatalytic process. Since the
oxidation potential of 1a is reported to be 0.35 vs. NHE,42 and

Table 2 Photocatalytic coupling of various thiols catalyzed by Ni-PTTB-NBa

Entry Substrate Product Conversion (%)b Selectivityc (%)

1 99 99

2 99 99

3 99 99

4 99 99

5 99 99

6 99 99

7 99 99

a Reaction conditions: thiol (0.1 mmol), Ni-PTTB-NB (5.6 mg, 6 mol%), MeCN (5 mL), Visible light (λ > 400 nm), 2 h. b The conversion of thiol
was determined by gas chromatography (GC) using hexadecane as an internal standard. c The selectivity of the corresponding disulfide was deter-
mined by GC using hexadecane as an internal standard.
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the VB of Ni-PTTB-NB is 0.98 V vs. NHE, which is more positive
than the oxidation potential of 1a, therefore it is thermo-
dynamically feasible for the oxidation of 1a to the corres-
ponding thiyl radical (3a) over Ni-PTTB-NB.

To further investigate the oxidation process, TEMPO was
used as a spin-trapping agent for detecting photogenerated
holes (h+).43 In the dark, a 1 : 1 : 1 triplet spectrum was clearly
observed, which is the characteristic peak of TEMPO.44 Under
visible-light irradiation, the peak signal became weak due to
the consumption of TEMPO and the formation of the TEMPO-
h+ adduct, demonstrating the generation of h+. It was found
that the EPR signal in Ni-PTTB-NB was weaker than that of Ni-
PTTB (Fig. 3c), suggesting more holes were generated over Ni-
PTTB-NB, which is in accordance with the above analysis. The
photogenerated holes would participate in the oxidation of 1a.
Thus, electron transfer within Ni-PTTB-NB was also studied.
As shown in Fig. 3d, an obvious signal peak with a g value of
2.039 occurred under light irradiation, with the observation of
this signal indicating the formation of paramagnetic Ni(I)
species,45 due to the reduction of Ni2+ into Ni+ during the
photocatalysis. According to the EPR experiment results, a
ligand-to-metal charge-transfer (LMCT) process occurred in Ni-
PTTB, whereby the photoexcited electrons transfer from the
excited PTTB group to the binuclear nickel–oxygen cluster,
resulting in the reduced Ni(I) species.

Based on the above discussion, a possible mechanism is
proposed and illustrated in Fig. 4. Prior to the photocatalysis,
the thiol substrates would be adsorbed onto the surface of Ni-
PTTB-NB at the initial stage. Under light irradiation, the
H4PTTB ligand would behave as an effective visible light har-
vester to capture photons, and then the Ni-PTTB-NB is photo-
excited to generate charge carriers. Photogenerated electrons

(e−) and h+ are generated on the CB and VB of Ni-PTTB-NB,
respectively. Subsequently, the thiol substrate is oxidated by
the photogenerated h+, leading to the formation of thiyl
radical intermediates. Finally, the thiyl radical intermediates
would couple with each other to afford the corresponding di-
sulfide products with high selectivity.

Conclusion

In summary, we successfully synthesized a 2D pyrene-based
MOF nanobelt (Ni-PTTB-NB), which showed excellent activities

Fig. 3 (a) Trapping of thiyl radicals; (b) EPR spectrum of capturing thiyl radicals over Ni-PTTB-NB; (c) EPR spectra of TEMPO-h+ over Ni-PTTB and
Ni-PTTB-NB; (d) EPR spectra of Ni-PTTB-NB, manifesting the formation of Ni+ during photocatalysis.

Fig. 4 Systematic illustration of the mechanism for the photocatalytic
coupling of thiols to disulfide over Ni-PTTB-NB (λ > 400 nm).
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in the photocatalytic coupling of thiols to obtain high-value
disulfides in the air. The enhanced charge separation and
migration in Ni-PTTB-NB compared to the 3D bulk Ni-PTTB
was studied in detail. The generated thiyl radicals and photo-
generated holes were demonstrated to play important roles in
the photocatalytic process. A possible mechanism was pro-
posed for the photocatalytic coupling of thiols to disulfide.
The present work provides guidance on the rational design
and fabrication of 2D MOFs towards the photocatalytic syn-
thesis of high-value chemicals. Further work on the design
and application of pyrene-based MOFs in photocatalytic appli-
cations is in progress.

Experimental section
Synthesis of Ni-PTTB

H4PTTB (12.3 mg, 0.018 mmol), Ni(NO3)2·6H2O (29 mg,
0.1 mmol), diethylformamide (DEF, 3.5 mL), and H2O (1 mL)
were placed into a glass vial. The mixture was heated at 120 °C
for 72 h and then cooled to room temperature at a rate of 5 °C
h−1. The green rod-shaped crystals of Ni-PTTB were harvested
(13 mg, 88.2% yield based on H4PTTB), and washed with
acetone three times and then dried at room temperature. Anal
Calcd For [Ni2(PTTB)]·3DEF·14H2O (C59H87N3Ni2O25): C, 52.27;
H, 6.47; N, 3.10%. Found: C, 52.27; H, 5.81%; N, 3.96%. FT-IR
(KBr) ν 3430 (w), 1646 (m), 1396 (s), and 1118 (m) cm−1.

Synthesis of Ni-PTTB-NB nanobelts

First, 100 mg of the Ni-PTTB sample was subjected to ultra-
sonic treatment in 100 mL ethanol solution for 30 min, giving
rise to a green suspension. Subsequently, the obtained Ni-
PTTB-NB nanobelts were collected (92.3 mg, 92.3% yield) by
centrifugation and dried overnight at 60 °C.

Photocatalytic thiol coupling reaction

Typically, 4-methoxythiophenol (1a, 14 mg, 0.1 mmol) and
activated Ni-PTTB-NB (5.6 mg, 6 mol%) were stirred in CH3CN
(5 mL) under air and visible light irradiation (λ > 400 nm) for
2 h. After completion of the reaction, the catalyst was recycled
by centrifugation and filtration, giving rise to the liquid phase.
Then, hexadecane was added as an internal standard into the
liquid phase, and the whole mixture was stirred for 5 min for
the following GC analysis. The conversion of the thiol and the
disulfide product selectivity were determined by GC (Agilent
8890 GC System chromatograph equipped with an FID detec-
tor). The calculations for thiol conversion and disulfide selecti-
vity were as follows:

Thiols conversion ð%Þ ¼ Molar of reacted thiols
Molar of initial thiols

� 100%

Disulfide product selectivityð%Þ
¼ Molar of disulfide product

Molar of total product
� 100%
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