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Kinetic study

Selective epoxidation of olefins is an important field in chemical industry. In this work, we developed a
new phosphotungstic acid catalyst {[(CsH17)(CH3),N]2(CH3)3}1.5{PO4WO(0;):]4} with long carbon chain
and biquaternary ammonium cation. Cyclohexene could be epoxidized to cyclohexene oxide in 96.3%
conversion and 98.2% selectivity. The catalyst type, solvent type, catalyst loading, initial molar ratio, tem-
perature, cycle performance and substrate extensibility were studied and optimized, the kinetic param-
eters about overall reaction and unit reaction were also calculated. Dynamic light scattering analysis was
carried out to explain the different catalytic performance between catalysts with different carbon chain
length. This novel catalyst and the corresponding dynamics and mechanism study could probably help
the industrial application on the epoxidation of cyclohexene with H,0,.
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1. Introduction

Selective epoxidation of olefins (high selectivity for epoxidation
products) is an important field in chemical industry, since the
epoxidation products are usually substantial intermediates for fine
chemical production [1,2]. Cyclohexene oxide, one of the most
essential chemical intermediate, is the raw material for the pesti-
cides, resins, photosensitizers and many other fine chemicals [3,4].

However, the direct functionalization of numerous olefins to its
epoxides remains a challenging task in catalytic domain. In the cur-
rent industrial production, there are two main methods for the
epoxidation of olefins. The halogenate-alcohol method is widely
used for its simplicity and practicality, however, large amounts of
wastewater with high content of chlorine is produced, causing
serious environmental pollution. In the co-oxidation method,
undesired by-products are produced in the meantime, resulting
in low atomic availability. Therefore, there is an urgent need for
novel methods to product epoxides, which are eco-friendly, atom
economic and cost-efficient.

Using H,0; [5-10] or molecular oxygen [11-16] as oxidant, the
direct oxidation method has drawn lots of interest. Hydrogen per-
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oxide is a green oxygen source, and the only by-product is water.
Because of its mild catalytic activity, highly activity catalysts are
needed for the epoxidation of alkenes. Various catalysts have been
explored for the epoxidation of olefins, such as molecular sieve
[17-19], metalloporphyrin complexes [20,21], MOFs [22,23] and
heteropoly acid [24-26]. Particularly, phosphotungstic heteropoly
acid can be prepared easily with high activity and selectivity for
the epoxidation of olefins [4,27,28]. In 1983, Venturello et al. [29]

used PO*" /W03 /0" (5:2.5:1) as the catalytic system to catalyze
the epoxidation of various olefins, with CHCls; as the solvent and
H,0,; as the oxygen source. The conversion reached over 90% and
the selectivity reached 80%. Although high yields have been
achieved, the recovery of catalyst remained a major problem due
to the liquid biphasic or homogeneous catalytic system.

On the other hand, in the current study, the kinetics mecha-
nism of the epoxidation of olefins is rarely studied [30-33]. In
1995, Duncan et al. [34] deeply studied the catalytic mechanism
of the W"!/PY/H,0,/CHCl3/PTC (PTC = phase transfercatalyst) sys-
tem, and confirmed that the active species [PO4WO-
(02)2]4]>~(PW,4) were formed in situ through the *'P and 83w
spectrum. In 2009, Encho et al. [31] carried out kinetics study
of the catalytic epoxidation of cyclohexene with tert-butyl
hydroperoxide in the presence of molybdenum-squarate com-
plex, and the kinetic parameters were obtained. In general, a sys-
tematized kinetic study hasn’t been carried out yet in the field of
epoxidation of cyclohexene with H,0, catalyzed by biquaternary
ammonium phosphotungstic acid.
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In this work, we developed a new type of phosphotungstic acid
catalyst with long carbon chain and biquaternary ammonium
cation (Fig. 1), and achieved a high conversion and selectivity over
95% in the epoxidation of cyclohexene with H,0,. The non-
halogenated solvent CH3CN was used to abate pollution, a good
substrate universality and cycling performance was also confirmed
in this catalytic system. The catalyst could be separated by simple
filtering to be reused. We carried out the epoxidation reaction in
various conditions and then conducted a kinetic study on both
overall reaction and unit reaction. Besides, a significant effect of
carbon chain length on catalytic performance was found, and col-
loidal theory was used to explain this phenomenon combined with
DLS analysis.

2. Experimental
2.1. Catalyst preparation

The mixture of 100 mmol N,N,N’,N'-tetramethyl-1,3-propanedia
mine, 300 mmol 1-bromooctane and 150 ml isopropanol were stir-
red at 353 K for 18 h. Most of the isopropanol was removed
through rotary evaporation. The resulting viscous liquid was trans-
ferred to the separation funnel and 50 ml of n-hexane was added
each time. After considerable oscillation for a few minutes, we
removed the upper cyclohexane solution which contained the
unreacted substrate of N,N,N',N’-tetramethyl-1,3-propanediamine
and 1-bromooctane. After five times of the same operation, puri-
fied biquaternary ammonium bromide could be obtained, which
was named as Cg-Br. Next, the Cg-Br was dried at 323 K for 12 h.
Similarly, 1-bromooctane was substituted by bromides with differ-
ent carbon chain lengths to prepared five other biquaternary
ammonium bromides, named as C4-Br, Cg-Br, Cio-Br, C;»-Br and
Cy6-Br respectively. While the mono-quaternary ammonium
bromide, named as m-Cg-Br, was synthesized with N,N-dimethyl-
n-octylamine as the substrate in a similar way.

Peroxo phosphotungstic acid compound Hs3[PO4(WO(0O,),)4]
(HsPW,4) was prepared according to the following method.
80.0 mmol Na,WO,4 was dissolved in 100 ml water to obtain a clear
solution. Next, 160 mmol of 36% (mass) hydrochloric acid was
gradually added to obtain yellow-colored tungstic acid suspension.
The suspension was stirred for 10 min and then added with
400 mol of 35% (mass) hydrogen peroxide. After the yellow-
colored solid is completely dissolved, 20.0 mol of 85% (mass) phos-
phoric acid was added to prepare the peroxo phosphotungstic acid
of H3[PO4(WO0(03)2)a].

The catalysts of biquaternary ammonium cation with different
carbon chain lengths were prepared through ion exchange treat-
ment of 20.0 mol H3[PO4(WO(0-),)4] with excessive aqueous solu-
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Fig. 1. The structure and synthesis pathway of the catalysts C4-PW,, Cg-PW, and
Ci2-PW..

tion of biquaternary ammonium bromide (30.0 mmol) with
different carbon chain lengths, and named as C4-PW,, Cg-PW,,
Cg-PWy, Ci9-PW,, Ci2-PW, and Cy6-PW,4. m-Cg-Br was prepared
in a similar way. Finally, the solution was removed by filtration,
and the catalysts were washed with ethanol and deionized water
consecutively for five times, then dried at 323 K for 8 h.

2.2. Catalyst characterization

'H nuclear magnetic resonance ('H NMR) and '3C nuclear mag-
netic resonance (1>C NMR) spectra were conducted on a BRUKER
AVANCE III 400 NMR. Fourier transform infrared (FT-IR) spectra
of samples were determined by Nicolet NEXUS 870 spectrometer
using KBr as background atmospheric conditions. Raman spectra
were conducted on LabRAM Aramis using a 633 nm laser. Thermo-
gravimetric analysis (TGA) was performed on Netzche STA449F3 at
a heating rate of 30 K-min~! from 303 to 973 K under N, flowing.
X-ray photoelectron spectroscopy (XPS) was performed on
PHI5000 Versa Probe. Contact angle measurements were per-
formed on Kruss DSA100.

2.3. Catalyst testing

The selective oxidation of cyclohexene was carried out in a four
neck round flask (100 ml) equipped with a reflux condenser (water
as cooling medium for the condensing to restrain the evaporation
of cyclohexene and solvent).

Typically, 0.250 mmol catalyst, 10.0 mmol cyclohexene,
5.00 mmol H,0, (35% (mass) solution in water) and 50 ml of CHs-
CN were added into the flask. The mixture was heated in a water
bath and stirred by a polytetrafluoroethylene stirring paddle,
besides, a mercurial thermometer was immersed into the solution
to make accurate temperature measurements. After the reaction,
the catalyst was filtered off and washed with ethanol
(15 ml x 4) and deionized water (15 ml x 4) consecutively for five
times, then dried at 323 K for 8 h for reuse. The reactants and prod-
ucts were analyzed by Shimadzu GC 2014C with a capillary column
WondaCAP-5 (30 m x 0.32 mm x 0.25 pm) and a flame ionization
detector. The concentration of cyclohexene and products is
determined through standard curve method, which is specified in
Supplementary Material.

3. Results and Discussion
3.1. Catalyst characterization

The 'H NMR and '>C NMR spectra of the C4-Br, Cg-Br, Cg-Br, C1o-
Br, C2-Br, Cy6-Br and m-Cg-Br are shown in Figs. S2 and S3. In the
'H NMR spectra, there are usually-seven proton peaks. The proton
peaks whose 5 > 3.0 x 107° represent the o-H relative to N atom
and the proton peaks whose 6 > 1.6 x 1076 and 6 < 2.2 x 107° rep-
resent the g-H. Meanwhile, the proton peak which owns the min-
imal chemical shift indicates the protons of terminal methyl.
Interestingly, it is found that the minimal chemical shift of proton
peak reduces with the increase of carbon chain of biquaternary
ammonium cation. This may be attributed to the steric hindrance
of long carbon chains. In the >C NMR spectra, the carbon atom
peaks whose 6 > 50 x 1078 indicate the «-C relative to N atom. Tak-
ing both area and the chemical shift of the proton peaks and the
carbon atom peaks into account, it is drawn the conclusion that
the biquaternary ammonium cations of the catalysts have been
prepared successfully.

According to the FT-IR spectra (Fig. 2, Fig. S4), the substrate
Cs-Br is characterized by the following IR bands (in cm™!): 2920
and 2850 (antisymmetric and symmetric vibration of C—H); 1420
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(vibration of C—N). In the spectrum of the catalyst Cg-PW,, new
peaks (v(P—0) at 1080 cm~', ¥(W=0) at 950 cm~!, W(W—0—W)
at 880 cm™!, and v(W(0),)) at 550 cm™!) are observed [35-37].
After treated with 35% H,0,, H3PW;,049 shows similar infrared
peaks, which are barely visible in the spectrum of the untreated
H3PW;,040. These results indicate that the PW, anion have
replaced the bromine anion successfully. Above all, we have pre-
pared the catalysts with the correct molecular structure.

In the Raman spectra (Fig. S5), the maximum peak of Cg-PW,,
which can be assigned to v(W=0) [28], moves to a lower
wavenumber compared with HsPW;,04 from 1006 cm™! to
875 cm™!, which may attributed to the cation exchange of biqua-
ternary ammonium.

In the XPS spectra (Fig. S6), the full survey spectra demonstrate
the C 1s, O 1s, W 4p, W 4d, and W 4f signals at 285, 531, 429, 248
and 36 eV [4], respectively. The atomic ratio of W to P is about
4.06:1, and there are almost no bromine atoms, which supports a
peroxo structure of {PO4[WO0(0,),]4}>~ and its almost complete
replacement of bromine anion.

As shown in Fig. S7, the TG curves of the Cg-Br and Cg-PW,4 show
the high thermal stability of the catalyst Cg-PW, at temperature
below 450 K. At temperature over 900 K, the mass of the Cg-Br is
almost negligible. However, the catalyst Cg-PW, only losses nearly
half of its mass owning to the high temperature resistance of tung-
sten element.

3.2. Catalyst screening

As shown in Table 1, we evaluated the catalyst performance of
the C4-PW,, Co-PW,, Cg-PWy, Cio-PW4, Ci2-PW,4, Ci6-PW4 with
different carbon chain lengths and the m-Cg-PW,, H3PW;5,049
and Cg-Br as control groups. In the series of catalysts of biquater-
nary ammonium cation with different chain lengths, Cg-PW,
exhibited a highest 96.3% conversion and 98.2% selectivity of epoxy
cyclohexene. In the control groups, we found Cg-PW, of biquater-
nary ammonium cation had greater advantage over m-Cg-PW, of
mono-quaternary ammonium in catalytic activity. Meanwhile,
H3PW;,040 showed its poor catalytic activity with 10.3% conver-
sion and 52.3% selectivity, and Cg-Br even showed no catalytic
activity.

As a result, the introduction of biquaternary ammonium cation
is beneficial to improve the catalytic activity of phosphotungstic
heteropoly acid. Cg-PW,, with the carbon chain length of 8, seems
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Fig. 2. FT-IR spectra of the catalysts and the substrates: (a) H3PW;3040; (b)
H3PW,,04 treated with 35% H,0,; (c) Cg-Br; (d) C4-PWy; (e) Cg-PWy; (f) C12-PW4.

to be the most suitable catalyst for the epoxidation of cyclohexene
with H,0..

From these results, we can see that the length of carbon chain
plays an important role in the catalytic activity. As shown in
Fig. S8, the C4-PW, is completely soluble, while the Cg-PW, and
Ci2-PW, are insoluble. Moreover, the Cg-PW, is uniformly dis-
persed in the solution, but most of the C;,-PW, sticks to the wall
of reactor. The Cg-PW, can be separated by filtration, moreover,
it shows good dispersibility, which may help to improve its cat-
alytic effect. Further, as shown in Table S7, we measured water
contact angles of the catalysts. The contact angle will increase with
the increase of carbon chain length of the catalysts. C4-PW, shows
strong hydrophilicity. It is difficult to determine its contact angle,
the water-drop dropped on C4-PW, surface will disappear within
30 s. The contact angle of Cg-PW, is 73.2¢. It is close to 90°, which
may explain its good dispersibility and catalytic activity. While the
contact angle of C;,-PW, is 122.6°, this catalyst shows hydropho-
bicity and poor dispersion.

3.3. DLS analysis

We found emulsion formed during the reaction. Based on this,
we carried out DLS analysis, which can obtain the particle size
and distribution of droplet particles. We mixed the cyclohexene
and hydrogen peroxide with the volume ratio of 1:5, then added
the catalyst (0.025% (mol) of the cyclohexene). After ultrasonic
processing for 3 min, we began the DLS analysis with 635 nm
red laser. At this time, the emulsion type is oil in water (O/W),
and we can get the size and distribution of the microdroplets of
cyclohexene, which is shown in Fig. 3. And the primary data is
shown in Fig. S9. The particle size distribution can be expressed
by square deviation, which is calculated by Eq. (1).

n

52 = Z (d, — do)zx,- (1)

i=1

where s? is the square deviation, dy is the mean diameter, d; repre-
sents a certain diameter and x; represents the corresponding
proportion.

As shown in Fig. 3, we found the particle size of droplets
decreased significantly, up to more than 50%, with the addition
of the catalysts. We can attribute this phenomenon to the special
structure of the biquaternary ammonium catalysts. For the cata-
lysts, the long carbon chain part provides lipophilicity while the
double quaternary ammonium cation part provides hydrophilicity.
The amphiphilic catalysts act as surfactants to help the micro-
droplets of cyclohexene disperse into droplets with smaller parti-
cle size. Through the DLS between the three different types of
catalysts, we found an inconspicuous distinction of the particle
size, and the Cg-PW, group owned the minimum particle mean
diameter at 401.4 nm. However, we found a clear difference of
the particle distribution. The Cg-PW, group exhibited a minimum
variance, which is only a quarter compared to other groups.

On the whole, the catalyst Cg-PW, helps the effective dispersion
of cyclohexene droplets with the smallest size and the best unifor-
mity. The catalytic reaction occurs at the droplet interface, which
can explain the best catalytic effect, i.e. the fastest reaction rate
and the highest selectivity, of the catalyst Cg-PW,.

3.4. Effects of parameters

3.4.1. Effect of solvents

To investigate the influence of solvents, we chose eight kinds of
representative solvents for experiments, and the result is shown in
Table 2. As we can find, EtOAc exhibits excellent 95.7% conversion
but only 1.3% selectivity of epoxy cyclohexene. The principal pro-
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Table 1
Effects of various catalysts on the epoxidation of cyclohexene®

@ Catalyst ©>

+  Hy,0, (o}
Catalyst Conv.2/% (mol) Sel./%

Epoxy- —Diol Others

C4-PW,y 16.8 78.4 18.1 3.5
Ce-PW,4 65.7 90.5 8.2 1.3
Cg-PW,4 96.3 98.2 1.6 0.2
Cyo-PW, 90.2 98.0 1.8 02
Ci2-PW,y 80.4 97.5 2.1 0.4
C16-PW4 77.8 97.8 1.7 0.5
m-Cg-PW, 68.5 88.6 9.0 24
H3PW15049 10.3 52.3 39.8 7.9
Cg-Br 0 - — —

@ Conditions: cyclohexene: 10.0 mmol, H,0,: 5.00 mmol (35% (mass) solution in water), catalyst: 0.0250 mmol, solvent: CH;CN 5 ml, 400 r-min~', 308 K, 4 h.

Conversion is related to H,0,.
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=)
£ 5
£ 600 <
B <2000 g
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Blank Cy-PW, Cy-PW, CyPW,

Fig. 3. DLS analysis of the size distribution and mean diameter. Initial volume ratio
of H,0, and cyclohexene, 5; catalyst, 0.025% (mol) of the cyclohexene.

duct is 2-ethoxycyclohexan-1-ol. While acetone shows consider-
able 98.8% selectivity of epoxy cyclohexene but relatively low con-
version of 61.7%. And the product epoxy cyclohexene suffers from
hydrolysis in the protic solvent MeOH and EtOH. However, it’s
worth mentioning that CH3CN, chloroform and dichloromethane
present both high conversion and selectivity. As a result, we choose
CH3CN as the most suitable solvent for its outstanding conversion
of 96.3% and selectivity of 98.2%.

Generally, in polar aprotic solvents, Cs-PW, shows better cat-
alytic performance both in conversion and selectivity. The addition
of polar solvent may decrease the surface tension of water- cyclo-
hexene interface, thus help the mixing of two phases. In polar pro-
tic solvents, Cg-PW, shows high conversion but low selectivity,
because the epoxidation product is easily hydrolyzed in proton sol-
vent. In weak polar solvent, Cs-PW, shows high selectivity, but the
reaction rate is relatively slow.

3.4.2. Effect of catalyst loading

Experiments on the catalyst loading were carried out for 7.5 h at
308 K and an initial H,0,/cyclohexene molar ratio of 2, the result of
which is shown in Fig. 4. The result shows that the reaction rate is
increased when the catalyst loading rises from 0.0625 mmol to
0.250 mmol and then basically unchanged when the catalyst load-
ing rises from 0.250 mmol to 0.313 mmol. Therefore, the catalyst
loading should be maintained above 0.250 mmol to maximizing
the use of catalyst activity.

With the increase of catalyst loading, the concentration of long
carbon chain quaternary ammonium salt catalyst will be increased.

Thus, the interfacial tension between oil and water will be reduced,
which is conducive to the formation of smaller droplets and the
increase of two-phase interface area, and the reaction rate will
be improved. When the catalyst loading reaches 0.250 mol, the cat-
alyst at the oil-water interface may have reached saturation, so the
reaction rate is no longer significantly improved.

3.4.3. Effect of initial molar ratio of reactants

To investigate the influence of molar ratio, the initial ratio of
cyclohexene and H,0, was changed from 0.5:1 to 5:1, while other
reaction conditions remained the same. The result is shown in
Fig. 5. It is obviously shown that the conversion goes up from
48.9% to 95.3% as the cyclohexene/H,0, ratio increases from
0.5:1 to 5:1. In the meantime, the reaction rate is increased when
the cyclohexene/H,0, ratio rises from 0.5:1 to 2:1 and then basi-
cally unchanged when the catalyst loading rises from 2:1 to 5:1.
Thus, the initial cyclohexene/H,0, molar ratio of 2 is more suitable
under the reaction conditions.

3.4.4. Effect of reaction temperature

Reaction rate is closely related to the reaction temperature.
Experiments on reaction temperature were conducted from
298 K to 318 K with other invariant conditions. As shown in
Fig. 6, the reaction rate increases rapidly with increasing reaction
temperature. In addition, the selectivity of epoxy cyclohexene
shows a significant decrease when the temperature is higher than
308 K (Fig. S10). In consequence, we select 308 K as the most
appropriate reaction temperature.

As the reaction temperature rises, the molecular motion
becomes more active and the frequency of molecular collision
increases, resulting faster reaction rate.

3.5. Kinetics study about reaction order and activation energy

In this section, we tend to calculate the orders of the reaction
with respect to the concentrations of cyclohexene, H,0, and cata-
lyst. The expression of reaction rate can be expressed as
r= kcglclohexene nHZOZ Clcatalyst (2)
where k is the reaction rate constant, m, n and [ are the reaction
orders with respect to the concentrations of cyclohexene, H,0,
and catalyst respectively, and r is the reaction rate represented by
the decrease of cyclohexene.

When we maintain the concentration of the two other sub-
stances unchanged, taking H,O, and catalyst as example. Then
we can get
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Table 2
Effect of various solvents on the epoxidation of cyclohexene®
Solvent Conv.?/% (mol) Sel./%
Epoxy- —Diol Others
CH5CN 96.3 98.2 1.6 0.2
Chloroform 80.4 90.7 8.7 0.6
Dichloromethane 76.2 93.2 6.3 0.5
MeOH 65.0 75.5 20.1 44
EtOH 73.5 81.0 16.2 2.8
EtOAc 95.7 13 8.5 90.2
1,4-dioxane 69.3 88.3 3.8 7.9
Acetone 61.7 98.8 0.8 0.4
@ Conditions: Cyclohexene: 10.0 mmol, H,0,: 5.00 mmol (35% (mass) solution in water), Catalyst: Cg-PW,4 0.0250 mmol, Solvent: 5 ml; 400 r-min~'; 308 K; 4 h.
@ Conversion is related to H,0,.
100 100
80 - 80
2 X
e 60 T 60}
.2 2
Z 4
& 40+ S 40+ —s—298 K
o —=—(0.0625 mmol © —e—303K
—e—(0.125 mmol —+— 308K
20 —a— (.188 mmol 20 - ——313 K
—v— 0.250 mmol —+—318K
—o— 0.313 mmol
5 L L L 1 L 1 1
0 100 200 300 400 500 0 100 200 300 400 500
Time/min

Fig. 4. Effects of catalyst loading on conversion relative to H,0,. Solvent, CH3CN;
initial molar ratio of cyclohexene/H,0,, 2; 308 K; 400 r-min~'. (The amount of
substance is based on the chemical formula {[(CgH;7)(CH3),N]>(CHz)3}1.5{PO4[WO
(02)214}, which means the amount of the catalysts is equal to the amount of the
active PW, part).

100
80 -
X
g 60
.2
g
S 40b —a—(.5:1
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Il 1 1 1 51
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Time/min

Fig. 5. Effects of initial molar ratio cyclohexene/H,0, on conversion relative to
H,0,. Solvent, CH3CN; catalyst loading, 0.250 mmol; 308 K; 400 r-min~".

r= BCcmyClohexene (3)
where B is a constant.

The order with respect to the concentrations of cyclohexene, m,
can be obtained by fitting r and Ceycionexene t0 an exponential func-
tion. In the same way, we can calculate n and I. We conducted the
experiments at the concentration of cyclohexene Ceyciohexene =
0.315-0.788 mol-L~}, the concentration of H,0, Ch,0, = 0.158-0.6

Time/min

Fig. 6. Effects of reaction temperature on conversion relative to H,O,. Solvent,

CH3CN; catalyst loading, 0.250 mmol; initial molar ratio of cyclohexene/ H,0,, 2;
400 r-min~".

30 mol-L™! and the concentration of catalyst Ceatatyst = 0.00105-
0.00420 mol-L~".

We find the kinetic curve is close to the S-shaped curve, hence
we adopt logistic model to fit the curve. The logistic fitting function
includes four mounting parameters and is shown in Eq. (4).

A —A

C:A2+71+(t/t0)p (4)

The experimental data and the fitting curve are shown in
Figs. S11-S13. Maximum slope of the fitting curve calculated by
MATLAB is considered to be the reaction rate r, which is listed in
Tables S1-S3. The r and C values are fitted according to Eq. (3),
which is shown in Fig. 7, and the calculated reaction orders are
listed in Table 3.

The expression of reaction rate is found to be
r = kC%%®

cyclohexene ngg 82 CZagalyst (5)
Approximatively, all the calculated reaction orders are 1.
Through the above experiments results, the relationship

between cyclohexene concentration and reaction time under dif-

ferent temperature from 298 K to 318 K was obtained. We can
get reaction rate r using similar method, and k can be calculated
using Eq. (5) (Fig. S14, Table S4).

T dependence of k can be known from the Arrhenius equation
k = Age E/RT (6)

where Ag represents the pre-exponential factor, and E, is the activa-
tion energy.
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Table 3

The orders of the reaction with respect to the concentrations of cyclohexene, H,0,
and catalyst: m, n, |

m

n

0.96 + 0.03

0.89 + 0.02

1.0 £ 0.04

0.030

0.005 - f=1.4%1012g-84x10"RT n
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O 1 1 1 1
295 300 305 310 315

320
T/K

Fig. 8. T dependence of k.

Table 4
Pre-exponential factor A and activation energy E,

Ao/L1¥6.mol~"86.min "

(1.4 +0.3) x 10"?

E,/k]-mol~!
84+4

The activation energy E, and the pre-exponential factor Ay can
be obtained by fitting k and T to Eq. (6), which is shown in Fig. 8.
The calculation results of Ay and E, are listed in Table 4.

3.6. Kinetics study about rate constant of unit reaction

According to the previous literature, the epoxidation of cyclo-
hexene with H,0, reacts through intermediate of reactive oxygen
species. To verify the generation of reactive oxygen species, the
Cg-PW, was treated with 35% (mass) H,O, and CH5CN for 5 min,
then dried at 323 K for 3 h. The corresponding FT-IR spectra is
shown in Fig. S15.

In contrast with the untreated Cg-PW,, we find a distinct new
peak at 817 cm~! in the spectrum of H,0, treated Cs-PW,, which
represents vibration of 0—O0. The result indicates that the catalyst
may form active oxygen species in the presence of hydrogen perox-
ide, then be involved in the oxidation of cyclohexene.

According to the conclusion above, we proposed the reaction
mechanism through reactive intermediate formed from the phos-
photungstic acid catalyst (Fig. 9).

The rate expressed as the decrease in the cyclohexene with time
can be expressed as follows:

r=-— w = ky[cyclohexene][WO,] (7)

where the total concentration of the catalyst is [W]r=[WO,] + [WO].

ky /O
H,0, + W=0 ———= H,0O + W\(l)
(cat) k_y
(0] k
+ w<| . o + W=o0
(0]
(cat)

Fig. 9. Reaction mechanism through reactive intermediate.
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When the concentration of H,O, is much higher than that of
cyclohexene and the expression k;[H,0,] + k_; > k;[cyclohexene]
is satisfied, a rapid pre-equilibrium can be applied. Considering
the mass balanced equation [W]r=[WO,] + [WO] at the same time,
we can derive the final rate equation without unknown variables.

d[cyclohexene]  k;k;[cat][H,0,][cyclohexene]

r=- dt ~ k_1 + k1[H;0,] + ks [cyclohexene] ®)

The experiments were carried out at 308 K and an initial H,0,/-
cyclohexene molar ratio of 20, and then the experimental data was
fitted to Eq. (8) using 1stOpt based on UGO. The resulting reaction
rate constants kq, k_; and k, are listed in Table 5. The result shows
that k; or k_; is much larger than ko, which proves the epoxidation
of cyclohexene with the reactive intermediate is rate-determining
step and the production of the reactive intermediate is a fast equi-
librium process.

The experimental conversion and the calculated values from Eq.
(8) are plotted in Fig. S16. The tiny fitting error verifies the mech-
anism of reactive intermediate we proposed.

Table 5
The reaction rate constants ky, k_; and k,

1 1 1

ka/L-mol~"-min~

74+04

k_1/L-mol~'-min~

34+2

kq/L-mol~"-min~

55+3

Table 6
Reactions of various olefins catalyzed by Cg-PW,®

3.7. Cycling performance

The cycle experiments were conducted under the same condi-
tions. The catalyst was filtered and purified after each cycle, then
equivalent amount of reagents were added and reacted under the
same conditions. The activity of the Cg-PW, still maintains a high
level after five cycles (Table S5). We gain more than 95% conver-
sion and selectivity during the cycle. As shown in Fig. S17, the IR
spectrum of the recovered catalyst is consistent with that of the
fresh catalyst. These results suggest that the catalyst can retain
high recyclable stability and have a perfect prospect in industry
application.

3.8. Substrate expansibility

The expansibility of the substrate was tested by using three
kinds of olefins, the cycloolefins, chain olefins and aromatic
alkenes. The results are listed in Table 6. We find the Cg-PW,4 show
highest catalytic activity to the cycloolefins substrate. The epoxida-
tion of chain olefins exhibits extremely high selectivity but slower
reaction rate. In addition, the Cg-PW, shows poor catalytic activity
to the styrene, considering that the m-m conjugation in styrene
restrain the nucleophilic attack of reactive oxygen species. In
conclusion, we verify our reaction system displays great substrate
universality.

Entry Substrate Product Time/h Conversion®/% (mol) Selectivity/%

1 4 94.3 98.4
<j <j>o 20 96.3 96.1

2 4 94.4 98.6
@ ©> 20 957 97.9

(¢]
3 4 82.7 100
Q @O 20 94.0 100
4 4 95.7 89.39@
20 98.1 96.3
(o]

5 N o 4 26.1 100
AN \/\/A 20 95.9 100

6 4 12.8 92.1
(/\/\ 0 20 83.8 955

\
7 4 8.2 100
A

8 0 4 11.7 89.6%
O/\ O/A 20 379 86.69

9 — 9 4 63.7 100
’A‘ 20 76.6 100

@ Conditions: Cg-PW, (0.025 mmol), CH5CN (5 ml), olefin (10 mmol), H,0, (5 mmol, 35% (mass) solution in water), 400 r-min "', 308 K.

@ Conversion is related to H,0, %(mol).
@ The main by-product is a-enol.
® The main by-product is benzaldehyde.
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4. Conclusions

In this article, we prepared a new type of phosphotungstic acid
catalyst with long carbon chain biquaternary ammonium cation.
We screened out the catalyst Cg-PW, and found the influence of
chain length to the catalyst activity. We found emulsion formed
during the reaction and tried to explain the different catalytic
effect between different catalysts through DLS analysis. Next, the
optimum reaction conditions were obtained through several group
of experiments. Kinetics study was conducted and related results
such as activation energy and reaction order were obtained. By
means of experimental characterization and dynamic simulation,
a reaction mechanism through reactive intermediate was proposed
and then confirmed, and corresponding reaction rate constants
were acquired. At last, the excellent cycling performance and sub-
strate universality of catalyst was verified. Moreover, our catalyst
can be easily separated from solution by simple filtration, showing
a promising future for industrial applications.
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Nomenclature

Ao pre-exponential factor, L'86.mol~%6.min !

E. activation energy, kJ-mol~!

k reaction rate constant, L!#¢.mol~"#6.min~!

kq positive reaction rate constant of the first elementary reac-
tion, L-mol~'-min~!

ky reaction rate constant of the second elementary reaction,
L-mol~!.min~!

k4 inverse reaction rate constant of the first elementary reac-

tion, L-mol~'-min~!

l reaction order of catalyst
m reaction order of cyclohexene
n reaction order of H,0,

r reaction rate, mol-L~!-min~!
T temperature, K

t time, min
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