
ment based on a hexanonallv oacked structure 12. C. J.Lee et al.. Appl. Phys. Lett. 75, 1721 (1999). 26. R. R. Meyer et al., Science 289, 1324 (2000) " - 1  

of identical SWCNTs would favor a structure 
whose faces consisted of close-packed 
SWCNTs. This would include a hexagonal 
cross section but could eauallv well be anv 

1 d 

cross section consisting of 120" facets. We are 
unable to take a diffraction pattern along the 
crystal length, but the projected shapes of the 
crystals and the contrast in the HRTEM im- 
ages indicate that faceting of the SWCNT 
crystals does indeed occur as seen at the ends 
of the crystals in Fig. 3A. 

HRTEM investigations were performed 
on several crystals, including one that is 
-750 nm long and -40 nm in diameter with 
a curved end cap (Fig. 4A). Higher magnifi- 
cation images show the internal structure at 
the apex (Fig. 4B) and at the base of the 
crystal (Fig. 4C). Figure 4B shows the perfect 
regular arrangement of 1.6-nm-diameter 
SWCNTs in a bundle with no evidence of 
inhomogeneity or defect. This structural per- 
fection was a characteristic of all nanotubes 
produced using this technique. 

The perfection of the crystals of SWCNTs 
and the observation that they are all physical- 
ly identical within any given crystal contain- 
ing up to several thousand individual nano- 
tubes are unexpected from the point of view 
of previous results and synthetic approaches 
in the field. Nevertheless, the expected, most 
stable arrangement of a nanotube crystal, as 
shown here, follows general thermodynamic 
expectations of a minimum-energy configu- 
ration over an extended array of tubes in 
close contact. Minimization of energy also 
implies that all tubes be identical and straight, 
permitting maximization of the van der 
Waals interactions, minimization of strain, 
and a hexagonally packed lattice. 

Our results provide evidence of faceting 
of SWCNT crystals. The role of weak forces 
such as applied magnetic fields and the spa- 
tial localization of the reactants appear be 
essential to direct the self-assembly process. 
The approach we have discussed shows that 
nanostructuring of reactants in the solid-state 
reaction of C,, and Ni is a key feature to the 
formation of SWCNTs organized into a bulk 
crystalline material. 
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Reaction-Controlled  
Phase-Transfer Catalysis for  

Propylene Epoxidation to   
Propylene Oxide  

Xi Zuwei,* Zhou Ning, Sun Yu, Li Kunlan 

The epoxidation of olefins with H,02 was performed with a tungsten-containing 
catalyst. This insoluble catalyst forms soluble active species by the action of H202, 
and when the H,O, is used up, the catalyst precipitates for easy recycling. Thus, 
the advantages of both homogeneous and heterogeneous catalysts are combined 
in one system through reaction-controlled phase-transfer of the catalyst. When 
coupled with the 2-ethylanthraquinonel2-ethylanthrahydroquinone redox process . . 

for H202 production, 0, can be used for the epoxidation of propylene t o  pripylene 
oxide with 85% yield based on 2-ethylanthrahydroquinonewithout any co-prod- . . 

ucts. This approach avoids the problimatic co-products normally associated with 
the industrial production of propylene oxide. 

Propylene oxide is used for making poly- 
urethane, unsaturated resins, surfactants, 
and other products, and market demand for 
it has been increasing over the years. Its 
current worldwide production capacity is 
around 4.5 million metric tons per year. 
There are two industrial methods for pro- 
pylene oxide production: the chlorohydrin 
method and the Halcon method. In the chlo- 
rohydrin method, large amounts of C1, are 
consumed, which gives rise to serious prob- 
lems of equipment corrosion and environ- 
mental pollution. In the Halcon method, 
autoxidation of ethylbenzene or isobutane 
is used to make alkylhydroperoxide, which 
acts as an oxidant for catalytic epoxidation 
of propylene to propylene oxide, together 
with a large amount of co-products. Thus, 
the Halcon process is a very complicated 
one and needs heavy capital investment. 
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The oxidation of propylene to propylene 
oxide without any co-products in a more envi- 
ronmentally friendly way has been an important 
objective for many chemists. Although 0, is an 
inexpensive and clean oxidant, heterogeneous 
catalytic epoxidation of propylene with 0, usu-
ally gives poor selectivity because of the high 
reaction temperature (1,2). H202 is also a clean 
oxidant, and the TS-1 zeolite catalyst for pro- 
pylene epoxidation with H20, in methanol so- 
lution has high catalyhc activity and selectivity 
(3). Moreover, the TS-1 zeolite can be easily 
separated and reused. However, this method 
has not yet been commercialized because of the 
relatively high cost of H,02 when used to 
produce a low-priced commodity chemical 
such as propylene oxide. Some researchers 
have used the redox reaction of 2-ethylanthra- 
quinone (EAQ)l2-ethylanthrahydroquinone 
(EAHQ), with 0, as the oxidant, to produce 
H202 in situ, which then undergoes propylene 
epoxidation in the presence of TS-1 zeolite (4). 
However, because of the restriction imposed by 
the properties of the TS-1 zeolite (5), its reac- 
tion medium in the EAQEAHQ system is more 
complicated than that of the normal industrial 
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EAQEAHQ (polymethylbenzenes plus trial- 
kylphosphate) system for H202 production, 
thus resulting in a substantial decrease in reac- 
tion efficiency (6). 

Homogeneous catalytic epoxidation of pro- 
pylene can also take place under mild condi- 
tions with metalloporphyrin or EuC1, being 
used as the catalyst and 0, as the oxidant in the 
presence of a reductant (such as propanal or Zn 
powder) (7,  8). This approach can give high 
selectivity, but the utilization efficiency of the 
reductant is low, and a large amount of low- 
valued co-products is produced. Both the activ- 
ity and selectivity of homogeneous catalytic 
epoxidation of liquid olefins with H202 are 
excellent when using metalloporphyrin or salts 
of heteropolyacids as the catalyst (9-11). How- 
ever, the selectivity of homogeneous catalytic 
epoxidation of propylene with H202 in an aque- 
ousloil biphasic system is limited because pro- 
pylene oxide is highly water-soluble and hydro- 
lyzes (12). Furthermore, there is a problem 
common in homogeneous catalytic systems: the 
difficulty of catalyst separation and reuse. 

We have designed and synthesized a catalyst 
system based on quaternary ammonium hetero- 
polyoxotungstates. T h ~ s  system can be used for 
homogeneous catalytic epoxidation of olefm, 
using H202 as the oxidant, and exhibits hgh  
conversion and selectivity as well as excellent 
catalyst stability. After reaction, the catalyst can 
be filtered and reused just like a heterogeneous 
catalyst. Therefore, ths  catalytic system pos- 
sesses the advantages of both homogeneous-and 
heterogeneous catalysts. In this system, 
[r-C,H,NC,,H,,l,[PO,(WO,),l (catalyst 1) 
gives the best activity and selectivity for epoxi- 
dation. For example, when catalytic epoxida-

EAQ tH2 
Pd catalyst 

*EAHQ 

EAHQ - 02- H202- E.4Q 

catalyst I 

tions of olefins were performed at 35OC with 
H,O, in a chloride-free solvent/aqueous bipha- 
sic system, the conversions were 100 and 98.4% 
based on H,O, and the selectivities were 89.6 
and 87.6% for I -hexene and cyclohexene (13). 
respectively. We have coupled the catalytic ep- 
oxidation of propylene with H202 to the EAQ! 
EAHQ redox process for H20, production. 
Thus, the 0, can be used for epoxidation of 
propylene. The reaction is shown in Scheme I .  

After the oxidation of EAHQ to H,02 and 
EAQ, the catalytic epoxidation of propylene 
in this system was carried out at 65OC for 6 
hours, with a propylene conversion of 89% 
based on EAHQ; a selectivity for propylene 
oxide of 95% (that is, a yield of 85% based on 
EAHQ); and a turnover number of 382 (14). 
A small amount of propylene glycol was 
generated as a by-product. 

When using either 30% H202 or the H20, 
generated by the oxidation of EAHQ to cany 
out the epoxidation of olefins, catalyst I precip- 
itates from the reaction medium after 
epoxidation and can be recovered and reused. 
In an aqueous:oil biphasic system, catalyst I 
itself is not soluble in the oil phase, but it 
dissolves slowly under the action of H20,, 
which subsequently leads to homogeneous cat- 
alytic epoxidation of olefins. During the reac- 
tion, the system gradually changes from turbid 
to clear. When the H202 is used up, catalyst 1 
precipitates gradually. As a result, the system 
becomes turbid again, indicating completion of 
the epoxidation. This phenomenon manifests a 
solid-liquid-solid phase transfer of catalyst I, 
which is controlled by the reaction, and so we 
refer to these catalysts as "reaction-controlled 
phase transfer catalysts." 

After the catalytic epoxidation of pro-
pylene in the medium of the EAQ!EAHQ 
system, catalyst I is self-precipitated with a 
90% recovery yield (by weight). As shown in 
Table 1. the catalytic activity and selecti~ity 
of the recovered catalysts were practically the 
same as those of the fresh catalyst, indicating 
the excellent stability of catalyst I. 

The industrial process of the EAQEAHQ 
redox system for H,O, production is a closed- 
loop cycling process, so the net effect, as shown 
in Eq. 4, is that the reaction only consumes O2 
(air), H,, and propylene, and produces pro- 
pylene oxide with high selectivity. Because cat- 
alyst 1 can be recycled. this method for the 
epoxidation of propylene to propylene oxide 
without any co-products is more environmen- 
tally friendly and economical. 

Venture110 and co-workers reported the syn- 
thesis of tetraalkylammonium heteropolyper- 
oxotungstates for the epoxidation of olefins. 
such as [(C,H,,),NI,CPO,[WO(O,),l,).The 
coordination number of the W atom with oxy- 
gen atoms is seven in this molecule ( I j ) .  This 
compound is soluble in organic solvents. Both 
catalyst I and the recovered catalyst in this 
study are insoluble in organic solvents. and 
analysis results show that they do not contain 
any active oxygen. After dissolving catalyst I in 
CH,CI, under H,O,, the solvent was eliminat- 
ed by vacuum and a solid was obtained. The 
active oxygen of this solid was determined to 
be 3.3% (by weight) (16),which is equivalent 
to the structure of [r-C,H,NC,,H,,];(PO,- 
[W(0),(02)],) (compound 11). Compound 11 is 
soluble in organic solvents and is an active 
species for the epoxidation of olefins. \'hen all 
of the H202 is consumed, compound I1 returns 
to catalyst 1 and precipitates from the solution. 
Therefore, the mechanism for the reaction-con- 

- - - - - - - - - - - - - - - - . - - - - - - -

. . . . . . . . . . . . . . . . . . . . . . . .  (2)  

CH3CHZCH2+ Hz02 * C H3C H-C H2 

/"\
Net CH3CH=CH2+ O2 + Hz -CH3CH-CH2 + H,O - - - - - - (4) 

Scheme 1. 

H,O, 

trolled phase-transfer catalyst I can be described 
as in Scheme 2. 

Why is catalyst I insoluble in organic 
solvents, whereas compound I1 is soluble? 
Infrared spectra (Fig. 1 ) show that both cat- 
alyst I and the recovered catalyst do not have 
a peroxo-bond absorption peak v (0-0)  at 840 
cm-' ( I ,  stretching I ~bratlon). but they do 

Table 1. Recycling of catalyst I for the epoxidation 
of propylene. Reaction conditions were as follows. 
Fresh catalyst: EAHQ = 1: 200 (molar ratio) at 
65°C for 5 hours. The catalyst was recovered by 
centrifugation and used in the next reaction with- 

I - CC;<"\C,,H77]:l PO4( L\ 07 )4 ]  1 -CiH,ZC' out addition of fresh catalyst. The others were the 6 H : ~ ] 3 i P O J j L \ ~ ( 0 ) l ( O ~ ) ] J ~  
organic sol\erit same as in (74). The conversion of propylene was 

insoluble, soluhle based on EAHQ, and the selectivity t o  propylene 
oxide was based on propylene. 

C3H6:EAHQ Conversion Selectivity
Catalyst (molar 

ratio) (%) 

Fresh 2.5:l 9 1 94 
Cycle 1 2.7:l 8 7  96 
Cycle 2 2.4:l 90 92 

Scheme 2. 
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have a clear vas(W-0-W) peak at 890 cm-' 
(v,,, asymmetric v) (17). However, com- 
pound I1 has a v(0-0) peak at 840 cm-' but 
no visible vaS(W-0-W) peak at 890 cm-'. 
These results suggest that the W atom in 
catalyst I with intramolecular 0 atoms is 
not enough for its coordination number, so 
this W atom will interact with 0 atoms of 
another molecule (forming a W-0-W 
bond), thus forming complicated polymeric 
structures, which gives rise to its insolubil- 
ity in organic solvents. When catalyst I 
reacts with H202 to form the peroxo bond, 
the coordination number of the W atom 
with intramolecular 0 atoms increases, and 
the intermolecular interaction (W-0-W) 
decreases, which leads to a dramatic reduc- 
tion of intermolecular bonds. As a result, 
compound I1 becomes soluble in organic 
solvents. Moreover, the structure of the 
quaternary ammonium cation (for example, 
the number of carbon atoms) also has a 
substantial effect on catalyst solubility, as 
shown in Table 2. Catalyst 111, containing a 
small tetrapropyl ammonium ion, was in- 
soluble in the reaction system during the 
epoxidation, so both the conversion and 
selectivity were low: only 60.6 and 60.2%, 
respectively. Catalyst I is a reaction-con- 

trolled phase-transfer catalyst with high 
catalytic activity and selectivity. Although 
catalyst IV also has good catalytic perfor- 
mance, it was totally soluble in the reaction 
system during and after the epoxidation, 
because it contains a big octadecyl benzyl 
dimethyl ammonium ion. This makes cata- 
lyst IV difficult to recover. Therefore, the 
structure of the quaternary ammonium cat- 
ion has an important effect on forming a 
reaction-controlled phase-transfer catalyst 
and on its catalytic performance. 

Besides epoxidation of lower olefins with 
H202 generated from the EAQIEAI-IQ redox 
process, this catalytic system can also be ap- 
plied to the epoxidation of other olefins (such as 
linear terminal olefins, internal olefins, cyclic 
olefins, styrene, and ally1 chloride) with 30% 
H,02. Excellent catalytic activity and selectiv- 
ity, as well as the same property of reaction- 
controlled phase-transfer catalysis, were also 
observed in the epoxidation of such olefins. 

The concept of a reaction-controlled phase- 
transfer catalyst can be summarized as follows: 
The catalyst itself is insoluble in the reaction 
medium, but under the action of one of the 
reactants, it can form soluble active species that 
subsequently react with another reactant to se- 
lectively generate the desired product. When 

- -  I-, 

Fig. 1. Infrared spectra of catalyst I, compound II, and recovered catalyst. 1: 
["-CsHsNC16H3313(P04[W(0)2(02)14) (cornpound 11). 2: [~-CsHsNC16H3313[P04(W03)41 (catalyst 
1). 3: Recovered catalyst of I. 

Table 2. The effect of the ammonium ion of catalysts on cyclohexene epoxidation with H,O,. Catalyst 
111 = [(C3H7)4N]3[P04(W03)d. Catalyst IV = [Cl,H37N(CH,Ph)(CH3)2]3[P04(W03)d. Reaction conditions 
were as follows. Solvent: 16 m l  of CH,CICH,CI at 3S°C for 1.5 hours. The others were the same as in (73). 
The conversion of cyclohexene was based on H,O,, and the selectivity t o  cyclohexene oxide was based 
on cyclohexene. 

Catalyst During After Conversion Selectivity 
epoxidation epoxidation ("/.) ("/.) 

111 Insoluble Insoluble 60.6 60.2 
I Soluble Insoluble 90.6 96.7 
IV Soluble Soluble 96.5 85.8 

the former reactant is used up, the catalyst 
returns to its original structure and precipitates 
from the reaction medium. which can then be 
easily separated and reused, thus providing a 
useful approach to the difficult problem of the 
separation of homogeneous catalysts. 
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