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ABSTRACT: Two kinds of immobilized palladium (Pd) catalysts were prepared by reversible addition fragmentation chain transfer
polymerization of pyridine-containing monomer followed by immobilizing palladium chloride (PdCl,) on block copolymers. Namely,
one of them includes the cross-linking structure of maleic anhydride with 1,6-diaminohexane (cross-linker), polystyrene-block-poly
(4-(4-vinylbenzyloxy)butylpicolinate-alt-maleic anhydride)-Pd (PS-b-P(VBP-alt-MAn)-Pd), and the other is its non-cross-linking
counterpart, polystyrene-block-poly(4-(4-vinylbenzyloxy) butylpicolinate)-Pd (PS-b-PVBP-Pd). From transmission electron microscopy
images, it could be observed that they both assembled into micelles in the selective solvents. The Pd of PS-b-P(VBP-alt-MAn)-Pd
located in the core of micelles, whereas the Pd of PS-b-PVBP-Pd was on the shell of the micelles. The PS-b-P(VBP-alt-MAn)-Pd can
be continuously used for five times without any appreciable loss of activity in the aqueous Suzuki-coupling reaction. However, the
catalytic activities of the PS-b-PVBP-Pd decreased sharply with the increase in the recycle times. Thus, this promising cross-linking
strategy not only greatly restrained the loss of Pd in the catalytic cycles, but also effectively maintained the immobilized Pd catalyst’s
high activity. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION

Palladium (Pd) has been demonstrated to be one of the most
powerful and versatile catalyst in modern organic synthesis and
widely used for a significant number of synthetic transforma-
tions." Moreover, water is the most abundant and ecologically
benign solvent in nature. Thus, the reactions catalyzed by Pd in
water have ignited the scientists’ enthusiasm recently. However,
with regard to these reactions, the major limit is the difficulty
in separating the catalyst from the reaction system and recycling
continuously,>® thus resulted in the loss of the expensive and
toxic Pd. Furthermore, the final products are frequently conta-
minated with the residual Pd, especially in the pharmaceutical
industry. To overcome these drawbacks and with respect to the
green chemistry,™ Pd catalysts are often immobilized on a vari-
ety of solid supports such as clay,’ metal oxides, including silica,
7! alumina,'? zeolites,"”” and also polymers."*™"® Among these
matrices, polymer is an excellent candidate for its highly desig-
nable property.

With the development of controlled/living radical polymeriza-
tion techniques,”®** block copolymers have attracted increasing
attention due to the ability of readily form organized micellar

aggregates with well-defined nanoscopic morphologies.”> There-
fore, more and more functional block copolymers have been
used to support Pd catalysts for improving Pd catalysts’ proper-
ties at the nanometer scale.”* Up-to-date, ligand-containing
block copolymers such as polystyrene-b-poly(m-vinyltriphenyl-
phosphine),” poly(ethyleneglycol)-b-poly(4-vinylpyridine),*®
polystyrene-b-poly(4-vinylpyridine),”” " poly(ethylene oxide)-b-
poly(2-vinylpyridine),”* and block copolymer with pendent
N-heterocyclic carbene® have been successfully applied to the
immobilization of Pd catalysts. In comparison with phosphine-
containing and carbene-containing counterparts, the advantages
of pyridine-containing copolymers are mainly on their lower
toxicity”® and easier synthesis. However, the recyclability of
these pyridine-supported Pd catalysts still remained a chal-
lenge,'”**?* even though these catalysts could exhibit similar
high activity to their homogenous counterparts. It may be due
to the pyridine segments of the copolymers that always assemble
into the shell of micelles,”* and a great deal of pyridine
groups could not coordinate well with Pd owing to the larger
steric hindrance. Consequently, Pd would easily leach from the
shell and lose its activity quickly. To avoid the Pd running off
as much as possible, the introduction of maleic anhydride

Additional Supporting Information may be found in the online version of this article.

© 2012 Wiley Periodicals, Inc.

Mﬁhu;fli)5 WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38417


http://www.materialsviews.com/
http://onlinelibrary.wiley.com/

ARTICLE

0x%%0] ¢
S
Ph m n %ph
AIBN
1,4-Dioxane O O
/ VBP/MAn
5
0_0

N

|

;,k
as

PS
m=113,183 PS-b-P(VBP-alt-MAnN)

n=611

AIBN

(@)

g

0. 0
Z
x

PS-b-PVBP
n=13,24

=Z

1. PdCI,/DMF

2. 1,6-diamino-

s
SJ<S s
\_ 1.4-Dioxane Ph w1, 5 pn PACLIDMF Ph Ay o x  Ph
w o a4 a0 O
/

Applied Polymer

SCIENCE

hexane

PS-b-P(VBP-alt-MAn)-Pd
n=6,11

<o 5

0._0 cl 0_0 0o
S e Iy
X & X ~

PS-b-PVBP-Pd
n=13, 24

Scheme 1. Synthetic scheme showing the structures of the copolymers PS-b-P(VBP-alt-MAn) and PS-b-PVBP as well as the immobilization of palladium

chloride. (Note: there is not only the inter-chain but also the intra-chain coordination of pyridine with palladium chloride. More importantly, not all of

pyridine groups are involved in the coordination with palladium chloride.)

(MAn) into the polymer backbone was herein intended to
cross-link with 1,6-diaminohexane. In our research, this cross-
linking could strengthen the preservation of the morphology of
Pd catalyst. Simultaneously, a flexible spacer between the back-
bone and the pyridine groups was also added to reduce the
steric hindrance of the coordination between pyridine groups
and Pd.

With these in our mind, we developed a new approach for the
synthesis of immobilized Pd catalyst based on heterogeneous
catalyst system (Scheme 1). The immobilized Pd catalyst was
synthesized by reversible addition fragmentation chain transfer
(RAFT) copolymerization of 4-(4-vinylbenzyloxy)butylpicolinate
(VBP) with MAn followed by coordination of pyridine groups
with PdCl, and cross-linking of MAn units with 1,6-diamino-
hexane. For comparison, the PdCl, was also immobilized on the
copolymers without MAn units under the same conditions.
More importantly, we mainly focused on the effect of cross-
linker on the morphology, catalytic activity, and recyclability of
these immobilized Pd catalysts in this study.

EXPERIMENTAL

Materials

Styrene (J & K Technology Co., Ltd. Acros Organics, Beijin,
China) was filtrated through alumina (to remove inhibitors),
stirred with CaH, overnight, and distilled under reduced pres-
sure before use. Azobis(isobutyronitrile) (Tianjin Chemical
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Company) was recrystallized from methanol twice, and MAn
(>99%, Tianjin Guangfu Fine Chemical Research Institute) was
recrystallized from CHCIl; twice before use. Benzyl benzodi-
thioate and VBP were synthesized according to the litera-
ture.”®>” Picolinic acid, 4-vinylbenzyl chloride, palladium chlo-
ride (PdCl,), iodobenzene, phenylboronic acid, and potassium
tert-butoxide were purchased from Sigma-Aldrich (Beijin,
China). Potassium carbonate, bromomethylbenzene, bromoben-
zene, carbon disulfide, 1,6-diaminohenxane, and magnesium
were used as received (Tianjin Chemical Company). All other
common solvents were purified using standard procedures.

Characterizations

'"H-NMR and "»C-NMR spectra were recorded on a Bruker
Avance 400 spectrometer operating at 400 MHz for 'H and 100
MHz for °C using CDCl; as the solvent and TMS as the inter-
nal standard. Molecular weights and molecular weight distribu-
tions were measured on an Agilent Technologies 1200 series gel
permeation chromatography (GPC) equipped with a G1362A
differential refractive index detector, with THF as eluent at a
flow rate 1 mL/min. The instrument was calibrated with mono-
dispersed polystyrenes. Fourier transform infrared spectra were
recorded on a Bruker Tensor 27 using KBr pellets for solid
samples. Transmission electron microscopy (TEM) images were
obtained on a Tecnai G2 20 S-TWIN electron microscope
equipped with a Model 794 CCD camera (512 x 512) (gatan)
with an accelerating voltage of 200 kV. Sample solutions (0.5
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Figure 1. "H-NMR spectra of PS-b-P(VBP-alt-MAn) and PS-b-PVBP in
CDCL,,

mg/mL in THF/ethanol, 3 : 2, v/v) were dropped onto 300-
mesh copper TEM grids and dried for 7 days at room tempera-
ture. The Pd contribution was measured by inductive-coupled
plasma atomic emission spectrometer (ICP-9000(NtM), Therom
Jarrell-Ash Corp). Gas chromatography (GC) analyses were per-
formed on an Agilent 7890-GC instrument. High-resolution
mass spectrometry was performed on a Varian QFT-ESI
instrument.

RESULTS AND DISCUSSION

Synthesis and Characterization of PS-b-P(VBP-alt-MAn) and
PS-b-PVBP

Two different molecular weight polystyrenes were used as macro-
initiators to reinitiate the mixture of 4-(4-vinylbenzyloxy)butyl-
picolinate (VBP) and maleic anhydride (MAn) in a molar ratio
of 1 : 1 or VBP. As a result, four new different molecular weight
diblock copolymers (PS-b-P(VBP-alt-MAn) and PS-b-PVBP)
were synthesized. All the resonance peaks of the diblock copoly-
mers could be clearly assigned in the "H-NMR spectra (Figure 1).

Table I. Characteristics of PS, PS-b-PVBP, and PS-b-P(VBP-alt-MAn)

Conv. Mntheor Mncpc
(Co)polymer sample (%) (10%°  (10%°F M, /MS
PS4413 56.2 120 10.9 1.20
PS4g3 46.0 193 17.0 1.21
PS115-b-P(VBP-alt-MAn)s 22.4 14.4 13.4 1.30
PS,g5-b-P(VBP-alt-MAn)11 143 23.8 20.8 1.21
PS113-b-PVBP13 211 164 14.6 1.29
PSig3-b-PVBP24 194 26.7 24.7 1.24

Calculated by *H-NMR.

Theoretical molecular weight (Mntheor) = IMo/[RAFTIg x conversion % x
molecular weight (My) of monomer + My of RAFT.

“Determined by GPC.
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Figure 2. "H-NMR spectra of PS-b-P(VBP-alt-MAn)-Pd and PS-b-PVBP-
Pd in CDCls.

The number of VBP units in each chain was calculated through
the relative integration ratio of the proton resonances of PS and
VBP. In our calculation, the number of VBP unit of PS-b-P(VBP-
alt-MAn) was assumed as the same as that of Maleci anhydride,
because an alternating copolymer is preferentially obtained when
the styrenic monomer is copolymerized with MAn.*®

In the IR spectra, the ester carbonyl absorption of both PS-b-
P(VBP-alt-MAn) and PS-b-PVBP appeared two peaks in the
same locations, namely, occurred at 1742 cm™' and 1717 cm™"
(Supporting Information Figure S1). It is unclear for us that
ester carbonyl absorption of picolinate showed two peaks, which
are different from other usual ester showing one peak. Actually,
Konaka and coworkers® also found the two peaks of methyl
picolinate appeared at 1744 cm™ ' and 1701 cm™ ', respectively.
In addition, the characteristic carbonyl absorption peak of MAn
was also observed at 1780 cm™' in the IR spectra of PS-b-
P(VBP-alt-MAn) (Supporting Information Figure S1). Table I
shows good agreements between GPC-determined (M,,gpc) and
theoretical molecular weight (M,,,), and the PDIs were all nar-
row (<1.30). Moreover, no trace of residual macroinitiator was
detected by GPC (Supporting Information Figure S2). It indi-

cated that nearly all macroinitiators were involved in
reinitiation.
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Figure 3. "H-NMR spectra of monomer VBP and its complex with PdCl,
in CDCls.
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Figure 4. TEM images of the PS-b-P(VBP-alt-MAn)-Pd and PS-b-PVBP-Pd in the mixture of THF and ethanol. A, PS;,3-b-P(VBP-alt-MAn)-Pd, Diam-
eter: 340 nm; B, PS;33-b-P (VBP-alt-MAn),,-Pd, Diameter: 300 nm; C, PS;;5-b-PVBP,3-Pd, Diameter: 270 nm; D, PS,g3-b-PVBP,,-Pd, Diameter:
250 nm.
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Immobilization of PdCl,

To preserve the induced aggregates and further improve the
protection for Pd, 1,6-diaminohexane (cross-linker) was added
to cross-link with the MAn units in a 20% molar amount of
MAn after the pyridine groups of the PS-b-P(VBP-alt-MAn)
were coordinated with PdCl,. In the 'H-NMR spectrum
[Figure 2(A)] of cross-linked PS;;3-b-P(VBP-alt-MAn)s-Pd (A),
it was found that all the signals of block P(VBP-alt-MAn)
decreased significantly, and only a few free pyridine groups were
visible. The resonance peaks of some CH, from 1,6-diamino-
hexane appeared at upfield. Moreover, the two absorption peaks
of the ester merged together (1735 cm™ ) in the IR spectra of
the PSy;5-0-P(VBP-alt-MAn)s-Pd  (Supporting
Figure S3). It may be ascribed to the coordination of pyridine
groups with PdCl,, which affected the electron density of the
ester carbonyl group. Simultaneously, the intensity of MAn
peaks sharply decreased compared to its precursor in the IR
spectrum, which indicated that most of anhydride groups have
reacted with 1,6-diaminohexane. In addition, this cross-linking
should generate newly formed amide carbonyl groups (MAn +
hexandiamine), whose absorption peak generally appears in the
region of between 1630 and 1680 cm ™' in IR spectrum.*® How-
ever, amide carbonyl absorption was not observed in the IR
spectrum. It may be because of the following two reasons: (1) the
content of amide carbonyl groups was very low, because it was
just 20% molar amount of MAn or lower on the basis of the
incomplete cross-link reaction conversion; (2) ester carbonyl
absorption (1735 cm™') is a relative broad peak and its position
was overlapped with that of amide carbonyl absorption. As a
matter of fact, the model reaction of 1,6-diaminohexane with
MAn had been carried out at room temperature before the cross-
linking reaction, and an amide carbonyl and a carboxyl acid
group were generated, respectively. On the other hand, it is well
known that PdCl, usually coordinates with two ligands. However,
for the PS;3-b-P(VBP-alt-MAn)s-Pd, it was found that the Pd
loading was 0.87 wt % by inductive-coupled plasma atomic emis-
sion analysis (ICP-AES), which corresponds the molar ratio of
pyridine groups to PdCl, to 4.65 : 1. As a result, the Pd contribu-
tion in the resulting polymer is slightly lower than the content of
Pd added into the reaction system (pyridine/PdCl, = 4/1). It was
surmised that some of Pd was lost when precipitating the immo-
bilized Pd polymer. Besides, when the PdCl, was immobilized on
a block copolymer with the higher molecular weight (PS;g3-b-
P(VBP-alt-MAn);;-Pd (B)), the '"H-NMR spectrum showed a
similar behavior [Figure 2(B)].

PS,,5-b-PVBP,5-Pd (C) and PS,g;-b-PVBP,,-Pd (D) were
obtained under the same conditions except cross-linking, whose
"H-NMR spectra [Figure 2(C,D)] also showed similar behaviors
to that of A and B. The intensity of block PVBP decreased obvi-
ously after the immobilization of PdCl,, and only very weak
peaks of free pyridine groups were visible. Nevertheless, in the
"H-NMR spectrum of C, the intensity of block PVBP was much
stronger than that of other immobilized catalysts. In the mean-
time, the resonance peaks of an H on the pyridine groups
(from 8.77 to 9.39 ppm) and a CH, on the spacer (from 4.46
to 4.65 ppm) both shifted downfield [marked with asterisks
in Figure 2(C) and more detail in Supporting Information

Information
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Table II. Suzuki-Coupling Reaction in Water Catalyzed by Catalysts A, B,
C, and D"

HO. 0.1% Catalyst —
Pk JBQ \ 7
HO KaCOg, Water
Entry Cat. (mol % Pd) T (CP t (h)° Yield (%)¢
1 A (0.1) 80 20 92
2 B (0.1) 80 20 77
3 C (0.1) 80 9 94
4 D (0.1) 80 9 83

@Reaction conditions: iodobenzene (0.5 mmol), PhB(OH), (0.75 mmol),
K>COz (0.75 mmol), Pd catalyst, and HoO (2 mL), A (PS143-b-P(VBP-alt-
MAH)B'Pd), B (P8183‘b'P(VBP'OIt‘MAn)ll‘Pd), C (PSllg'b‘PVBPlg'Pd),
and D (P8183'b'PVBP24‘Pd).

bOil bath temperature.

“Where the conversion of iodobenzene reached to >99% monitored by
GC at the given time in this table and the yield cannot be improved even
prolonging the reaction time.

9solated yield after flash chromatography and the purity of the product
was confirmed by *H-NMR.

Figure S4] after the coordination of pyridine groups with
PdCl,. With regard to the PS;,3-b-PVBP,3-Pd (C), due to the
weaker interchain interaction, the polymer was more soluble in
CDCl;, thus displaying the stronger resonance intensity of block
PVBP compared to other three catalysts. In addition, the two
absorption peaks of the ester also merged together (1735 cm™")
in the IR spectra of the PS-b-PVBP-Pd when supported by Pd
(Supporting Information Figure S3).

To further confirm the immobilization of PdCl,, the complex of
monomer VBP with PdCl, was also investigated by the use of
"H-NMR spectroscopy. It was observed that the chemical shift
of H* (from 8.76 to 9.41 ppm) and H” (from 4.45 to 4.63 ppm)
in the VBP clearly showed a downfield shift after the coordina-
tion with PdCL, in the "H-NMR spectra (Figure 3). This down-
field shift is consistent with that of catalyst C. The NMR spec-
trum results demonstrated that pyridine-containing monomer
could easily coordinate with PdCl, in our protocol.

Morphological Study

As far as amphiphilic diblock copolymers are concerned, one of
the most interesting properties is their ability of self-assembling
into a large variety of structures.* ~*> Thus, in our study, the
increase of hydrophilicity of block P(VBP-alt-MAn) and PVBP af-
ter the coordination of pyridine groups with PdCl, may drive the
formation of polymer superstructures, such as micelles, in some
selective solvents. Therefore, the morphologies of the Pd catalysts
(PS-b-P(VBP-alt-MAn)-Pd and PS-b-PVBP-Pd) were investigated
in a mixed solvent of THF and ethanol by TEM. From the TEM
images (Figure 4), the well-defined spherical micelles with a
slightly different diameter could be observed, whose diameter was
rather large and varied between 100 and 340 nm. Nevertheless,
the spherical micelles of cross-linked PS-b-P(VBP-alt-MAn)-Pd
were more regular than those of PS-b-PVBP-Pd. Moreover, the
diameters of PS-b-P(VBP-alt-MAn)-Pd were obviously larger
than that of PS-b-PVBP-Pd. This disparity in the formation of
micelles may be attributed to the cross-linking action.
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Table III. Recycling of Catalysts A, C, and D in Aqueous Suzuki-Coupling Reaction®

Cat Fresh use 1st recycle 2nd recycle 3 recycle 4th recycle
Entry (mol % Pd) t(h)°  Yield (%)° t()°  Yield (%)° t(P Yield(%) tH)°  Yield (%)  t(h)°  Yield (%)
1 A(0.1) 20 92 20 88 20 82 20 84 20 85
2 C(0.1) 6 94 11 77 11 56 11 18 24 <10
3 D (0.1) 6 83 11 58 11 46 11 35 24 <5

@Reaction conditions: iodobenzene (0.5 mmol), PhB(OH), (0.75 mmol), KzCO3z (0.75 mmol), Pd catalyst, and H>0 (2 mL), A (PS413-b-P(VBP-alt-MAn)s-

Pd), C (P5113'b‘PVBP13'Pd), and D (P5183'b‘PVBP24'Pd).

PWhere the conversion of iodobenzene reached to >99% monitored by GC and the yield cannot be improved even prolonging the reaction time.
“Isolated yield after flash chromatography and the purity of the product was confirmed by *H-NMR.

Upon closer inspection of the images, we could clearly distin-
guish between the core and the shell of the micelles based on
the difference in electron density. In the PS;5-b-P(VBP-alt-
MAn)g-Pd (A) and PS,g3-b-P(VBP-alt-MAn),,-Pd (B), the Pd
was located in the core of the micelles, whereas the Pd was im-
mobilized on the shell of the micelles in the PS;;3-b-PVBP,5-Pd
(C) and PS;33-b-PVBP,4-Pd (D). It may be caused by the inter-
chain interaction of A or B much stronger than that of C or D.
Generally, hydrophilic block will take orientation toward outside
(ethanol phase), when ethanol was added into the THF solution
of an amphiphilic diblock copolymer.*® However, considering A
or B, the interchain interaction not only came from the cross-
linking of MAn units with 1,6-diaminohexane, but also from
the coordination of pyridine groups with Pd. This strong inter-
chain interaction made it difficult for the hydrophilic block (the
Pd-containing block) to take orientation toward outside (etha-
nol phase). The hydrophilic block has to take orientation to-
ward inside and assemble into the core of the micelles. In the
case of C or D, the interchain interaction just came from the
coordination of pyridine groups with Pd. Hence, this relatively
weak interchain interaction could hardly affect the hydrophilic
block (the Pd-containing block) taking orientation toward out-
side when adding the ethanol into the THF solution of C or D.
The Pd-containing block assembled into the shell of the
micelles.”® In addition, the diameters of micelles decreased from
A and C to B and D, respectively. It was speculated that the
interchain interaction was strengthened with the increase of
hydrophilic block length and further led to the shrinkage of
micelles. Moreover, the increase of PS chain length from A to B
also resulted in an obvious increase of shell wall thickness.

Evaluation of Catalytic Performance

With the aim at evaluating the catalytic ability and the recycla-
bility of these immobilized Pd catalysts, we herein adopted the
heterogeneous Suzuki-coupling reaction*’” of iodobenzene and
phenylboronic acid in water as a model reaction. Under the
standard reaction condition (K,COj; as base, 80°C), the catalytic
performances of A-D with 0.1 mol % were examined. GC was
herein just used to detect the ending of reaction. When the con-
version of iodobenzene reached to >99%, the reaction was
quenched. The results were summarized in Table II. It was
found that both A and C showed the higher catalytic activity
than that of B and D, respectively. It demonstrated that the
long PS chain is negative for the Pd catalytic activity whether
cross-linking or not. In addition, the catalytic activity of C and

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38417
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D was slightly higher than that of A and B, respectively, possibly
due to the easier access to the active sites of the immobilized
Pd catalyst on the outer shell of the micelles.*®

As an important research point, the recycle of catalysts A, C,
and D in the Suzuki reaction was further examined under the
same conditions, and the results were listed in Table IIIL It could
be found that the catalytic activities of C and D decreased
sharply with the increase in the recycle times. However, the cat-
alytic activity of A could be maintained even after four recycles.
To test if the Pd leaching from the solid catalyst during reaction
and well understand the difference of the catalytic activity of A
and C in the recycling, the aqueous phase reaction mixture was
collected after the completion of the coupling reaction, and the
Pd content in aqueous phase was investigated by the use of
ICP-AES analysis. Expectedly, it was found that the total Pd
content in water after four recycles corresponds to only 2.31%
of the initial Pd content of catalyst A, whereas, for the catalyst
C, the total Pd content in water reached to 34.37% after four
recycles. This result strongly suggested the cross-linking plays a
crucial role in the capture of Pd®" during the coupling reaction,
and the cross-linking structure in catalyst A effectively prohibits
the leaching of the Pd. In our study, the micelles of catalyst just
act as the nanoreactor, and the substrates can diffuse into the
core or shell of the micelles. If the Pd leaches from the sup-
ports, the catalyst will become unstable and thus lose activity.
Nevertheless, it does not indicate the corresponding change of
the Pd’s valence state. So, the Pd leaching from supports into
water is responsible for the fast deactivation of the catalysts.
Consequently, we concluded that the cross-linking is an effective
strategy to keep micelles supported Pd catalyst’s activity and
enhance its durability simultaneously in the recycle.

CONCLUSION

In the present study, the morphologies, catalytic activity, and
recyclability of two various immobilized Pd catalysts were inves-
tigated. It was concluded that the cross-linking between 1,6-dia-
minohexane and MAn had a significant effect on the morphol-
ogy of the Pd catalyst in the selective solvents, especially,
affecting the location of the Pd in the micelles. More impor-
tantly, the catalytic activity of Pd catalysts with cross-linking
structure could be maintained better during the catalytic recy-
cling compared to non-cross-linking counterparts. Thereby, the
cross-linking strategy is superior to those presently known in
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terms of both keeping efficiency and the ease of separation and
recycling of the catalyst.
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