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Since the discovery of a highly active catalyst for olefin/
carbon monoxide (CO) copolymerization by Shell
(Scheme 1),[1] subsequent investigations have been made in
both academic and industrial settings.[2] Catalyst 1 exhibits the
best activity (exceeding 10 Kg/g-Pd·h) when producing high

molecular-weight polymers.[3] Although Shell discontinued
research in this area in 2001, Asian industrial development
has continued, particularly in areas related to development of
fiber applications.[4] The copolymer is insoluble in common
organic solvents and precipitates during copolymerization as
irregular snow-white particles of low bulk density (ca.
0.10 gmL�1) or as a lump, causing problems in the post-
reaction processes. Some of the polymer sticks to the reactor
walls and agitator, creating a problem in large-scale synthesis
called “reactor fouling”.

Morphology control of particles is a hot issue of particular
importance in the polymer industry.[5] In radical polymeri-
zations, the traditional suspension polymerization technique
produces well-controlled polymer beads of 0.01–1.0 mm,
which are easy to handle.[6] In commercial production of
polyethylene and polypropylene using slurry and gas pro-
cesses, morphology control is achieved by immobilizing the
catalyst on a solid support such as MgCl2 or silica.[7]

To control the morphology of the polymer particles in the
ethylene/CO copolymerization, a strategy is implemented in
this work that mimics the traditional suspension polymeri-
zation technique: growing polymer particles from catalyst-
containing organic droplets dispersed in water or conversely,
from catalyst-containing water droplets dispersed in an
organic media. Because common catalyst 1[TsO� or
CF3CO2

�]2 (TsO� , p-toluenesulfonate anion; Scheme 1) is
insoluble in both non-polar organic solvents and water, the
strategy cannot be directly applicable using 1.

To endow some hydrophilicity or lipophilicity, the ligand
framework of 1 is modified by replacing the methylene unit
(-CH2-) with a -(RCH2CH2)MeSi- unit, where R is a sugar-
containing alkyl or a long-chain alkyl (Scheme 2). Treatment

of (LiCH2)(2-MeOC6H4)2P·BH3 on (RCH2CH2)MeSiCl2

gives (RCH2CH2)MeSi[CH2(2-MeOC6H4)2P·BH3]2 in high
yields (70–85%), from which BH3 is quantitatively detached
by treatment with diethylamine.[8] Using Me2SiCl2 or
(LiCH2)(C6H5)2P·BH3 instead of (RCH2CH2)MeSiCl2 or
(LiCH2)(2-MeOC6H4)2P·BH3, bisphosphine ligands for 4
and 5 also are prepared.[9] Reaction of the bisphosphine

Scheme 1. Ethylene/CO copolymerization.

Scheme 2. Preparation of functionalized bisphosphine ligands and the
catalysts for ethylene/CO copolymerization.
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ligands with Pd(OAc)2 is not clean in some cases,[10] but
reaction with [PdCl2(NCCH3)2] affords clean products in all
cases. The dichloro complexes 2–5[Cl�]2 are directly con-
verted into the corresponding palladium 2–5[A�]2 by treat-
ment with AgA, if AgA is available, or via 2–5[AcO�]2.
Treatment with AgOAc on 2–5[Cl�]2 affords 2–5[AcO�]2,
which is converted into 2–5[A�]2 by treatment with two
equivalents of strong acid, AH.

Complex 2[TfO�]2 (TfO� , trifluoromethansulfonate
anion) is not freely soluble in water but soluble in a mixture
of water and methanol (v/v, 1:2).[11] The water/methanol
mixture dissolving 2[TfO�]2 forms droplets in hexane media.
Pressurizing the dispersion with the pressures of ethylene
(35 bar) and CO (70 bar) successivley at 85 8C produces the
copolymer with good activity (7.3 Kg/g-Pd·h) but the isolated
polymer is present in lumps.

Complex 3[TfO�]2 is soluble in water-immiscible 1-
octanol. When 1-octanol (5 mL) dissolving 3[TfO�]2 is
dispersed in water (50 mL), droplets are formed. By addition
of small amounts of poly[(vinyl alcohol)-co-(vinyl acetate)] as
a droplet stabilizer, the droplets become stable and are not
readily collapsed. However, a negligible amount of copoly-
mers is formed, when ethylene (35 bar) and CO (70 bar) gases
are successively pressurized at 85 8C on the droplet dispersion.
Complex 3[A�] of other anions such as TsO� , CF3CO2

� ,
ClO4

� , or PF6
� show no activity.

A high activity is realized when the catalyst is harnessed
by additional lipophilicity on the anion; catalyst 3[dodecyl-
benzenesulfonate]2 exhibits a high activity (9 Kg/g-Pd·h) in
the two-phases of 1-octanol droplets in water, and well-
controlled polymer particles are produced without reactor
fouling (Figure 1). Dispersion of 1-octanol droplets in water
becomes a suspension of the polymer particles in water after
polymerization. Almost all of the 1-octanol is absorbed by the
polymer particles, which are isolated by filtration. 1-Octanol
absorbed in the particles is easily removed through washing
with hot methanol. Mean polymer particle size calculated by

measuring the weights after fractionation with sieves is
0.58 mm (Table 1, Entry 1). Particle size distribution is
narrow; 90% of the particles are in the range of 0.43–
0.85 mm. The bulk density of the isolated polymer particles is
satisfactorily high (0.22 gmL�1). An SEM image shows that
the polymer particle is not porous (Figure 1); the surface area
of the particles determined on BET method is low, 5.2 m2 g�1.
Lipophilicity in a bisphosphine ligand framework is required
to obtain good morphology. Complexes not attaching the
liphophilic alkyl chain in bisphosphine ligand framework,
4[dodecylbenzenesulfonate]2 and 1[dodecylbenzenesulfo-
nate]2, produce irregular polymer particles, resulting in
lowered bulk densities of 0.15 and 0.12 gmL�1, respectively
(Table 1, Entries 9,10).

In a typical suspension polymerization, the particle size
can be modulated either by stirring rate or by concentration
of the droplet stabilizer.[6a] In agreement with the reported
trend, mean particle size increases in the range of 0.58–
1.01 mm as the stirring rate decreases in the range of 800–
500 rpm (Table 1, Entries 1–4, Figure 1). With the increase of
the particle size, the bulk density also increases in the range of
0.22–0.27 gmL�1. With an increase of droplet stabilizer
concentration in the range of 0.07–0.56 w % with respect to
water, the particle size decreases in the range of 0.98–
0.47 mm, but, in this case, the bulk density increases in the
range of 0.20–0.29 gmL�1 as the particles size decreases
(entries 3 and 6–8). In the absence of droplet stabilizer, the
particle shape is irregular, resulting in a low bulk density
(0.16 g mL�1, entry 5). In both cases, the activity decreases
with an increase of the bulk density. The activities predom-
inantly are in the range of 9.6–8.2 Kg/g-Pd·h, which are
satisfactory values compared to those obtained by carrying
out copolymerization in the typical single phase of methanol
using 1[TfO�]2 or 4[TfO�]2 (11 Kg/g-Pd·h). Molecular weights
of the well-controlled polymer particles are high and their
distribution is narrow (Mn = 213000; Mw/Mn = 2.8 for
Entry 1). These values are not altered by the stirring rate
(Mn = 200 000; Mw/Mn = 2.7 for entry 3) and are almost

Figure 1. Optical microscopic images of the polymer particles prepared
by suspension polymerization (a)–(d) correspond to Entries 1–4,
respectively, in Table 1). Insert in (b) is an SEM image (� 2000) of the
polymer particle, scale bar10 mm.

Table 1: Suspension polymerization results.[a]

Entry Catalyst[b] Stirring
[rpm]

PVA[c]

[wt%]
Activity
[kgg(Pd)�1 h�1]

Particle
size[d]

[mm]

Bulk
density
[g mL�1]

1 3[A�]2 800 0.14 9.6 0.58 0.22
2 3[A�]2 700 0.14 9.1 0.69 0.23
3 3[A�]2 600 0.14 8.4 0.88 0.25
4 3[A�]2 500 0.14 6.6 1.01 0.27
5 3[A�]2 600 0 8.8 0.98 0.16
6 3[A�]2 600 0.07 8.6 0.98 0.20
7 3[A�]2 600 0.28 8.2 0.66 0.27
8 3[A�]2 600 0.56 6.8 0.47 0.29
9 4[A�]2 600 0.14 8.3 0.76 0.15
10 1[A�]2 600 0.14 7.5 1.12 0.12

[a] Polymerization conditions: water (50 mL), 1-octanol (5 mL), catalyst
(5.0 mmol), ethylene (35 bar) and then CO (70 bar), temperature (85 8C),
time (90 min). [b] A�= dodecylbenzenesulfonate. [c] Poly[(vinyl alcohol)-
co-(vinyl acetate)] (87–89% hydrolyzed, w% with respect to water).
[d] Mean particle diameter calculated by measuring the weights after
fractionation with sieves.
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identical to those obtained with 1[dodecylbenzenesulfonate]2

(Mn = 267 000; Mw/Mn = 3.3 for Entry 10).
In a scale-up batch using 350 mL water, 105 mL 1-octanol,

and 0.035 mmol catalyst, 199 g of well controlled polymer
particles (mean particle size, 0.33 mm) is prepared without
reactor fouling by running for 8 h, during which time the rate
of polymerization does not decay severely. A high activity of
53 Kg/g-Pd is achieved along with a high bulk density of
0.39 gmL�1 in this scale-up batch. After polymerization, total
volume containing the settled slurry phase becomes 570 mL,
which corresponds to productivity per volume of 350 Kgm�3.
In the differential scanning calorimetry (DSC) study of the
obtained polymer particles, the peak of melting temperature
is observed at 262 8C with DHm = 114 Jg�1. The wide-angle X-
ray diffraction (WAXD) pattern indicates b-form crystalliza-
tion.[12] The DSC and WAXD patterns are not changed by the
polymerization conditions.

When the copolymerization is carried out in a single phase
of methanol, 1[TfO�]2 produces lumps with a broad molecular
weight distribution (Mn = 249 000; Mw/Mn = 5.0; Figure 2a).

5[TfO�]2 produces shapeless snow-white precipitates, of
which the bulk density is low (0.10 g mL�1), with a relatively
low molecular weight polymer (Mn = 112 000; Mw/Mn = 5.1)
due to chain transfer reactions (Figure 2b). Reactor fouling
occurs in both cases.

Interestingly, 4[TfO�]2 produces well-controlled polymer
particles even when copolymerization is conducted in a single
phase of methanol (Figure 2c). The morphology is not as
regular as that obtained in the suspension polymerization and
the bulk density is relatively low (0.21 gmL�1). The polymer
particles show some porosity (Figure 2d). The surface area
determined using the BET method is 14 m2 g�1. The particles
are disentangled into small pieces by mechanical force.
However, reactor fouling occurs, covering the reactor wall
and agitator with a thin polymer film. Other complexes
bearing a silicon atom, 2[TfO�]2 and 3[TfO�]2, also give well-
controlled polymer particles with bulk densities of 0.16 and

0.19 gmL�1, respectively. The anion, TfO� is crucial. 3[A�]2

and 4[A�]2 of other anions such as TsO� , CF3CO2
� , PF6

� ,
NO3

� , and ClO4
� produce lumps. Shell realized the morphol-

ogy control in a single phase of methanol by the usage of
seeding polymer powders.[13]

In the bulk production of polymers, morphology control
of the polymer particles without reactor fouling is crucial.
This goal is achieved by employing the suspension polymer-
ization technique in ethylene/CO copolymerization. Pressur-
izing with CO and ethylene gases on catalyst-containing 1-
octanol droplets dispersed in water produces well-controlled
polymer particles with bulk densities in the range of 0.20–
0.30 gmL�1. The catalyst should be harnessed with a lipophilic
group on both the bisphosphine ligand framework and anion.

Experimental Section
Suspension ethylene/CO copolymerization : A bomb reactor (125 mL
size) was successively charged with poly[(vinyl alcohol)-co-(vinyl
acetate)] (70 mg, 87–89% hydrolyzed, Mw = 146000–186000) dis-
solved in deairated water (50 mL) and 3[dodecylbenzenesulfonate]2

(8.0 mg, 5.0 mmol) dissolved in deairated 1-octanol (5.0 mL), while
stirring with an anchor-type blade. The reactor was pressurized with
the pressures of ethylene (35 bar) and CO (70 bar) successively at
room temperature and the solution temperature was increased to
85 8C in 20 min. After running the copolymerization for 90 min at
which time the pressure dropped to ca. 40 bar, the reactor was cooled
to room temperature, and the remaining gases were vented off.
Polymer particles absorbing 1-octanol were isolated by filtration.
After the particles were immersed in methanol (40 mL), it was heated
under reflux for 30 min. Polymer particles were isolated by filtration
and dried under vacuum for 2 h at 90 8C.
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