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Effect of “topotactic” reduction product of tungsten disulfide on catalytic
activity of metallocene catalyst for olefin polymerization
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Abstract

N,N-Dimethylanilinium (Ph(Me)2NH+) salt of tungsten disulfide (WS2) was developed as a novel cocatalyst for metallocene catalysts.
The cocatalyst is composed ofN,N-dimethylanilinium ion as a cationic part and “topotactic” reduction product of WS2, obtained by ac-
quisition of an electron by the neutral host lattice of WS2 without structural alteration, as an anionic part. Notable improvement of the
catalytic activity for ethylene polymerization using the bis(indenyl)zirconium dichloride (Ind2ZrCl2)/triethylaluminum (Et3Al) catalyst was
observed upon the addition of the Ph(Me)2NH+ salt of WS2. The addition of the corresponding molybdenum disulfide (MoS2) one that had
smaller crystallite size than the Ph(Me)2NH+ salt of WS2 showed the lower catalytic activity. The resultant poly(ethylene) prepared by the
Ind2ZrCl2/Et3Al/Ph(Me)2NH+ salt of WS2 possessed similar properties like narrow polydispersity to that prepared by conventional metal-
locene type catalysts. The Zr loadings on the precipitate of the Ind2ZrCl2/Et3Al catalyst activated by the Ph(Me)2NH+ salt of WS2 increased
with a decrease in the crystallite size of the Ph(Me)2NH+ salt of WS2. However, the catalytic activities in ethylene polymerization decreased
drastically, indicating that the decrease of the crystallite size led to the significant increase of inactive species for ethylene polymerization.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Metallocene/alkylaluminum catalysts have long been
employed as a model of heterogeneous Ziegler–Natta
polymerization catalysts for mechanistic studies[1]. How-
ever, this metallocene catalyst has not attracted much
attention because of its poor catalytic activity. Acciden-
tal observation that moisture significantly improved the
catalytic activity of group 4 metallocene derivatives, for
example, bis(cyclopentadienyl)zirconium(IV) dimethyl
(Cp2ZrMe2)/alkylaluminum, in ethylene and propylene
polymerizations led to a discovery of methylaluminoxane
(MAO) as a cocatalyst[1,2]. This finding aroused com-
mercial and scientific interests in the metallocene catalyst.
It has been proposed that in these polymerizations MAO
as a Lewis acid might abstract an alkyl group to form a
formally three-coordinate cation, i.e., [Cp2ZrMe+] [3,4].
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The formation of such a cationic metallocene compound
stimulated researchers to investigate the ionic compounds
of the [Cp′2MR+][A −] type, where Cp′, M, R, and A− are
a substituted or unsubstituted cyclopentadienide, a group 4
metal, an alkyl group, and a counter anion, respectively, and
it was found that the activity of these compounds was highly
sensitive to the nature of the counter anion. When hexafluo-
rophosphate (PF6−) or tetraphenylborate (BPh4

−) was used
as a counter anion for “naked” Cp′

2MR+ cation, anion degra-
dation [5] or poor anion lability[6] was observed. On the
other hand, the Cp′2MCl2/alkylaluminum catalyst activated
with a tetrakis(pentafluorophenyl)borate (B(C6F5)4−)-based
salt was reported to be as active as the Cp′

2MR2/MAO
catalyst [7,8]. The B(C6F5)4−-based salt as a cocatalyst
has been shown to convert Cp′

2MR2 into the Cp′2MR+ by
protonolysis or alkyl abstraction and to provide the cationic
species with B(C6F5)4− as a non-coordinating anion[8–10].
The active species in the Cp′

2MCl2/alkylaluminum catalyst
activated with B(C6F5)4−-based salt was supposed to be a
salt of Cp′2MR+ with B(C6F5)4− [8]. Previously, we re-
ported that the salt of ammonium ion and anion obtained by
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“topotactic” reduction, the principle of which is defined in
detail by Schöllhorn[11], acts as an effective cocatalyst for
metallocene catalysts in the ethylene polymerization[12].
Recently, we found that in ethylene polymerization using
the Cp′2MCl2/alkylaluminum catalyst activated with cocat-
alyst obtained by “topotactic” reduction of molybdenum
disulfide (MoS2) as a two-dimensional host lattice sys-
tem, the catalytic activity increases with an increase in the
amount of ammonium ion present in the interlayer spaces of
MoS2 and suggested that the ammonium ion on the edges
of layered structure of MoS2 would react with a neutral
Cp′

2MR2 to form Cp′2MR+ as a cationic species (protonol-
ysis) and a two-dimentional macroanion ([MoS2]x−) as a
non-coordinating anion[13]. We are interested in a cocat-
alyst as a two-dimensional host lattice system other than
MoS2-based cocatalyst and the influence of the crystallite
size of cocatalysts on the catalytic activity in the ethylene
polymerization.

In this paper, a cocatalyst based on tungsten disulfide
(WS2) as a two-dimensional host lattice system was synthe-
sized, and the effect of the cocatalyst on catalytic activity of
a metallocene catalyst and the influence of crystallite size of
the cocatalyst in the ethylene polymerization were studied
in comparison with the MoS2-based cocatalyst.

2. Experimental

2.1. Materials

Tungsten disulfide (WS2) (99.8%, Soekawa Chemicals
Co.),n-butyllithium (BuLi) solution inn-hexane (1.6 mol l−1,
Kanto Chemicals Co.), 25% (13 mol l−1) aqueous ammonia
(Wako Pure Chemical Industries, Ltd.), triethylaluminum
(Et3Al) solution in toluene (20 wt.%, TOSOH Fine Chem-
icals Co.), toluene (Kanto Chemicals Co.), and ethylene
(purity 99.99%, produced by Sumitomo Seika Co.) were
used without further purification.N,N-Dimethylanilinium
chloride (Ph(Me)2N·HCl) was prepared by addition of
hydrogen chloride to N,N-dimethylaniline in diethyl
ether.N,N-Dimethylanilinium ion (Ph(Me)2NH+) interca-
lated molybdenum disulfide ([Ph(Me)2NH+]z [MoS2]z−)
(MON-1) was prepared according to the procedure reported
previously at the conditions of [MoS2], 0.1 mol l−1; [BuLi],
0.2 mol l−1; temperature, 20◦C; time, 18 h for the topotac-
tic reduction; [NH3], 13 mol l−1; temperature,−30◦C;
time, 3 h for the hydration; [Ph(Me)2N·HCl], 0.2 mol l−1;
temperature, 20◦C; time, 18 h for the ion exchange[13].
Bis(indenyl)-zirconium dichloride (Ind2ZrCl2) was synthe-
sized according to the procedure reported in[14].

2.2. N,N-Dimethylanilinium ion intercalated WS2

N,N-Dimethylanilinium ion (Ph(Me)2NH+) intercalated
WS2 ([Ph(Me)2NH+]z[WS2]z−) was prepared in the pro-
cedure similar to that of MON-1. The preparation of typical

compound (TUN-1) is shown below. WS2 powder was
soaked at the concentration of 0.3 mol l−1 in BuLi solu-
tion (1.6 mol l−1) in hexane under nitrogen atmosphere for
18 h at a temperature of 108◦C to give a Li+ intercalated
WS2 (LixWS2), which was collected by filtration, washed
repeatedly withn-hexane, and then dried at room tem-
perature under reduced pressure until a constant weight
is obtained[15]. Then, the resulting LixWS2 powder was
soaked in aqueous ammonia (13 mol l−1) under nitrogen
atmosphere for 30 min at a temperature of−30◦C and
then washed with water to give the corresponding hy-
drated product ((Li+)x−m(H2O)y[WS2](x−m)−), which was
collected by filtration[16]. The obtained hydrates were
soaked in aqueous Ph(Me)2N·HCl solution (0.2 mol l−1)
under nitrogen atmosphere for 18 h at 20◦C. The deposited
product ([Ph(Me)2NH+]z[WS2]z−) was collected, washed
repeatedly with water, and dried at room temperature under
reduced pressure until a constant weight is obtained.

2.3. Supported Ind2ZrCl2/Et3Al catalyst on
[Ph(Me)2NH+]z[WS2]z−

In a 100 ml Schlenk tube, a slurry of [Ph(Me)2NH+]z
[WS2]z− in 100 ml of toluene was treated with 0.7 ml
of Et3Al solution in toluene (1.0 mmol) and stirred for
1 h at room temperature. In another Schlenk tube, 3.9 mg
(10�mol) of Ind2ZrCl2 was dissolved in 6.4 ml of toluene,
treated with 1.4 ml of Et3Al solution in toluene (2 mmol),
and stirred for 30 min at room temperature. Then, this solu-
tion was added to the above slurry. The mixture was stirred
for 18 h at room temperature, allowed to stand for 3 days,
and then the supernatant was removed by a cannula. The
precipitate was washed with 100 ml of hexane and dried at
room temperature under reduced pressure until a constant
weight was obtained.

2.4. Procedure for ethylene polymerization with
the Ind2ZrCl2/Et3Al catalyst activated with
[Ph(Me)2NH+]z[WS2]z−

In a Schlenk tube, a slurry of [Ph(Me)2NH+]z[WS2]z− in
10 ml of toluene was treated with 0.07 ml of Et3Al solution
in toluene (100�mol) and stirred for 1 h at room tempera-
ture. In another Schlenk tube, 3.9 mg (10�mol) of Ind2ZrCl2
was dissolved in 6.4 ml of toluene, treated with 1.4 ml of
Et3Al solution in toluene (2 mmol), and stirred for 30 min at
room temperature. Then, 0.78 ml of this solution was added
to the above slurry. The mixture was stirred for 18 h at room
temperature and added to a solution of 500 ml of toluene
and 0.14 ml of Et3Al solution in toluene (200�mol) in a 1 l
Schlenk tube. The mixture was then transferred into a 2 l
stainless steel autoclave equipped with a magnetic stirrer, a
thermometer, an inlet tube, and an external jacket heated at
80◦C. Ethylene was immediately introduced up to 2.0 MPa
or 0.6 MPa of partial pressure. Ethylene was continuously
supplied into the autoclave to keep the pressure constant



S. Yamada et al. / Journal of Molecular Catalysis A: Chemical 208 (2004) 55–65 57

during polymerization. Internal temperature of the autoclave
was kept at 80◦C by the external jacket during polymeriza-
tion. After a given polymerization time, ethanol was added
to the reaction mixture to stop the polymerization and then
unreacted ethylene gas was released to leave polymer, which
was adequately washed with excess amount of ethanol and
dried at 70◦C under reduced pressure until a constant weight
was obtained.

2.5. Procedure for ethylene polymerization
with the supported Ind2ZrCl2/Et3Al catalyst on
[Ph(Me)2NH+]z[WS2]z−

Polymerization was carried out in a procedure simi-
lar to that for the Ind2ZrCl2/Et3Al catalyst activated with
[Ph(Me)2NH+]z[WS2]z−, except for using a slurry of the
supported Ind2ZrCl2/Et3Al catalyst on [Ph(Me)2NH+]z
[WS2]z− in 10 ml of toluene treated with 0.07 ml of Et3Al
solution in toluene (100�mol).

2.6. Characterization

X-ray diffraction (XRD) measurements of [Ph(Me)2
NH+]z[WS2]z− and (Li+)x−m(H2O)y[WS2](x−m)− were
performed on a Mac Science MXP18VA diffractometer
using Cu K� radiation (40 kV, 150 mA) at an instrumental
resolution of 0.02◦ in 2θ and a scanning rate of 2◦ min−1.
The Ph(Me)2NH+ content of [Ph(Me)2NH+]z[WS2]z−
was determined by CHN analysis (Yanaco CHN CORDER
MT-5). The BET surface area was measured by nitrogen
physisorption at 77 K (Micromeritics ASAP 2400, man-
ufactured by Shimadzu Co.). X-ray photoelectron spec-
troscopy (XPS) was performed on a X-probe Model 101
spectrometer (Surface Science Instruments, VG Fisons)
using a monochromatized Mg K� X-ray source. The W
and Zr contents of the supported Ind2ZrCl2/Et3Al catalyst
on [Ph(Me)2NH+]z[WS2]z− were measured by inductively
coupled plasma (ICP) atomic emission spectrophotometer
(DERIVATIVE ICPAES UOP-1 (M) MK-II, manufactured
by KYOTO-KOKEN Inc.). Molecular weight distribution of

Scheme 1. Scheme of formation ofN,N-dimethylanilinium ion intercalated WS2: (a) WS2, (b) lithium ion intercalated WS2, (c) hydrated lithium ion
intercalated WS2 and (d)N,N-dimethylanilinium ion intercalated WS2.

the polymer were measured on a gel permeation chromatog-
raphy (GPC) apparatus (Waters Model 150 C ALC/GPC)
with a column GMH-HR-H (S) (TOSOH Corporation) at
145◦C, calibrated with standard polystyrene as a reference,
with o-dichlorobenzene as an eluent.

3. Results and discussion

3.1. Preparation and characterization of the
N,N-dimethylanilinium ion intercalated WS2

Intercalation of N,N-dimethylanilinium ion (Ph(Me)2
NH+) into interlayer spaces of the WS2 was carried out fol-
lowing the procedure for the preparation of Ph(Me)2NH+
intercalated MoS2 ([Ph(Me)2NH+]z[MoS2]z−) shown in
Scheme 1 [13,15].

The topotactic reduction of WS2 and MoS2 with BuLi
gave Li+ intercalated WS2 (LixWS2) and MoS2 (LixMoS2),
respectively. The Li+ present in interlayers of the LixWS2
was hydrated by the treatment of LixWS2 with aqueous am-
monia for 30 min at−30◦C, followed by the treatment of
water [16]. The X-ray powder diffraction pattern of pure
WS2 is shown inFig. 1(a), where the peaks of 2θ = 14.08,
28.64, and 43.70◦ are assignable to 0 0 1, 0 0 2, and 0 0 3 re-
flections, respectively.

The basal spacing (d), that is, the distance between neigh-
boring WS2 layers was 6.28 Å, calculated by the Bragg’s
formula,d (Å) = λ (=1.5405 Å)/2 sinθ, and 2θ = 14.08◦ at
the 0 0 1 reflection, identical to the value (6.24 Å) reported by
Whittingham[17]. The XRD pattern of the hydration prod-
uct in a wet state is shown inFig. 1(b), where the peaks of
2θ = 6.86◦, 14.08, and 21.30 are assignable to 0 0 1, 0 0 2,
and 0 0 3 reflections of the hydration product, respectively.
All 0 0 l reflections are shifted to low angles by the hydration
of pure WS2 and the basal spacing (d) increases to 12.88 Å.
The interlayer expansion (�d) of 6.60 Å is due to a structure
with bimolecular layers of water between WS2 sheets[15],
and also the 0 0l reflection peaks in the pure WS2 disappear
completely, suggesting co-intercalation of water molecules
with Li+ into almost all interlayer spaces of WS2.
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Fig. 1. XRD patterns of (a) pure WS2 and (b) hydrated lithium ion intercalated WS2.

The hydrated Li+ present in the interlayer spaces was ex-
changed to Ph(Me)2NH+ by contacting the hydrated product
with Ph(Me)2N·HCl (Table 1), and the XRD pattern of the
obtained product (TUN-1) in a dry state is shown inFig. 2(a)
together with that of [Ph(Me)2NH+]z[MoS2]z− (MON-1)
(Fig. 2(b)) for comparison.

The peaks due to 0 0 1, 0 0 2, and 0 0 3 reflections for
TUN-1 were observed at 2θ = 8.62, 17.46, and 26.48◦, re-
spectively. For MON-1 the peaks due to 0 0 1 and 0 0 2 re-
flections were observed at 2θ = 7.38 and 14.48◦, respec-
tively, but there was no peak due to 0 0 3 reflection, indi-
cating that the crystallite size in the direction perpendic-
ular to the basal plane of MON-1 was smaller than that
of TUN-1. The 0 0l reflections observed in pure WS2 and
pure MoS2 were observed for neither TUN-1 nor MON-1.
The 0 0l reflections of TUN-1 are shifted to lower angles
than those of pure WS2 and the basal spacing (d) increased
to be 10.25 Å. The interlayer difference (�d) (3.97 Å) be-
tween pure WS2 and TUN-1 was smaller compared with
that (6.60 Å) between pure WS2 and the hydrated prod-
uct ((Li+)x−m(H2O)y[WS2](x−m)−), indicating that a large
amount of the hydrated cation, Li+(H2O)2, present in the in-
terlayer spaces of WS2 were exchanged with Ph(Me)2NH+.

Table 1
Structural properties of Ph(Me)2NH+ intercalated WS2 and MoS2

No. d (Å) �d (Å) C (wt.%) H (wt.%) N (wt.%) Composition

TUN-1 10.25 3.97 5.6 0.7 0.9 [Ph(Me)2NH+]0.17[WS2]0.17−
MON-1 11.97 5.73 10.5 1.3 1.6 [Ph(Me)2NH+]0.20[MoS2]0.20−

d = interlayer spacing.�d = d(Ph(Me)2NH+ intercalated MS2) − d(MS2). d(MS2) = 6.28 (M: W), 6.24 (M: Mo).

The Ph(Me)2NH+ content in TUN-1 calculated from H
(wt.%) is in good agreement with those calculated from
C (wt.%) and N (wt.%), indicating that TUN-1 in a dry
state does not contain water. No Li+ could be detected in
TUN-1 either by ICP measurement. These results indicate
that only the Ph(Me)2NH+ is present in the interlayer spaces
of TUN-1 and that the hydrated Li+ is absent.

Table 1summarizes results of XRD and elemental anal-
ysis for TUN-1 and MON-1.

The Ph(Me)2NH+ content (z = 0.17) per mol of WS2 in
TUN-1 is smaller than that (z = 0.20) per mol of MoS2 in
MON-1, and also, the interlayer difference (�d = 3.97 Å)
between pure WS2 and TUN-1 is smaller than that (�d =
5.73 Å) between pure MoS2 and MON-1.

The basal plane of transition metal disulfide such as MoS2
and WS2 is composed of a monolayer of sulfur atoms; how-
ever, the edge surface is composed of one-dimensionally
arranged sulfur atoms and transition metals such as Mo and
W. Okuhara and coworker pointed out that the catalytic
activity of MoS2 for the isomerization of olefins such as
1-butene andcis-2-butene, which proceeds only on the
edge site of MoS2, increased with increasing edge site area
resulting from a decrease in crystallite size in the direction
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Fig. 2. XRD patterns of (a) Ph(Me)2NH+ intercalated WS2 (TUN-1) and (b) Ph(Me)2NH+ intercalated MoS2 (MON-1).

parallel to the basal plane of MoS2 [18]. In the same way
as MoS2 for the olefin isomerization, only the edge sites of
[Ph(Me)2NH+]z[WS2]z− and [Ph(Me)2NH+]z[MoS2]z−
is considered to be effective for the activation of the
metallocene catalysts. As the catalytic activities of
[Ph(Me)2NH+]z[WS2]z− and [Ph(Me)2NH+]z[MoS2]z−
would depend on both the Ph(Me)2NH+ content per mol of
WS2 or MoS2 and their edge site areas, the crystallite sizes
and the surface areas of TUN-1, MON-1, pure WS2, and
pure MoS2 were measured and summarized inTable 2.

The crystallite sizes in the direction perpendicular to the
basal plane and in the direction parallel to the basal plane
were calculated by substituting the width of the 0 0 1 reflec-
tion peak and of the 1 0 0 reflection peak, respectively, for

Table 2
X-ray, BET and XPS data for Ph(Me)2NH+ intercalated WS2 and MoS2

No. X-ray h k l 2θ (Å) β (rad) Crystallite
size (Å)

BET surface
area (m2/g)

XPS binding energy (eV)

W 4f7/2 Mo 3d5/2 S 2p3/2

TUN-1 0 0 1 8.62 0.49× 10−2 285 7.18 31.9 161.6
1 0 0 31.90 0.80× 10−2 180

WS2 0 0 1 14.08 0.45× 10−2 310 2.51 33.0 162.6
1 0 0 32.46 0.45× 10−2 320

MON-1 0 0 1 7.38 0.94× 10−2 148 7.52 229.3 161.6
1 0 0 32.12 1.29× 10−2 112

MoS2 0 0 1 14.40 0.49× 10−2 285 6.24 228.6 162.6
1 0 0 32.66 0.45× 10−2 321

Crystallite size= 0.9λ/(β cosθ). λ = 1.5405 Å.β = linewidth at half-height.

the Scherrer equation (Eq. (1)) [19]:

crystallite size(Å) = 0.9λ

β cosθ
(1)

whereλ is 1.5405 Å andβ is the line width at half-height
in radian, respectively. For TUN-1, the crystallite sizes were
found to be 285 Å in the direction perpendicular to the basal
plane and 180 Å in the direction parallel to the basal plane,
respectively, and they are smaller than the corresponding
values (310 and 320 Å) for pure WS2 as a starting material.
Calais et al. pointed out that for MoS2 the smaller crystallite
size led to the larger BET surface area[20]. The decrease in
the crystallite size observed between pure WS2 and TUN-1
led to the increase in the BET surface area. When compared



60 S. Yamada et al. / Journal of Molecular Catalysis A: Chemical 208 (2004) 55–65

Fig. 3. XPS spectra of (a)–(c) Ph(Me)2NH+ intercalated WS2 (TUN-1) and (d)–(f) pure WS2.

with MON-1, TUN-1 had larger crystallite size and smaller
BET surface area.

The reduction states of WS2 in the TUN-1 were investi-
gated by XPS, and the XPS spectra are shown inFig. 3(a)
and (d)for TUN-1 and pure WS2, respectively.

In the spectrum of pure WS2, peaks due to W 4p, W 4d,
and W 4f were observed at the binding energies of 426, 243,
and 33 eV, respectively, and those due to S 2s and S 2p at
226 and 163 eV, respectively. A peak due to O 1s was also
observed at the binding energy of 532 eV, which is assigned
to the O–W bond. In the spectrum of TUN-1, a very weak
peak is observed at the binding energy of 403 eV, which is
assigned to the N 1s, probably due to the presence of the
Ph(Me)2NH+ intercalated into the interlayer spaces of WS2.
The expanded spectra at the W 4f region (30–42 eV) for
TUN-1 and pure WS2 are shown inFig. 3(b) and (e), and also
the corresponding spectra at the S 2p region (160–168 eV)
are shown inFig. 3(c) and (f), respectively.Table 2 also
lists the binding energies for TUN-1 and pure WS2, together
with those for pure MoS2 and MON-1 for comparison. The
binding energies of both W 4f and S 2p in TUN-1 were
low compared to those in WS2. This suggests that electrons

provided by BuLi exist not only on S in the intralayer of
WS2 but also on W. In the case of MON-1, a rise in the
binding energy of Mo 3d and a drop in the binding energy
of S 2p were observed in comparison with pure MoS2. This
suggests that electrons provided by BuLi into MoS2 exist
only on S atom in the intralayer of MoS2 but do not on Mo
atom, differently from the case of TUN-1. On the basis of
these results, it is considered that the charge would be more
delocalized on WS2 in TUN-1 than on MoS2 in MON-1.

To investigate the effect of the hydration conditions (time
and temperature during soaking LixWS2 in aqueous ammo-
nia) on the catalyst structures, the [Ph(Me)2NH+]z[WS2]z−
was prepared in various conditions (Table 3) and the results
of XRD and XPS measurements are summarized inTable 4.

The basal spacing (d) values are virtually unchanged in the
range of 10.11–10.25 Å regardless of the preparation condi-
tions. However, the crystallite sizes are different depending
on the conditions. The crystallite size decreased with time
from 280 Å (30 min) to 190 Å (2 h and longer) in the direc-
tion perpendicular to the basal plane, and from 180 to 120 Å
in the direction parallel to the basal plane. With increas-
ing temperature from−30 to 0◦C, the crystallite size also
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Table 3
Preparations of Ph(Me)2NH+ intercalated WS2

No. Reduction conditions Hydration conditions Ion exchange conditions

[WS2]
(mol l−1)

[BuLi]
(mol l−1)

Temperature
(◦C)

Time
(h)

[NH3]
(mol l−1)

Temperature
(◦C)

Time
(h)

[Ph(Me)2N·HCl]
(mol l−1)

Temperature
(◦C)

Time
(h)

TUN-1 0.3 1.6 105 18 13 −30 0.5 0.2 20 18
TUN-2 0.3 1.6 105 18 13 −30 2 0.2 20 18
TUN-3 0.3 1.6 105 18 13 −30 3 0.2 20 18
TUN-4 0.3 1.6 105 18 13 0 0.5 0.2 20 18

Solvents: hexane (reduction), water (hydration and ion exchange).

decreased from 280 to 90 Å in the direction perpendicular to
the basal plane and from 180 to 110 Å in the direction paral-
lel to the basal plane. The peaks due to W 4f7/2 and S 2p3/2
in [Ph(Me)2NH+]z[WS2]z− show almost the same bind-
ing energies in the range of 31.8–31.9 and 161.6–161.8 eV,
respectively, regardless of the preparation conditions, but
lower than the corresponding values (33.0 and 162.6 eV)
in pure WS2. The surface atomic ratios of the W, S, N,
and O (O–W bond) in [Ph(Me)2NH+]z[WS2]z− were cal-
culated on the basis of the their peak area at 31.8–31.9
(W 4f7/2), 161.6–161.8 (S 2p3/2), 531.0–531.2 (O 1s), and
402.4–402.6 eV (N 1s) in XPS spectra and are summa-
rized in Table 4. The N/W ratio was 0 for pure WS2 and
almost 0.1 for [Ph(Me)2NH+]z[WS2]z− regardless of the
hydration conditions. The constancy in the N/W ratio of
[Ph(Me)2NH+]z[WS2]z− is also confirmed by no change
in the binding energies of W 4f7/2 and S 2p3/2, indicat-
ing that the Ph(Me)2NH+/W ratio on the surface should be
the same. The S/W ratios of TUN-1 and pure WS2 were
2.0, indicating that the composition of the host compound
(WS2) is retained during the Ph(Me)2NH+ intercalation re-
actions involving the reduction, hydration, and ion exchange
reactions. When this hydration reaction was carried out for
longer time and at higher temperature, the S/W ratio de-
creased and the O/W ratio increased. This change in the S/W

Table 4
X-ray and XPS data for Ph(Me)2NH+ intercalated WS2

No. XRD Crystallite
size (Å)

XPS

h k l 2θ (◦) d (Å) β (rad) Binding energy (eV) Surface atomic
ratio (W/S/N/O)

W 4f7/2 S 2p3/2 O 1s N 1s

TUN-1 0 0 1 8.62 10.25 0.49× 10−2 280 31.9 161.6 531.0 402.6 1.0/2.0/0.1/0.4
1 0 0 31.90 0.80× 10−2 180

TUN-2 0 0 1 8.70 10.16 0.73× 10−2 190 31.9 161.6 531.0 402.3 1.0/1.9/0.1/0.5
1 0 0 31.96 1.12× 10−2 130

TUN-3 0 0 1 8.66 10.20 0.73× 10−2 190 31.5 161.3 531.0 401.8 1.0/1.9/0.1/0.5
1 0 0 32.18 1.26× 10−2 120

TUN-4 0 0 1 8.74 10.11 1.60× 10−2 90 31.9 161.8 531.2 402.5 1.0/1.9/0.1/0.6
1 0 0 32.38 1.29× 10−2 110

WS2 0 0 1 14.08 6.28 0.45× 10−2 310 33.0 162.6 531.6 – 1.0/2.0/0.0/0.3
1 0 0 32.46 0.45× 10−2 320

d = interlayer spacing (=λ/2 sinθ). λ = 1.5405 Å. �d = d(Ph(Me)2NH+ intercalated WS2) − d(WS2). β = linewidth at half-height. Crystallite size
= 0.9λ/(β cosθ).

and O/W ratios indicates that only a part of sulfur atoms
bound to tungsten atoms were replaced with oxygen atoms
during the hydration reaction. Furimsky investigated the ex-
change reaction of WS2 with oxygen, and found that the
crystallite size of WS2 might decrease during this reaction
[21]. For [Ph(Me)2NH+]z[WS2]z− and pure WS2, the rela-
tionships of the O/W ratio with the crystallite size are shown
in Fig. 4.

The O/W ratio of [Ph(Me)2NH+]z[WS2]z− increased
with a decrease in the crystallite size in directions both
perpendicular and parallel to the basal plane.

To investigate the influence of the crystallite size of [Ph
(Me)2NH+]z[WS2]z− on the reaction with a metallocene/
alkylaluminum catalyst, loading of bis(indenyl)zirconium
dichloride (Ind2ZrCl2)/triethylaluminum (Et3Al) catalyst on
[Ph(Me)2NH+]z[WS2]z− with different crystallite size was
carried out. Ind2ZrCl2/Et3Al catalyst solution in toluene
was added to a slurry of [Ph(Me)2NH+]z[WS2]z− pre-
treated with Et3Al in toluene and the mixture was stirred for
18 h at room temperature. The resulting Ind2ZrCl2/Et3Al/
[Ph(Me)2NH+]z[WS2]z− catalyst was permitted to stand for
3 days, the supernatant was removed, and then the precipitate
was washed and dried to obtain supported Ind2ZrCl2/Et3Al
catalyst on [Ph(Me)2NH+]z[WS2]z−. The reaction con-
ditions and the results are summarized inTable 5. The
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Fig. 4. O/W surface atomic ratio in XPS as a function of particle size
in the direction perpendicular (�, �) and parallel (�, �) to the basal
plane for Ph(Me)2NH+ intercalated WS2 and pure WS2.

zirconium loadings in the supported Ind2ZrCl2/Et3Al
catalyst (ZTUN-1–ZTUN-4) obtained were determined
by ICP measurement to be 0.06–0.11 wt.%, indicat-
ing that the Ind2ZrCl2/Et3Al catalyst was supported on
[Ph(Me)2NH+]z[WS2]z−.

Fig. 5 shows the relationship of the crystallite sizes in
[Ph(Me)2NH+]z[WS2]z− with the Zr/W ratios in the supp-
orted Ind2ZrCl2/Et3Al catalyst. The Zr/W ratio increased
with a decrease in the crystallite size in [Ph(Me)2NH+]z
[WS2]z−, suggesting that the loadings of the Ind2ZrCl2/Et3
Al catalyst on [Ph(Me)2NH+]z[WS2]z− increased with an
increase in edge site area accompanying a decrease in the
crystallite size in the direction parallel to the basal plane.

3.2. Ethylene polymerization with the metallocene catalyst
activated with Ph(Me)2NH+ intercalated WS2

Ethylene polymerization was carried out in the presence
of Ind2ZrCl2/Et3Al catalysts activated with [Ph(Me)2NH+]z
[WS2]z− (Ind2ZrCl2/Et3Al/[Ph(Me)2NH+]z [WS2]z− cata-
lyst) at 80◦C under ethylene pressure of 0.6 MPa or 2.0 MPa
to investigate their potential as ethylene polymerization cat-

Table 5
Preparation and Zr/W ratio of the supported Ind2ZrCl2/AlEt3 catalysts on various Ph(Me)2NH+ intercalated WS2

No. Reaction conditions Products

Ind2ZrCl2 (�mol) [Ph(Me)2NH+]z[WS2]z− AlEt3 (mmol) W (wt.%) Zr (wt.%) Zr/W

No. (mg)

ZTUN-1 10.1 TUN-1 775 3 56.8 0.06 2.1× 10−3

ZTUN-2 10.0 TUN-2 770 3 56.6 0.09 3.2× 10−3

ZTUN-3 10.0 TUN-3 775 3 56.8 0.10 3.6× 10−3

ZTUN-4 10.1 TUN-4 790 3 57.1 0.11 3.9× 10−3

Reaction conditions: toluene, 100 ml; temperature, 20◦C; time, 18 h.
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Fig. 5. Zr/W ratio in elemental analysis of the supported metallocene
catalyst as a function of particle size in the direction perpendicular (�)
and parallel (�) to the basal plane for Ph(Me)2NH+ intercalated WS2.

alysts. The results of the ethylene polymerization by the
Ind2ZrCl2/Et3Al catalyst activated with TUN-1 in various
amounts, which has the largest crystallite size, are summa-
rized in Table 6together with the results obtained by pure
WS2 and MON-1.

Addition of TUN-1 into the Ind2ZrCl2/Et3Al (1 �mol/
500�mol) catalyst enhanced the catalytic activity drasti-
cally (nos. 1 and 3) compared with the addition of WS2
in almost the same amount (no. 2). These results indicate
that TUN-1 is significantly effective as a cocatalyst for the
Ind2ZrCl2/Et3Al catalyst. Poly(ethylene) produced by the
Ind2ZrCl2/Et3Al/TUN-1 catalyst had the molecular weight
(Mn) as large as that obtained by the Ind2ZrCl2/Et3Al cat-
alyst and its polydispersity (Mw/Mn) index was 2.3, being
consistent with the features of polymers produced with
metallocene catalysts[22]. This indicates that the cationic
monoalkylmetallocene Ind2ZrR+ as an active species
was supported structurally intact on the two-dimensional
macroanion of WS2 [23]. The catalytic activity per mmol
of Ind2ZrCl2 and per hour of the Ind2ZrCl2/Et3Al/MON-1
catalyst increased with an increase in the MON-1 charge
(nos. 4–6, ethylene 2.0 MPa). The same trend was observed
with the Ind2ZrCl2/Et3Al/TUN-1 catalyst (nos. 7–9, ethy-
lene 0.6 MPa). Based on results shown inTable 6 (no.
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Table 6
Ethylene polymerizations with the Ind2ZrCl2/AlEt3 catalysts activated with Ph(Me)2NH+ intercalated WS2 and MoS2

Run no. [Ph(Me)2NH+]z[MS2]z− Pe
a (MPa) Time

(min)
Yield
(g)

Activity
(kg/(mmol Zr h))

Mn

(×10−4)
Mw/Mn

No. M z (mg) Ph(Me)2NH+
(�mol)

1 0.0 0 2.0 60 18 18 27 2.3
2 WS2 W 0 75.0 0 2.0 60 16 16
3 TUN-1 W 0.17 78.5 48.7 2.0 17 121 427 23 2.3
4 MON-1 Mo 0.21 26.9 30.1 2.0 60 24 24 19 2.2
5 MON-1 Mo 0.21 59.9 67.1 2.0 60 56 56
6 MON-1 Mo 0.21 134.4 150.5 2.0 60 127 127 14 2.1
7 TUN-1 W 0.17 31.5 19.6 0.6 60 75 75
8 TUN-1 W 0.17 75.1 46.6 0.6 60 151 151
9 TUN-1 W 0.17 130.0 80.7 0.6 60 165 165

10 MON-1 Mo 0.21 129.7 145.3 0.6 60 25 25

Polymerization conditions: toluene, 500 ml; Ind2ZrCl2, 1.0�mol; AlEt3, 500�mol; temperature, 80◦C.
a Ethylene pressure.

3 versus no. 6, and no. 9 versus no. 10), it is clear that
TUN-1 is more suitable for the activator than MON-1. The
activity of the Ind2ZrCl2/Et3Al/TUN-1 catalyst drastically
increased when the Ph(Me)2NH+ content was increased
from 20 to 47�mol and then slightly increased when it
was further increased to 81�mol (nos. 7–9, Ind2ZrCl2
1�mol, ethylene 0.6 MPa), indicating that the Ph(Me)2NH+
content more than 47�mol is necessary to activate the
Ind2ZrCl2/Et3Al catalyst (1�mol/500�mol) and that only a
part of Ph(Me)2NH+ present in the interlayer spaces of WS2
could contribute to the activation of the Ind2ZrCl2/Et3Al
catalyst. The crystallite size in the direction parallel to the
basal plane (180 Å) for TUN-1 is larger than that (112 Å)
for MON-1 as shown inTable 2, indicating that the edge
site area for TUN-1 is smaller than that for MON-1. The
Ph(Me)2NH+ content (0.17) in TUN-1 is smaller than that
(0.20) in MON-1 as shown inTable 1. It is therefore con-
sidered that the Ph(Me)2NH+ content on the edge site of
TUN-1 is less than that of MON-1. However, the catalytic
activity of TUN-1 at the total Ph(Me)2NH+ content of
20�mol was three times higher than that of MON-1 at
the total Ph(Me)2NH+ content of 145�mol as shown in
Table 6(no. 7 versus no. 10). We, therefore, investigated
the influence of the crystallite sizes on the catalytic activity
of the Ind2ZrCl2/Et3Al/[Ph(Me)2NH+]z[WS2]z− catalyst,
and the results are shown inTable 7.

Table 7
Ethylene polymerizations with the Ind2ZrCl2/AlEt3 catalysts activated with various Ph(Me)2NH+ intercalated WS2

Run no. Ind2ZrCl2 (�mol) [Ph(Me)2NH+]z[MS2]z− Activity

No. Crystallite size (Å) (mg) (kg/(mmol Zr h)) (kg/(g [Ph(Me)2NH+]z
[MS2]z− h))

0 0 1 1 0 0

1 1.0 TUN-1 280 180 75.1 151 2.0
2 1.0 TUN-2 190 130 75.0 105 1.4
3 1.0 TUN-3 190 120 75.2 99 1.3
4 1.0 TUN-4 90 110 75.1 25 0.3

Polymerization conditions: toluene, 500 ml; AlEt3, 500�mol; ethylene, 0.6 MPa; temperature, 80◦C; time, 1 h.

The decrease in the crystallite sizes with the Ph(Me)2
NH+/W ratio (N/W = 0.1) constant on the surface (by
XPS measurement) would lead to an increase in the to-
tal Ph(Me)2NH+ content on the edge site and would in-
crease the catalytic activity of [Ph(Me)2NH+]z[WS2]z−.
However, the catalytic activity per mmol of Ind2ZrCl2
and per hour at [Ph(Me)2NH+]z[WS2]z− of 75 mg de-
creased drastically with a decrease in the crystallite sizes
of [Ph(Me)2NH+]z[WS2]z−. TUN-4 having crystallite size
(110 Å) in the direction parallel to the basal plane ap-
proximately the same as that (112 Å) of MON-1 (no. 4 in
Table 7) gave rise to a low level of catalytic activity similar
to the Ind2ZrCl2/Et3Al/MON-1 catalyst (no. 10 inTable 6).
It is considered that the difference in the catalytic activ-
ity between the Ind2ZrCl2/Et3Al/TUN-1 catalyst and the
Ind2ZrCl2/Et3Al/MON-1 catalyst would result from the dif-
ference in the crystallite sizes in the direction parallel to the
basal plane rather than the difference in the Ph(Me)2NH+
content (Table 1) and the reduction state (Table 2).

3.3. Ethylene polymerization with the supported
Ind2ZrCl2/Et3Al catalyst on the Ph(Me)2NH+ intercalated
WS2

To understand the effect of the crystallite sizes on the
catalytic activities of the Ind2ZrCl2/Et3Al/[Ph(Me)2NH+]z
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Table 8
Ethylene polymerizations with the supported Ind2ZrCl2/AlEt3 catalysts on various Ph(Me)2NH+ intercalated WS2

Run no. Supported catalyst Activity

No. (mg) Zr (�mol) (kg/(mmol Zr h)) (kg/[g (supported catalyst) h])

1 ZTUN-1 75.1 0.49 230 1.5
2 ZTUN-2 75.2 0.74 71 0.7
3 ZTUN-3 75.2 0.82 55 0.6
4 ZTUN-4 75.0 0.90 17 0.2

Polymerization conditions: toluene, 500 ml; AlEt3, 300�mol; ethylene, 0.6 MPa; temperature, 80◦C; time, 1 h.

[WS2]z− catalyst, the ethylene polymerization with Ind2
ZrCl2/Et3Al catalysts supported on [Ph(Me)2NH+]z[WS2]z−
in different crystallite sizes was carried out at 80◦C un-
der the ethylene pressure of 0.6 MPa and the results are
summarized inTable 8.

The supported Ind2ZrCl2/Et3Al catalyst, which is the pre-
cipitate of Ind2ZrCl2/Et3Al/[Ph(Me)2NH+]z[WS2]z− cata-
lyst, was effective as the ethylene polymerization catalyst,
but the supernatant solution showed no activity. This indi-
cates that the active species of the Ind2ZrCl2/Et3Al/[Ph(Me)2
NH+]z[WS2]z− catalyst would be the cationic monoalkyl-
metallocene, that is, the Ind2ZrR+ adsorbed on the edge
site of [Ph(Me)2NH+]z[WS2]z−.

Fig. 6shows the relationships between the crystallite sizes
of [Ph(Me)2NH+]z[WS2]z− and the catalytic activities per
gram of the supported catalyst and per hour.

The Zr/W mol ratio (by ICP measurement) in the bulk of
the supported catalyst increased with a decrease in crystal-
lite sizes of the [Ph(Me)2NH+]z[WS2]z−, suggesting that
the amount of the Ind2ZrCl2/Et3Al catalyst adsorbed on the
edge site of the [Ph(Me)2NH+]z[WS2]z− would increase
with the decrease in the crystallite sizes in the direction
parallel to the basal plane of the [Ph(Me)2NH+]z[WS2]z−.
However, the catalytic activity decreased drastically with the
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Fig. 6. Catalytic activity as a function of crystallite size in the di-
rection perpendicular (�) and parallel (�) to the basal plane for
[Ph(Me)2NH+]z[WS2]z− for ethylene polymerization with the supported
Ind2ZrCl2/Et3Al catalysts on [Ph(Me)2NH+]z[WS2]z−.

decrease in the crystallite sizes. These results suggest that
not only the active species, namely, Ind2ZrR+ but also the
inactive species for ethylene polymerization are contained
in the Ind2ZrCl2/Et3Al catalyst adsorbed on the edge site of
[Ph(Me)2NH+]z[WS2]z− and the latter fraction would in-
crease drastically with the decrease in the crystallite size in
the direction parallel to the basal plane of [Ph(Me)2NH+]z
[WS2]z−. Jordan et al. reported that isolated base-coordi-
nated complexes of the type [Cp2MR+(THF)][BPh4

−] (M:
Ti, Zr; R: CH3, CH2Ph) polymerize ethylene very slowly
due to the presence of a Lewis base[24]. We speculate
that the inactive species would be the base-coordinated
adducts of the type Ind2Zr(R)-O-WS-(WS2)∞. This spec-
ulation is supported by the increase in the O/W ratio of
[Ph(Me)2NH+]z[WS2]z− revealed by XPS measurement
with the decrease in the crystallite size as shown inFig. 4.

4. Conclusion

Synthesis of Ph(Me)2NH+ salts of anion obtained by
“topotactic” reduction of WS2 with BuLi, the effect of these
compounds as a cocatalyst of Ind2ZrCl2/Et3Al in ethylene
polymerization, and the influence of crystallite size of the
cocatalyst for the ethylene polymerization were investigated
in comparison with MoS2-based cocatalyst. Li+ interca-
lated in interlayer space of WS2 by “topotactic” reduction
of WS2 with BuLi was hydrated and then exchanged with
Ph(Me)2NH+. In ethylene polymerization, addition of this
Ph(Me)2NH+ intercalated WS2 ([Ph(Me)2NH+]z[WS2]z−)
to the Ind2ZrCl2/Et3Al catalyst enhanced drastically the cat-
alytic activity in comparison with the Ph(Me)2NH+ interca-
lated MoS2 ([Ph(Me)2NH+]z[MoS2]z−). Poly(ethylene) ob-
tained with the Ind2ZrCl2/Et3Al/[Ph(Me)2NH+]z[WS2]z−
catalyst had typical features such as narrow molecular
weight distribution like polymers obtained with conven-
tional metallocene catalysts, indicating that the active
species of this catalyst system was the cationic monoalkyl-
metallocene (Ind2ZrR+) adsorbed on the edge site of
the [Ph(Me)2NH+]z[WS2]z−. The Zr loadings of the
Ind2ZrCl2/Et3Al/[Ph(Me)2NH+]z[WS2]z− catalyst in-
creased with the decrease in the crystallite size of the
[Ph(Me)2NH+]z[WS2]z−. However, simultaneously the
catalytic activity of the catalyst decreased drastically, in-
dicating that the decrease of the crystallite size led to the
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significant increase of inactive species for ethylene poly-
merization, probably the base-coordinated adducts. For the
effect of the crystallite size of the cocatalysts based on
two-dimensional host lattice systems other than WS2 such
as MoS2, TaS2, and TiS2 for ethylene polymerization, a
more detailed study is now being carried out, and the results
will be published elsewhere.
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