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a b s t r a c t

Various MAO-, MMAO-modified carbonaceous materials with different degrees of coalification, surface
areas and amounts of nitrogen in their structures have been prepared, and the nature of Al supported and
their compositions of elements close to surface were determined by the XPS method. These materials
ccepted 8 December 2009
vailable online 16 December 2009

eywords:
itanium
lefin polymerization

were effective as supported cocatalysts in 1-hexene polymerization using Cp*TiX2(O-2,6-iPr2C6H3) [X = Cl
(1), Me (2)], affording poly(1-hexene)s with unimodal molecular weight distributions; the facts clearly
suggest that these polymerizations proceeded with uniform (single-site) catalytically active species. The
activities were affected by the nature of the carbonaceous supports employed, whereas the surface area
does not strongly affect the activity in this catalysis.
arbonaceous supports
ethylaliminoxane

. Introduction

Design of transition metal complex catalysts for precise olefin
olymerization attracts considerable attention in the field of catal-
sis, organometallic chemistry, and polymer chemistry [1–3].
e have demonstrated that half-titanocenes containing anionic

onor ligands exhibit unique characteristics especially for ethylene
opolymerizations [3b,4]. Design of supported single-site catalysts
as also been one of the most attractive subjects especially in the
eld of catalysis [5,6] in terms of better morphology controls for

arge-scale production. Approaches using supported catalysts (with
omogeneous cocatalysts) or supported cocatalysts (with homoge-
eous catalysts) have been known [5].

We recently reported that the catalytic activity in styrene
olymerization using a catalyst system, composed of CpTiCl2(O-
-ClC6H4) loaded on the carbonaceous materials and MAO, was
trongly affected by nitrogen heteroatoms in the structure of
upported carbonaceous materials [7]. However, the activities sig-
ificantly decreased compared to the homogeneous system and the
esultant polymers possessed several compositions, probably due
o partial decomposition of the titanium complex pretreated with

arbonaceous materials.

In this article, we thus focused on using MAO-, MMAO-modified
arbonaceous materials, instead of using prepared supported Ti
omplex in the above study [7]. Since physical as well as chemical

∗ Corresponding author. Tel.: +48 61 8291357.
E-mail address: mhofman@amu.edu.pl (M. Hofman).

381-1169/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2009.12.004
© 2009 Elsevier B.V. All rights reserved.

properties of the carbonaceous materials with different degrees of
coalification and functional groups on the surface can be generally
modified by introduction of specific heteroatoms, such as nitrogen,
oxygen, sulfur and phosphorus, into their structure [8], we explored
the electronic natures and compositions of the surface of the pre-
pared MAO-, MMAO-modified materials with different degrees
through measurement by XPS. We then explored possibilities of
using these carbonaceous materials as the supported cocatalysts
for 1-hexene polymerization using Cp*TiX2(O-2,6-iPr2C6H3) [X = Cl
(1), Me (2)] complexes, which exhibit unique characteristics in pre-
cise olefin (co)polymerization [3b,4]. Through this study, we wish
to develop a possibility of using these materials as the supported
cocatalysts for precise olefin (co)polymerization.

2. Experimental

2.1. General procedure

All experiments were carried out under a nitrogen atmosphere
in a Vacuum Atmospheres drybox unless otherwise specified. All
chemicals used were of reagent grades and were purified by stan-
dard purification procedures. Anhydrous grades of 1-hexene and
toluene (Kanto Kagaku Co. Ltd.) were transferred into a bottle
containing molecular sieves (mixture of 3A 1/16 and 4A 1/8, and

13X 1/16) in the drybox under a nitrogen stream. Cp*TiCl2(O-2,6-
iPr2C6H3) (1) and Cp*TiMe2(O-2,6-iPr2C6H3) (2) were prepared
according to our previous report [9]. Toluene and AlMe3 in
the commercially available methylaluminoxane [PMAO-S, 9.5 wt.%
(Al) toluene solution, Tosoh Finechem Co.] were removed under

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:mhofman@amu.edu.pl
dx.doi.org/10.1016/j.molcata.2009.12.004
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Table 1
Summary of sample codes of a series of carbonaceous materials, and required amount of MAO and MMAO for their modifications.

Sample codea Nb [wt.%] (O + S)b [wt.%] SBET
b [m2/g] MAOc [g/g] MMAOc [g/g]

PK 0.4 9.3 313 0.345 0.421
PKA 0.1 11.2 814 0.400 0.487
BDN2 23.5 22.6 7 1.74 2.120
BDKN2 9.8 17.2 237 0.969 1.179
BDKN2A 1.6 11.2 800 0.447 0.544
BDK (NO)300 3.9 13.6 13 0.737 0.897
SDK 0.0 7.0 1 0.290 0.353

a Sample code: P—plum stones, B—brown coal, S—subbituminous coal, D—demineralization, K—carbonization in 700 ◦C, A—steam activation in 800 ◦C, N2—ammoxidation
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n 350 ◦C, (NO)300—nitrogenation with NO in 300 ◦C. More details are described in S
b Estimated from Refs. [7] and [10].
c Calculated amount of MAO or MMAO (gram) per gram of carbonaceous materia

educed pressure (at ca. 50 ◦C for removing toluene, AlMe3, and
hen heated at >100 ◦C for 1 h for completion) in the drybox to
ive white solids [9]. A modified methylaluminoxane (MMAO) sam-
le [methyl-isobutylaluminoxane, MMAO 3AT toluene solution,
e/iBu = 2.33, Tosoh Finechem Co.] was also used as white solids

fter removing solvent, AlMe3, and AliBu3 in vacuo according to the
nalogous procedure as that in PMAO-S except that the resultant
olid was re-dissolved in toluene (or in hexane) and then removed
n vacuo to remove AliBu3 completely [4a].

Various carbonaceous materials employed in this study were
sed as reported previously [7,10], and their physicochemical data
compositions, surface area, etc.) are summarized in Table 1. Raw
amples of the carbonaceous materials [i.e. plum stones (P), brown
oal (B) and subbituminous coal (S)] were enriched with nitrogen
y ammoxidation (N) or nitrogenation (NO); the ammoxidation (N)
as carried out using a mixture of ammonia and air at a volume

atio of 1:3 (250/750 cm3 min−1) in a flow reactor at 350 ◦C for 5 h
7], whereas samples for the nitrogenation (NO) were exposed to
itrogen(II) oxide (620 mL/min.) in a flow reactor at 300 ◦C for 2 h
10]. The samples were carbonized (K) accompanied by evolution of
ases during the process where the temperature in the vessel was
ncreased at the rate of 5 ◦C min−1 to 700 ◦C and was maintained
or 1 h. Activation (A) was then conducted by steam at 800 ◦C for
.5 h [7,10]. The sequences of symbols in support’s codes are thus
orresponded to the sequences of their treatments.

Molecular weights and molecular weight distributions of
oly(1-hexene)s were measured by means of gel-permeation chro-
atography (GPC). HPLC grade THF was used for GPC and were

egassed prior to use. GPC were performed at 40 ◦C on a Shimadzu
CL-10A chromatograph using a RID-10A detector (Shimadzu Co.
td.) in THF (containing 0.03 wt.% 2,6-di-tert-butyl-p-cresol, flow
ate 1.0 ml/min). GPC columns (ShimPAC GPC-806, -804 and -802,
0 cm × 8.0 mm Ø) were calibrated versus polystyrene standard
amples.

.2. Preparation of carbonaceous materials by modification with
AO, MMAO

Modifications of the carbonaceous materials by MAO and MMAO
ere typically carried out as follows. These carbonaceous supports
ere dried under vacuum at 120 ◦C for 12 h. To a support (1.0 g) con-

aining toluene (20.0 mL) in a Schlenk flask was added a prescribed
mount of MAO or MMAO at 25 ◦C under nitrogen atmosphere
in the drybox), and the mixture was stirred for 16 h [11]. The
mounts of MAO and MMAO added were calculated on the basis
f total molar amount of heteroatoms (nitrogen, oxygen, and sul-

ur, according to elemental analysis) estimated by the elemental
nalysis (Table 1), because Al should strongly bind heteroatoms in
hese materials. The solvent in the reaction mixture was removed
y decantation and the residue was washed twice with toluene
20 mL 2×) in order to remove unsupported free MAO or MMAO
2 and Ref. [10].

the basis of molar amount of heteroatoms (oxygen, nitrogen, sulfur).

completely. The amounts of Al (mmol/g) presented in (loaded on)
the supports after modification were estimated according the initial
amount of MAO/MMAO employed, not only because the amounts
of Al extracted in toluene were small in most cases but also because
perfect separation of the supports and the toluene extract by simple
decantation seemed somewhat difficult.

Typically in preparation of the PKA/MMAO, PKA (1.0 g) and
MMAO (0.487 g) were mixed in toluene at 25 ◦C for 16 h, the amount
of the toluene extract (toluene soluble portion after removing
toluene/volatiles in vacuo) after decantation was 86 mg, and the
amount of the extracts by additional washing with toluene (stirred
for >1 h at 25 ◦C) was negligible. We confirmed that the amount of
toluene extracts were negligible especially in the 2nd wash with
toluene, suggesting that MAO and MMAO in the resultant supports
were strongly absorbed under these conditions.

2.3. XPS analysis

Surface compositions of the samples studied were determined
by X-ray photoelectron microscopy (XPS) using an AXIS 165 spec-
trometer (KRATOS) in X-ray radiation Al K� with the X-ray power
of 150 W and the layer depth of ca. 3.5–4 nm.

2.4. 1-Hexene polymerization

A prescribed amount of the modified support (calculated
amount according to the amount of Al), and 1-hexene (5.0 mL) were
added into a Schlenk flask in the drybox. The polymerization was
started by the addition of a prescribed amount of catalyst (1 or 2)
in toluene. The reaction mixture was stirred at 25 ◦C for a certain
period (60 min). The polymerization was terminated by addition
of EtOH (15 mL) containing HCl (5 mL), and the mixture was then
extracted with CHCl3 (50 mL 3×). The combined organic phase was
dried over anhydrous Na2SO4, and chloroform and the volatile in
the solution were removed in vacuo to give poly(1-hexene) as amor-
phous materials, confirmed by 1H and 13C NMR spectra and GPC
measurements.

3. Results and discussion

3.1. Preparation of MAO or MMAO-modified carbonaceous
materials, and XPS analysis of carbonaceous materials before and
after their modification with MAO or MMAO

Various carbonaceous materials, enriched with nitrogen by two
different factors [i.e. nitrogenation (NO)300 and ammoxidation

(N2)] [7,10], were chosen for preparation of MAO- and MMAO-
modified supports (cocatalysts). The carbonization (K), steam
activation (A) processes were taken for modification of the surface
more orderly (K), and for increasing the surface area as well as pores
(A). The resultant carbonaceous materials were then pretreated
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ith a certain amount of MAO or MMAO in toluene and use in
reparing high molecular weight polymers with uniform molecu-

ar weight distributions in the ethylene copolymerization [4a,9,12]
nd 1-hexene polymerization using Cp*TiCl2(O-2,6-iPr2C6H3) (1)
mployed in this study [9,12]. In most preparation runs, cer-
ain small amounts of residual MAO/MMAO were collected as the
oluene wash, suggesting that all supports were pretreated with

AO or MMAO in a rather excess amount. Moreover, as described
n Section 2, we confirmed that the amount of toluene extracts were
egligible especially in the 2nd wash with toluene, suggesting that
AO and MMAO in the resultant supports were absorbed under

hese conditions. Dertermination the Al contents by MIP-MS anal-
sis was very difficult due to the fact that most of Al was adsorbed
trongly on carbon even after treatment with nitric acid. Therefore,
e estimated the Al amount in the support on the basis of the initial

atio.
The electronic nature (binding energy) and composition of ele-

ents close to the surface of the MAO- and MMAO-modified
aterials were explored by XPS analyses, and the results are

ummarized in Tables 2 and 3. The original supports before impreg-
ation, MAO, and MMAO were also examined for comparison. Fig. 1
hows XPS C 1 s spectra of SDK and BDKN2A supports before and
fter their modifications with MAO or MMAO. Fig. 2 also shows
he Al 2p spectra of the supports after modification with MAO or

MAO.
As shown in Table 2, the Al contents by XPS in the MAO-modified

arbonaceous materials were higher than those calculated based on
he amount of MAO loaded into the support, except BDN2 which
ossesses the highest heteroatom contents (Table 2). The per-
entages of the oxygen measured by XPS were also high and the
ercentages of carbon were low compared to the calculated values

n all cases. This is because the XPS analysis measures only few lay-
rs on the surface, and the facts clearly suggest that the Al in MAO
r MMAO was located on the surface. The Al contents measured
y XPS (20.66–27.77 wt.%) were, however, lower than the values
f MAO itself [(MeAlO)n, Al 46.5 wt.% (calculated), 32.64 wt.% (by
PS)], suggesting that surface of the supported materials was not
ompletely covered by MAO. The latter assumption was confirmed
y XPS spectra, because the peaks ascribed to the original supports
SDK, BDKN2A) were also seen in the XPS spectra in the prepared
upports (Fig. 2a–d, fractional).

According to their elemental analysis results previously
eported [7,10], total amount of N, O + S (volatile matter)
n the materials derived from brown coal increased in the
rder: BDN2 (46.1) > BDKN2 (27.0) > BDK(NO)300 (17.5) > BDKN2A
12.8). The amount of Al on the surface measured by XPS
ncreased in the order: BDN2 (27.77) > BDKN2A (26.91) > BDKN2
25.98) > BDK(NO)300 (20.66). The observed differences in the order
etween BDKN2 and BDKN2A can be due to the fact that surface
rea in BDKN2A is much larger than that in BDKN2, as a result of
ncreased number of pores after steam activation followed by car-
onization. In the supported materials designated as BDK(NO)300,
he amount of Al supported around the surface was somewhat
ower than that supported on BDKN2, and this should be due to
he different pretreatment procedures (N2-ammoxidation at 350 ◦C
s. nitrogenation with NO at 300 ◦C) that introduce nitrogen atoms
ith different chemical properties. This means that the nitrogen

ntroduced by nitrogenation is present in acidic forms, whereas the
itrogen introduced by ammoxidation is basic [7,10]; the difference
ould influence the Al content after MAO modification, although
e are not sure why the binding energies were close.
Table 3 summarizes the electronic nature (binding energy)
nd composition of elements close to the surface of the MMAO-
odified materials explored by XPS analyses. The amount of Al

n the surface measured by XPS increased in the order: BDKN2A
24.92) > BDK(NO)300 (24.53) > BDKN2 (20.72) > BDN2 (20.38). The Ta
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Fig. 1. XPS C 1s spectra of SDK and BDKN2A supports before and after their modification with MAO and MMAO (support codes according to Table 1).

Fig. 2. XPS Al 2p spectra of SDK and BDKN2A supports after their modification with MAO and MMAO [support codes according to Table 1, and Binding energy (B.E.) for MAO,
MMAO were 75.084, 74.926 eV, respectively].
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Table 3
Summary of XPS data of MMAO-modified carbonaceous supports.

Support codea N + (O + S)b [wt.%] SBET
b [m2/g] C 1s O 1s Al 2p

BE [eV] Atomic conc. [%] BE [eV] Atomic conc. [%] BE [eV] Atomic conc. [%] Al theoretical
[%] (mmol/g)c

PK 9.7 313 288.147 20.52 530.715 55.94 72.600 21.47 13.8 (5.11)
PKA 11.3 814 291.173 22.68 530.605 54.78 72.619 22.54 15.2 (5.65)
BDN2 46.1 7 287.152 25.02 530.542 25.02 72.680 20.38 31.6 (11.72)
BDKN2 27.0 237 288.329 27.43 530.740 51.85 72.881 20.72 25.2 (9.33)
BDKN2A 12.8 800 288.117 17.83 530.475 57.24 72.699 24.92 16.4 (6.07)
BDK(NO)300 17.5 13 287.978 19.18 530.734 56.29 72.694 24.53 22.0 (8.15)
SDK 7.0 1 288.099 28.20 530.845 28.20 72.868 21.43 12.1 (4.50)

Ref. [7
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f
n
t

a
o
t
(
(
r
c
w
s
a
v
t
l
s
t
m
c
a

3
M
s

w
m
c
h
s
m
m

T
S

a Sample code shown in Table 1, and more details are described in Section 2 and
b Contents in the supports before modification cited from Ref. [7].
c Calculated on the basis of MAO added (g/g-support). BE (atomic conc.) in MMAO

act may suggest that the effect of the surface area and the electronic
ature of nitrogen seems dominant than the heteroatom content in
he MMAO-modified materials (containing isobutyl group on Al).

As exemplified in Fig. 2 (MAO, MMAO-modified SDK, MAO,
nd MMAO-modified BDKN2A), the Al 2p spectra by XPS showed
nly one relatively sharp peak. The binding energies in the resul-
ant MAO-modified materials increased in the order: BDKN2A
75.614 eV) > PKA (75.606) > MAO (75.084) > PK (75.074) > BDKN2
74.852) > SDK (74.79) > BDK(NO)300 (74.766), BDN2 (74.762). The
esults clearly suggest that Al in MAO was affected by the carbona-
eous supports employed, probably due to certain coordination
ith the functional groups present on the surface of carbonaceous

upports. The values in the MAO-modified materials after steam
ctivation (BDKN2A, PKA) were larger than those before the acti-
ation (BDKN2, PK) and MAO. In contrast, the binding energies in
he resultant MMAO-modified materials (72.6–72.881 eV) became
ower than MMAO (74.916 eV), and no significant differences were
een. The results also suggest that Al in MMAO was affected by
he carbonaceous supports employed. The values in the MMAO-

odified materials were lower compared to those obtained in the
ase of MAO-modified materials, probably due to a difference in the
lkyl substituents on Al (Me or Me + iBu).

.2. 1-Hexene polymerization by Cp*TiX2(O-2,6-iPr2C6H3) (X = Cl,
e) in the presence of MAO-, MMAO-modified carbonaceous

upports

1-Hexene polymerizations using Cp*TiCl2(O-2,6-iPr2C6H3) (1)
ere conducted at 25 ◦C in the presence of MAO- or MMAO-
odified SDK with various Al/Ti molar ratios. Complex 1 was
hosen because 1 exhibited remarkable catalytic activity in 1-
exene polymerization in the presence of MAO in a homogeneous
ystem, affording high molecular weight polymers with uniform
olecular weight distribution [9,12]. SDK was selected to opti-
ize the polymerization conditions, because this support would

able 4
elected data on polymerization of 1-hexene by Cp*TiCl2(O-2,6-iPr2C6H3) (1) in the prese

Al (mmol) Yield (g) Activity

1.0 MAO 0.165 33.0
2.0 MAO 0.238 47.6
3.0 MAO 0.588 117.6
5.0 MAO 0.602 120.4
1.0 MMAO 0.067 13.4
2.0 MMAO 0.086 17.2
3.0 MMAO 0.196 39.2
5.0 MMAO 0.201 40.2

a Reaction conditions: (1) 5 �mol (10 �mol/mL toluene), 1-hexene 5.0 mL, 25 ◦C, 60 mi
b Activity in kg polymer/mol-Ti h.
c TON (turnover number = molar amount of 1-hexene reacted/mol Ti).
d GPC data in THF vs. polystyrene standards.
].

s 531.448 eV (68.77%); Al 2p 74.926 eV (31.23%).

be considered as the standard support containing a small amount
of nitrogen/oxygen and the most ordered surface. The results are
summarized in Table 4.

The catalytic activity estimated on the basis of the polymer
yield initially increased upon increasing the Al/Ti molar ratio
(Al 1.0–3.0 mmol), but kept constant upon further addition (Al
3.0–5.0 mmol). The activities in the presence of MAO-modified SDK
were higher than those in the presence of MMAO-modified SDK,
and this implies that the effect of cocatalyst plays a role in the activ-
ity. Moreover, the molecular weights of poly(1-hexene) prepared
in the presence of MMAO-modified SDK were higher than those
prepared in the presence of MAO-modified SDK. These differences
would be due to the percentage of the catalytically active species
as well as the degree of dominant chain transfer reaction employed
in these catalyses. Since the Mn values of the poly(1-hexene) were
not strongly affected by the Al/Ti molar ratios under these con-
ditions, we would thus assume that the dominant chain transfer
would be �-hydrogen elimination rather than the chain transfer to
aluminium, as suggested in the homogeneous system [12]. Molec-
ular weight distributions in the resultant polymers were unimodal
in all cases, and the resultant polymers was atactic poly(1-hexene)
revealed by 13C NMR [9,12].

Table 5 summarizes time course in 1-hexene polymerization
using 1 in the presence of MAO, MAO-, and MMAO-modified SDK
under the optimal conditions (3.0 mmol of Al, Al/Ti molar ratio of
600) at 25 ◦C. The polymerization using homogeneous 1-MAO cat-
alyst system proceeded at remarkable rate at the initial stage and
decreased gradually, and the observed trend is similar to that in
our previous report [12], whereas a first order relationship between
the monomer concentration and the reaction rate was seen, sug-

gesting that the apparent decrease in the activity is not due to the
deactivation of catalytically active species but the decrease in the
1-hexene concentration [12b]. The activity by 1 in the presence of
MAO-modified SDK was initially low, but increased after 1 h proba-
bly due to an induction period for generating the catalytically active

nce of MAO-, MMAO-modified SDKa.

b TONc Mn
d × 10−5 Mw/Mn

d

329 6.63 1.53
567 4.48 1.86

1400 6.81 1.97
1433 7.42 1.90

160 11.87 1.80
204 12.17 1.77
467 12.81 1.64
478 12.15 1.59

n.
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Table 5
Time course for 1-hexene polymerization using Cp*TiCl2(O-2,6-iPr2C6H3) (1)—cocatalyst systemsa.

Cocatalyst (Ti/�mol) Time (min) Activityb TONc Mn
d ×10−5 Mw/Mn

d

Homogeneous (5.0) 20 344 1350 8.84 2.03
40 186 1480 8.41 2.04
60 140 1660 9.06 2.21
80 107 1690 9.60 2.12

100 86.1 1710 11.69 2.13

SDK/MAO (5.0) 20 75.2 295 7.52 1.79
40 66.3 528 4.94 2.02
60 118 1400 6.81 1.97
80 92.0 1460 7.53 1.87

100 74.1 1470 7.31 1.92

SDK/MMAO (5.0) 20 43.6 171 6.01 1.53
40 32.8 262 11.82 1.83
60 39.2 467 12.81 1.64
80 30.2 478 12.96 1.83

100 24.4 486 13.07 1.87

.

s
i
p
w
c
i

C
a
a
g
a
a
c
v
c
T
t
t
i

T
P

5

a Reaction conditions: (1) 5.0 �mol (10 �mol/mL toluene), 1-hexene 5.0 mL, 25 ◦C
b Activity in kg polymer/mol-Ti h.
c TON (turnover number = molar amount of 1-hexene reacted/mol-Ti).
d GPC data in THF vs. polystyrene standards.

pecies (proposed cationic alkyl species [13]). In contrast, such an
nduction period was not seen in the polymerization by 1 in the
resence of MMAO-modified SDK. The Mn values of poly(1-hexene)
ere not affected by the reaction time and the Mw/Mn values were

onstant (Mw/Mn = 1.79–2.02), clearly suggesting that the polymer-
zation proceeded with a certain degree of chain transfer reactions.

Table 6 summarizes results for 1-hexene polymerization using
p*TiX2(O-2,6-iPr2C6H3) [X = Cl (1), Me (2)] in the presence of
series of MAO-, and MMAO-modified carbonaceous supports,

nd the results using 1,2-MAO, and MMAO catalysts (homo-
eneous conditions) are shown for comparison. The dimethyl
nalogue (2) showed higher catalytic activities than the dichloro
nalogue (1) irrespective of the kind of MAO-modified carbona-
eous supports, whereas no significant differences in the Mn

alues in the resultant poly(1-hexene)s were observed in these

atalyses; these would be due to the incomplete alkylation of
i–Cl bonds 1. As seen in Table 5, the catalytic activities in
he presence of MMAO-supported cocatalysts were lower than
hat in the presence of MAO-supported catalysts. The activ-
ty of 2 in the presence of a series of MAO-modified supports

able 6
olymerization of 1-hexene using Cp*TiX2(O-2,6-iPr2C6H3) [X = Cl (1), Me (2)] in the pres

Support Nb [wt.] SBET
b [m2/g] Al 2pc [eV] Ti [wt

MAO-PKA 0.1 814 75.606 23.27
MAO-BDN2 23.5 7 74.762 27.77
MAO-BDKN2A 1.6 800 75.614 26.91
MAO-BDK(NO)300 3.9 13 74.766 20.66
MAO-SDK 0 1 74.790 22.67
MAO-Homogenous 75.084 –
MAO-BDN2 23.5 7 74.762 27.77
MAO-BDKN2A 1.6 800 75.614 26.91
MAO-SDK 0 1 74.790 22.67
MAO-Homogenous 75.084 –
MMAO-PKA 0.1 814 72.619 22.54
MMAO-BDN2 23.5 7 72.680 20.38
MMAO-BDKN2A 1.6 800 72.699 24.92
MMAO-BDK(NO)300 3.9 13 72.694 24.53
MMAO-SDK 0 1 72.868 21.43
MMAO-Homogenous 74.926 –

a Sample code shown in Table 1, and more details are described in Section 2 and Ref. [7
.0 �mol (10 �mol/mL toluene), 25 ◦C, 60 min.
b Values before modification cited from Ref. [7] and [10].
c By XPS analysis.
d Activity in kg polymer/mol-Ti h.
e TON (turnovernumber = molar amount of 1-hexene reacted/mol Ti).
f GPC data in THF vs. polystyrene standards.
increased in the order: SDK > homogeneous > BDK(NO)300 > BDN2,
BDKN2A > PKA. The order in the activity of 2 in the presence of a
series of MMAO-supported catalyst systems was somewhat similar
to that of 2-MAO-supported catalyst, except that the homogeneous
catalyst system showed much higher catalytic activity. We thus
assume that this would be due to an influence of (probably) elec-
tronic nature of the Al species, although we could not see the
distinct trend from the XPS analysis results. One exception it might
be interesting to note is that the activity of 2 in the presence of
MAO-SDK cocatalyst was higher than that of 2 in the presence of
MAO cocatalyst (homogeneous system). In contrast, the order for
the dichloro analogue (1) was somewhat different from that for
the dimethyl analogue (2), probably due to the percentage of gener-
ated catalytically active species. It also seems likely that the activity
was not strongly influenced by the surface area of the supports

employed, as reported for the gas phase ethylene polymerization
[14].

We have shown that 1-hexene polymerizations using
Cp*TiX2(O-2,6-iPr2C6H3) [X = Cl (1), Me (2)] in the presence
of MAO-, MMAO-modified carbonaceous materials proceed from

ence of different supportsa.

.%] Activity d TONe Mn
f Mw/Mn

f (×10−5)

2 105 1130 6.44 2.08
2 94.6 1260 5.81 1.91
2 106 1250 7.64 1.99
2 130 1550 6.45 2.31
2 154 1840 10.23 2.20
2 144 1720 8.74 2.12
1 61.4 731 8.5 2.05
1 80.4 957 7.84 2.26
1 118 1400 6.81 1.97
1 140 1660 9.06 2.21
2 36.4 433 9.66 1.94
2 22.6 269 7.78 1.86.
2 37.8 450 10.18 1.96
2 42.4 505 9.50 1.92
2 54.4 648 10.37 1.57
2 137 1630 10.46 2.13

]. Reaction conditions: 1-hexene 5 mL, Cp*TiX2(O-2,6-iPr2C6H3) [X = Cl (1), Me (2)]
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oderate to remarkable catalytic activities affording high molecu-
ar weight polymers with unimodal molecular weight distribution.
he production of the polymer with uniform molecular weight
istribution clearly indicates that these polymerizations took place
ith uniform catalytically active species. The catalytic activity was

nfluenced by the nature of the carbonaceous support employed,
hereas the activity was not strongly influenced by the surface

rea. Although the details concerning the origin affecting the
ctivity is still not clear, we believe that these are promising and
mportant information for designing supported catalyst for precise
lefin polymerization.
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