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Abstract

Titanium constrained-geometry-inspired complexes (CGCs) are assembled using several different synthetic protocols on amino
folds. In particular, a new synthetic method is reported that utilizes spatially patterned amines on the silica surface to create Ti–CGC
are substantially more active for ethylene polymerization than materials prepared using traditional methods. The materials are ch
using multiple techniques including thermogravimetric analysis (TGA), nitrogenphysisorption, FT-Raman spectroscopy,29Si and13C cross-
polarization magic-angle spinning (CPMAS) NMR spectroscopy, and diffuse–reflectance UV–visible (UV–vis) spectroscopy. While
patterning protocol allows for quantitative addition of the cyclopentadienyl group to the surface amines and near quantitative metall
the titanium source, these steps result in subquantitative additions on aminosilica surfaces prepared via traditional techniques (at high amin
loadings) and excess titanium addition (at low amine loadings). Using methylaluminoxane (MAO) as a co-catalyst, the patterned catalyst
more productive than the control materials that were prepared using traditional techniques. However, use of MAO causes significant leach
of the metal complex from the solid support. Using a tris(pentafluorophenyl)borane/trialkylaluminum system as co-catalyst allev
leaching problem, allowing for the productivityof the immobilized species to be evaluated. In the polymerization of ethylene, the pattern
catalyst is shown to be up to 10 times more productive than the solid control materials. The patterned catalyst is also more activ
homogeneous analogue.
 2004 Elsevier Inc. All rights reserved.

Keywords: Constrained-geometry catalyst; Silica surface; Mesoporous silica; Template approach; Olefin polymerization; Leaching
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1. Introduction

Single-site homogeneous complexes such as constra
geometry complexes (CGCs) have attracted a great de
interest in recent years as olefin polymerization catalysts1

(Scheme 1). These and other soluble single-site transit
metal complexes have several advantages over tradit
Ziegler–Natta catalysts. In general, single-site catalysts a
low for the synthesis of polymers with higher molecu

* Corresponding author.
E-mail address: cjones@chbe.gatech.edu(C.W. Jones).

1 Group IV CGCs are precatalysts, requiring the addition of a co-cat
to produce a complex active for olefin polymerization.
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.06.024
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Scheme 1.

weights and narrower polydispersity indices[1,2]. In addi-
tion, by adjusting the symmetry of the complex, polyolefi
with controlled tacticity can be produced[3,4]. CGCs are
unique in the realm of single-site polymerization catalyst
that the CGC metal center is much less sterically hinde
than most other olefin polymerization catalysts[1,2]. As a

http://www.elsevier.com/locate/jcat
mailto:cjones@chbe.gatech.edu
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Scheme 2.
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result of this accessible reactive site, CGCs have the
ity to easily incorporate comonomers, such as 1-hexen
1-octene, allowing for the synthesis of long-chain or sh
chain branches on the polyolefin backbone[1,2].

As a result of these properties, there is considerable
terest in constrained-geometry catalysts, as well as meta
locenes, a related class of olefin polymerization catalysts
Although these catalysts develop their novel properties f
their homogeneous single-site nature, there is a sub
tial driving force to develop heterogeneous analogues. M
polyolefin plants were developed for use with heterogene
catalysts (e.g., Ziegler–Natta catalysts, TiCl4 supported on
MgCl2; or Phillips catalysts, CrxOy supported on SiO2)
in slurry or gas-phase polymerizations[5]. Thus, in many
cases, to use a homogeneous catalyst, new plants or s
icant retrofitting of older plants would be required[6]. Fur-
thermore, when using homogeneous catalysts, reactor fou
ing is a major concern[6]. Supporting the catalyst on a sol
alleviates both of these problems. The most common sup
used is silica, due to its low cost and ease of functional
tion [5].

There are three major ways that metallocenes or o
single-site catalysts have been immobilized on silica s
ports. The first approach, commonly used commercially
to contact the support material with a co-catalyst (eit
methyaluminoxane or a combination of a borane and
ylaluminum). The organometallic precatalyst is then ad
to the support/co-catalyst combination. While this of
leads to an effective catalyst, it gives a material that is
tremely difficult to characterize and understand on the m
cular level, as the activator is typically methylaluminoxa
(MAO), an ill-defined oligomeric species[5,7]. In addition,
a 100- to 1000-fold excess of aluminum (relative to the tr
sition metal) is routinely used, making molecular charac
ization of the small number of supported metallocene ac
sites exceedingly difficult. Thus, to generate a model sys
that has the potential to be well-characterized on the mo
ular level, other methods must be developed.

A second method used to support single-site catalys
to physisorb a complex such as a metallocene or CGC
the support’s surface[8–24]. Alternately, a preformed com
plex that is designed to form covalent bonds between
ligand and the support could also be used[25–32]. The dif-
ficulty with both of these methods stems from the poten
reactivity of the preformed complex with the surface silanol
[12,22,33]. When a reaction between the silanols on the
face and the metal center occurs, multiple types of sites
-

-

t

Scheme 3.

often formed, removing the “single-sited” nature of the s
tem.

A third method is to immobilize the complex via a c
valent linkage between the ligand and the support usin
multistep grafting approach[34–51]. For instance, cyclopen
tadienyl ligands have been immobilized on oxide and po
mer supports and subsequently metallated to form imm
lized metal complexes[52–65]. For immobilizing a CGC, an
amine-functionalized support is often used in place of
cyclopentadienyl-functionalized support. Two major di
culties result from this approach if a truly single-site cata
is desired. First, quite often the procedure used in prep
tion of the homogeneous complex is simply applied to
supported amine. For example, an alkyl lithium reagent
been used to deprotonate the amines for further functio
ization[46–48,66,67].However, such reagents are extrem
harsh toward the silica support and can alkylate the
face, allowing for the formation of multiple types of sit
(Scheme 2) [68]. Furthermore, the steric crowding of th
amines on the surface as wellas interactions between th
amines and the surface can create multiple types of anc
ing sites (Scheme 3) [69].

Thus, to build a truly single-site CGC on an aminos
ica surface via a multistep grafting technique, a well-defi
aminosilica (ideally with uniform, isolated sites) is requir
as a starting material. We haverecently reported a patternin
protocol (shown inScheme 4) that allows for the prepa
ration of a well-defined amine-functionalized silica, w
amine sites which behave as if they are isolated and
form [69]. Using this patterned aminosilica as a scaffo
we have subsequently developed a protocol to synthe
a supported titanium constrained-geometry-inspired catalyst
on the surface[70]. Here we report the detailed descri
tion of the supported patterned CGC2 and demonstrate it
applicability in the catalytic polymerization of ethylene u

2 The complexes are referred to as CGCs here, although there
evidence that the surface complexes prepared in previous works on imm
lized CGCs actually have the CGC structure[46–48,70,76]. Although some
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Scheme 4.
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ing both methylaluminoxane and borane/trialkylalumin
co-catalysts. In particular, we probe the role of the site
lation on the polymerization performance of the titani
precatalysts and focus on the impact of leaching of the
ported metal complexes on the possibility of preparing w
defined, truly single-site model polymerization catalysts
ing this methodology.

2. Experimental

2.1. General considerations

The following chemicals were commercially availab
and used as received: 3,3,3-triphenylpropionic acid (Acr
1.0 M LiAlH 4 in tetrahydrofuran (THF) (Aldrich), pyri
dinium dichromate (Acros), 2,6-di-tert-butylpyridine (Ac-
ros), dichlorodimethylsilane (Acros), TEOS (Aldrich
3-aminopropyltrimethoxysilane (Aldrich), hexamethyldi
lazane (Aldrich), tetrakis(diethylamino)titanium (Aldrich
trimethyl silyl chloride (Aldrich), trimethylaluminum
(Aldrich), triisobutylaluminum (Aldrich), methylaluminox
ane (Aldrich, 10 wt% in toluene), andn-butyllithium in
hexanes (Aldrich). Tetramethyl-cyclopentadiene (Aldri
was distilled prior to use. Anhydrous toluene (Acros) w
distilled over sodium metal prior to use. Tris(pentafluo
phenyl)borane (Aldrich) was purified via sublimation befo
use. Anhydrous methanol (Acros) was further dried over
molecular sieves prior to use. Anhydrous ether, anhyd
THF, anhydrous dichloromethane, and anhydrous hex
were obtained from a packed-bed solvent purification
tem utilizing columns of copperoxide catalyst and alumin
(ether, hexanes) or dual alumina columns (tetrahydr
ran, dichloromethane)[71]. All air- and moisture-sensitiv

evidence is presented that CGCs are in fact formed in this work, a b
term would be “CGC-inspired” complexes as described in the title of
manuscript.
s

compounds were manipulated using standard vacuum
Schlenk, or cannula techniques under dry, deoxygenate
argon or in a dry box under a deoxygenated nitrogen
mosphere. Ethylene was passed over a metallic cat
(Matheson 641-01 cartridge) to remove oxygen and wa
before being fed to the reactor.

2.1.1. Synthesis of SBA-15
SBA-15 with approximately 50 Å diameter pores w

synthesized via literature methods[72,73]. Calcination of
the material was done in air using the following tempe
ture program: (1) increasing the temperature (1.2◦C/min)
to 200◦C, (2) heating at 200◦C for 1 h, (3) increasing a
1.2◦C/min to 550◦C, and (4) holding at 550◦C for 6 h.
Prior to use, the SBA-15 was dried under vacuum at 150◦C
for 3 h and stored in a dry box.

2.1.2. Catalyst synthesis
Densely loaded and patterned aminosilica materials w

prepared using a SBA-15 host as described previously[69].
From these aminosilica scaffolds, Ti–CGC-inspired co
plexes were prepared using the methodology previousl
ported[70].

2.2. Synthesis of homogeneous complex 9

Me4CpSiMe2Cl (1.07 g, 5 mmol) was dissolved
50 ml of hexane and cooled to−78◦C. To this mixture
n-propylamine (0.6 g, 10.2 mmol) was added via syrin
and the reaction mixture was stirred overnight at and allo
to warm to room temperature. Then-propylamine/HCl sal
was removed by filtration under argon and the solv
was removed under vacuum yielding the crude prod
as a yellow oil. Next, 2 mmol of the this crude pro
uct C5Me4HSiMe2NH(CH2)2CH3 was added via syring
to 2 mmol of Ti(NEt2)4 dissolved in 20 ml of toluene a
−70◦C. The mixture was heated under reflux overni
and the product was obtained as a clear brown oil a
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the by-products were removed at 130◦C under high vac-
uum. The product was then added to a flask with exc
chlorotrimethylsilane and hexanes. The reaction was a
lowed to stir overnight and then the solvent and excess s
were removed under vacuum. NMR (C6D6): δ = 0.21 (6H,
Si(CH3)2), 1.05 (3H, CH2CH3), 1.58 (2H, CH2CH2CH3),
1.75 (6H, CpCH3), 1.90 (6H, CpCH3), 2.6 (2H, NCH2CH2).
Anal Calc. for C14H21NCl2SiTi, C 48.0%, H 6.0%, N 4.0%
Cl 20.3%, Ti 13.7%. Found C 48.4%, H 5.7%, N 4.6%,
21.5%, Ti 12.9%.

2.2.1. Characterization
FT-Raman spectra were obtained on a Bruker FR

106. At least 256 scans were collected for each spect
with a resolution of 2–4 cm−1. Cross-polarization magic
angle spinning (CP-MAS) NMR spectra were collected
a Bruker DSX 300-MHz instrument. Samples were spun
7-mm zirconia rotors at 5 kHz. The13C CP-MAS parame
ters were 10000 scans, a 90 pulse length of 4 s, and a d
of 4 s between scans. The29Si CP-MAS parameters wer
2000 scans, a 90 pulse length of 5 s, and a delay of
between scans. Nitrogen physisorption measurements
conducted on a Micromeritics ASAP 2010 at 77 K. Sa
ples were pretreated by heating under vacuum at 150◦C for
8 h. Diffuse–reflectance ultraviolet–visible (UV–vis) spe
troscopy was performed on solid materials in a dry b
with an Ocean Optics USB2000 Fiber Optic Spectrom
using a PTFE diffuse–reflectance standard. Solution U
vis spectroscopy was performed using a Hewlett Pac
Model 8453 spectrometer with anhydrous hexanes as a
vent. Thermogravimetic analysis (TGA) was performed o
Netzsch STA409. Samples were heated under air from 3
1000◦C at a rate of 5◦C/min. The organic loading was me
sured by determining the weight loss from 200 to 650◦C.
Elemental analysis was performed by Desert Analytics, Ari-
zona. Gel permeation chromatography was performed a
University of Massachusetts, Amherst, with Polymer La
ratories PL-220 high-temperature GPC equipped with a
att MiniDawn (620 nm diode laser) high-temperature lig
scattering detector and refractive index detector at 135◦C
using 1,2,4-trichlorobenzene as solvent and calibrated u
polystyrene standards. Polyethylene was extracted from
ica at 130◦C using TCB as the solvent prior to the GP
analysis.

2.3. Ethylene polymerizations

2.3.1. MAO co-catalyst
The immobilized precatalyst was added to the rea

with toluene and methylalumoxane (800 Al:1 Ti) in a d
box. The solution was stirred for 20 min to allow for suf
cient activation of the catalyst. The reactor was then se
and removed from the glove box, placed in a 25◦C water
bath, and subsequently connected to an ethylene sour
60 psi. The ethylene was delivered for a prescribed am
of time and the polymerization was terminated by releas
,

y

e

-

t

the ethylene pressure and adding acidic ethanol. The pr
itated polymers were washed with ethanol and then drie
70◦C.

2.3.2. Borane co-catalyst
In a typical polymerization,the immobilized precatalys

was added to the reactor with toluene, tris(pentafluorop
yl) borane (1.5 B:1 Ti), and either trimethylaluminum
triisobutylaluminum (400:1 Al:Ti ratio) in a dry box. Th
mixture was allowed to stir for 30 min to allow for sufficie
activation of the catalyst. The reactor was then sealed
removed from the glove box, placed in a 25◦C water bath,
and ethylene at 60 psi was introduced as described ab
The polymerization was allowed to continue for a prescribe
amount of time, and then terminated as noted above.
precipitated polymers were washed with ethanol and t
dried at 70◦C.

2.3.3. Leaching experiments
The immobilized precatalyst,toluene, and methylalu

moxane (800 Al:1 Ti) were added to a flask in a dry b
The mixture was allowed to stir for 20 min. The mixtu
was then filtered in the dry box, and the filtrate was adde
the reactor with toluene and an additional portion of MA
(200:1 Al:Ti). The reactor was then removed from the glo
box, placed in a 25◦C water bath, and contacted ethylene
60 psi as described above. The polymerization was allo
to continue for a prescribed amount of time and then ter
nated by adding acidic ethanol. The precipitated polym
were washed with ethanol and then dried at 70◦C.

3. Results and discussion

3.1. Materials synthesis and characterization

We recently reported a methodology to synthesize
aminosilica material which behaves as if it has unifo
isolated amine functionalities[69]. Scheme 4shows the
patterning protocol developed. Using this unique patter
aminosilica material as a scaffold, potentially site-isola
organometallic catalysts can be prepared[70]. Scheme 5
shows a synthetic protocol that has been developed to
pare immobilized Ti–CGC-inspired species. The first ste
the synthesis of the supported complex is the reaction o
supported amine with chlorodimethyl(2,3,4,5-tetrameth
2,4-cyclopentadien-1-yl)silane (Cp-silane). After cont
with two aliquots of the silane, there is quantitative re
tion of the silane with the supported amines, as determ
by TGA and elemental analysis. When the same pro
dure is followed using a densely functionalized aminosili
only two-thirds of the amines react with the silane functio
ality. This is comparable to results reported in the lite
ture where following treatment withn-butyllithium, roughly
70% of the amine groups on a densely functionali
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Scheme 5.
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surface react with the chlorodimethyl(2,3,4,5-tetramethyl
2,4-cyclopentadien-1-yl)silane[46–48,66,67]. Thus, the ill-
defined nature of the densely loaded silica surface re
in multiple types of amine sites. In contrast, on the p
terned material, the amine sites behave in a more uni
manner. As previously reported, there is no reaction
the chlorodimethyl(2,3,4,5-tetramethyl-2,4-cyclopentad
1-yl)silane with capped, amine-free SBA-15, as verifi
again in this work via TGA and UV–vis[69]. In contrast,
contacting bare SBA-15 with excess Cp-silane resulte
a pink colored solid, with a loading of 1.07 mmol silane/g
solid. These results provide evidence that for reaction
amine-containing solids, the chlorosilane reacts with th
amine functionalities on the surface, and does not o
siloxane bridges.

A common synthetic route for the preparation of h
mogeneous metallocenes or CGCs utilizes an alkyl lith
reagent in the next step to deprotonate the Cp ring follo
by metallation with the metal tetrachloride salt. Howev
as noted previously, with silica-supported systems whe
single type of site is desired, alkyl lithium reagents mus
avoided. Hence, an alternate metallation strategy is requ
In this work, after functionalization by the tetramethylc
clopentadienyl silane (Cp′), the support is metallated v
an amine elimination method[74,75]. Additional metalla-
tion strategies, such as reaction of the ligand with CpM3
(Royo method), are also possible[76–79]. Following met-
allation, the diethylamine ligands on the titanium are
changed with chlorides, by contacting the complex w
trimethylsilyl chloride. Elemental analysis showed ess
tially quantitative metallation of the amines by the titaniu
(slightly above 100%, but potentially within experimental
ror). This compares to∼50% amine metallation on dense
functionalized materials, which is similar to results seen
literature reports[46,55,66,67]. The ligand exchange on th
patterned material (7) results in nearly quantitative conve
sion to the chloride form. Elemental analysis shows a c
.

ride loading of 0.72 mmol/g for the patterned material (8),
resulting in a chlorine to titanium ratio of 1.89 (ideal ra
= 2.0). A chloride loading of 0.95 mmol/g was determined
for the densely functionalized material (12), which yields
a Cl:Ti ratio of 1.81 (ideal ratio= 2.0). These Cl:Ti ratios
suggest that the protocol developed (Scheme 5) allows for
the titanium metal center to be supported with exchange
ligands intact. Overall, these elemental analysis results, s
marized inTable 1, provide evidence that the use of the no
support with isolated amines leads to a material with m
uniform sites than when traditional synthetic techniques a
used. However, the potential for side reactions, especial
the titanium source with traces of residual silanols dur
metallation, cannot be ruled out.

It could be theorized that the incomplete Cp-silane gr
ing and metallation found on the densely functionaliz
material is the result of steric constraints on the den
loaded aminosilica, rather than the formation of multi
types of sites with inherently different reactivities. In
attempt to probe this, a low-loading randomly function
ized aminosilica was synthesized by contacting 3-am
propyltrimethoxysilane with SBA-15, such that 0.46 mm
amine/g solid was supported, giving roughly the sa
amine loading as the patterned solid. Upon contacting
low-loading randomly functionalized aminosilica with chlo
rodimethyl(2,3,4,5-tetramethyl-2,4-cyclopentadien-1-yl)
ane, 0.32 mmol of silane/g solid was grafted onto the silic
surface, which corresponds to 70% of the amine reac
After metallation with tetrakis(diethylamino)titanium, el
mental analysis showed a titanium loading of 0.38 mmo/g
solid (material14). This corresponds to an amine metal
tion of 83%, which is higher than material13 but still less
than the quantitative metallation seen in8. However, this
level of metallation is also equivalent to 119% cyclop
tadienyl metallation. This result suggests the formation
multiple types of metal sites on the surface, as the titan
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Table 1
Material functionalization summary

Material Patterned
silica

Control11 Control12 Control13
(“dense”)

Control14
(“random”)

Material
description

Patterned
silica

Preformed
complex
on SBA

Stepwise
method using
n-BuLi

Stepwise
method without
alkyllithiums

Stepwise
method without
alkyllithiums

Amine loading
(mmol/g)

0.35a,b NA 1.25a 1.25a 0.46a

Cyclopentadienyl
loading (mmol/g)

0.35a,b NA 0.84a,b 0.81a,b 0.32a,b

Ti loading
(mmol/g)

0.38b 0.17b 0.65b 0.53b 0.38b

a Determined by TGA.
b Determined by EA.
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Table 2
N2 physisorption data

Sample BET surface area
(m2/g-SiO2)

Average pore
diametera (Å)

SBA-15 650 52
5 589 49
6 433 44
7 376 39

a Determined from desorption isotherms.

could react with surface silanols, amines on the surface
immobilized cyclopentadienyl functionalities.

These nonstoichiometric reactions on the densely
randomly loaded materials may be attributed to two poten
causes. First, the randomly and densely functionalized s
could indeed have amine sites with different reactivities
hypothesized in our previous report[69]. Or, an alternate
cause for this behavior could be the steric constraints
parted by amine sites that exist on the surface in patches
at low loadings[80]. After the first few amine sites in a re
gion react with the Cp-silane moiety, there simply may
be enough room for additional Cp-silane molecules to re
with adjacent unreacted amines. Additional studies prob
these two hypotheses are underway.

Nitrogen physisorption was used to characterize the s
framework throughout the synthesis. The results are s
marized inTable 2. The surface area and average pore
ameter decrease upon functionalization of the amine
the cyclopentadienyl functionality, and then decrease a
upon metallation with the titanium source. As the me
porous pore structure is still present, significant pore blo
age has not occurred during functionalization. However,
decrease in average pore diameter (from 52 to 39 Å) d
show that Ti–CGC-inspired sites were constructed in
pores or along the pore openings.

The materials were also characterized by13C and29Si
CP-MAS NMR.Fig. 1 shows the29Si CPMAS NMR spec-
tra of the patterned materials5, 6, and8. In each spectra, th
resonances for the Q2, Q3, and Q4 silicon resonances ca
be seen at−92, −100, and−107 ppm, respectively[81].
n

Fig. 1. 29Si CP-MAS NMR spectra of patterned aminosilica (5),
patterned cyclopentadienyl-functionalized SBA-15 (6), and metallated
Ti–CGC-inspired material (8).

The alkyl linkages to the surface can be characterized
the Si–C bond resonances. These resonances, seen a−45,
−56, and−67 ppm, correspond to the reaction of 1, 2, an
silylmethoxy groups with the surface silanols[82]. The peak
at 14 ppm is associated with the Si–C bond found in
capping agent and on the cyclopentadienyl functionality.
though peak heights should not be used to make conclus
since CPMAS NMR is not a quantitative technique, the pr
ence of the signals discussed above suggests the form
of a covalently immobilized surface species.

The13C NMR spectrum inFig. 2shows the result of th
reaction of the cyclopentadienyl functionality with the p
terned aminosilica (6). Also illustrated is the spectrum of th
metallated solid after ligand exchange (8). Specific band as
signments are given inTable 3. These NMR spectra sho
that the expected carbon-containing surface functionalitie
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Fig. 2. 13C CP-MAS NMR spectra of patterned cyclopentadienyl
functionalized SBA-15 (6) and metallated Ti–CGC-inspired material (8).

Table 3
13C CP-MAS assignments for6 and8

Assignment Resonance (ppm

Capping agent: –Si–(CH3)x 0
Propyl linker: –Si–CH2–CH2
Cp′ring substituents: (CH3)4C5

10–14

Propyl linker: –CH2–CH2–CH2
Cp′ring substituents: (CH3)4C5

20–25

Propyl linker: –N–CH2–CH2 43
Methoxy: –OCH3 50
Cp′ring: (CH3)4C5 128

In the spectra, resonance at 67 ppm is a spinning side band o
–Si–(CH3)x resonance.

are present, although even with the use of cross-polariz
techniques, the signal to noise ratio is poor. The impor
resonances present include the carbons in the tetrameth
clopentadienyl functionality, which can be found at 10–14
20–25, and 128 ppm. Upon metallation and ligand excha
-

,

little change is expected in the13C NMR spectra. Therefore
complementary techniques must be used to further prob
structure of the metallated materials.

Hence, FT-Raman spectroscopy has been also us
characterize the materials. The spectrum of the patte
aminosilica (5) is shown in Fig. 3. The large signals a
∼2900 cm−1 are associated with aliphatic C–H stretch
from the patterned amine and capping agent. The small pea
at ∼3050 cm−1 corresponds with aromatic C–H stretch
due to a small fraction of the trityl imine remaining o
the surface. Upon reaction with the cyclopentadienyl sil
(material6), the signals corresponding to aliphatic carbo
hydrogen vibration (∼2900 cm−1) increase as expecte
The small amount of aromatic vibrations at 3050 cm−1 is
still apparent as well. Upon metallation (material8), a sig-
nificant change in the spectra was not expected nor s
as the organic groups on the surface should not cha
The disappearance of some peaks (i.e., the unreacted trit
imine C–H stretches at 3050 cm−1) might be attribut-
able to the reactivity of the residual trityl groups with the
tetrakis(diethylamino)titanium. Alternately, the loss of the
signals may be an artifact of the poorer signal to noise r
and elevated baseline associated with sample fluorescen
of the metallated material. It is noteworthy that the spect
of the metallated species cannot always be obtained d
fluorescence resulting from the dark orange-brown colo
the supported Ti–CGC complex. The combined data f
the above techniques are consistent with the presence o
intended surface organic functionalities on the surface. H
ever, as in previous works, little information has been gai
concerning the bonding of the transition metal atoms[27,
46–48,58,61].

Characterization of the supported complexes is diffi
due to the fact that traditional techniques such as NM
FTIR, and FT-Raman rarely give useful information co
cerning the bonding of many transition metal centers w
the metal species are present at such low concentra
Hence, in this work, the materials were also character
by UV–vis spectroscopy in an attempt to elucidate the s
Fig. 3. FT-Raman spectra of patterned aminosilica (5), patterned cyclopentadienyl-functionalized SBA-15 (6), and metallated Ti–CGC-inspired material (8).
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Fig. 4. Diffuse reflectance UV–vis spectra of bare SBA-15, patterned aminosilica (5), patterned cyclopentadienyl-functionalized SBA-15 (6), and metallated
Ti–CGC-inspired material (8).
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ciation of the metal center (spectra shown inFig. 4). The
UV–vis spectrum for the bare SBA-15 silica has a peak
sorbance at 220 nm and a smaller signal at 260 nm.
patterned aminosilica has a broader peak at 220 nm a
shoulder that starts at approximately 240 nm. After reaction
of the amines with cyclopentadienyl silane, the spectr
changes further. The peak absorbance seen in material6 at
310 nm is assigned to aπ to π∗ transition of the cyclopenta
dienyl functionality[83]. Upon metallation to produce mat
rial (8), the characteristic UV–vis signals change to a pea
245 nm, likely a transition of the titanium metal center, a
a ligand to metal charge transfer (LMCT) signal (from t
complexed cyclopentadienyl ligand to the titanium) appe
ing as a shoulder at 330 nm[83].

To attempt to make more definitive assignments, spe
were obtained for several control materials. Two homo
neous CGC complexes (Scheme 6) were prepared and the
UV–vis spectra were obtained. The spectra of the patte
material8 and homogeneous complexes9 and10 are shown
in Fig. 5. The homogeneous CGC complex (9) has a peak a
260 nm and a shoulder can be seen at about 335 nm. T
transitions are similar to the ones seen in material8. The
e

Scheme 6.

homogeneous CGC complex (10) has a different spectrum
than the other two materials. It has a single broad signal ce
tered at 265 nm, with no the shoulder at 330 nm obser
The transitions at 260 nm for the complexes in the homo
neous solution can be assigned to a transition involving
metal center. The large peak near 200 nm seen in both
mogeneous samples is the result of theλend of the solvent,
hexanes. In the supported Ti–CGC (8), there is a broad sig
nal with a maximum intensity at 245 nm. It is unclear as
the exact structure to which this transition can be assig
Fig. 5. UV–vis spectra of metallated Ti–CGC-inspired material (8), homogeneous CGC complex (9), and homogeneous CGC complex (10).
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Fig. 6. Diffuse–reflectance UV–vis spectra of metallated Ti–CGC-insp
material (8), control material (11), control material (12), and control mate
rial (13).

The breadth of the peak could suggest that it may be
amalgamation of the 220 nm signal seen in the silica s
port (Fig. 4) and the transition from titanium (expected
appear around 260 nm). The homogeneous complex9 and
the patterned material8 both contain the shoulder at 330 n
a region where the LMCT from the Cp ring to the Ti is e
pected to appear. It is noteworthy that this band appea
both samples that contain Ti–Cl ligands (8, 9) but it is absen
in the material with Ti–amine ligands (10).

Although the similarity between the spectra for the
mogeneous control material and the supported compl
is promising, definitive assignments cannot be made u
the spectra of several potential structures that could re
from side-reactions during the synthesis are examined
addition, the CGC-inspired materials made via traditio
techniques need to be probed.

Fig. 6 shows a comparison of the UV–vis spectra
the patterned material8 to those of several titanium CGC
inspired control materials. Solid control material11 was
made by supporting the preformed homogeneous com
on silica following Eisen’s protocol[27]. Control material
12 was made following Pakkanen’s method that utilize
stepwise grafting approach includingn-butyllithium in the
treatments[46–48]. Finally, the control materials13 (high
loading) and14 (low loading) were made using the sam
protocol as shown inScheme 5, with the exception that
densely or randomly functionalized aminosilica support in
stead of the patterned aminosilica was used. In all of
metallated materials, there is a broad signal centered ar
240 nm. In control material11, a material that contains su
ported Ti–amine species, the transition seen in the hom
neous complex9 at 330 nm is notably absent. In contra
in materials8 and13, materials that are chloride exchang
this band is quite strong. Based on UV–vis analysis, the
terned material8 and all the control materials11, 13, and
14 appear qualitatively similar to the homogeneous analo
10. Only then-butyllithium-treated material,12, stands ou
as distinctly different, with virtually no intensity beyond 30
nm.
t

d

-

Fig. 7. Diffuse–reflectance UV–vis spectra of metallated Ti–CGC-insp
material (8) and titanium dioxide.

Fig. 8. Diffuse–reflectance UV–vis spectra of metallated Ti–CGC-insp
material (8), Ti(NEt2)4-treated SBA-15, and calcined Ti(NEt2)4-treated
SBA-15.

The supported CGC-inspired complex8 was also com
pared to additional titanium-containing materials. One s
ple was synthesized by contacting tetrakis(diethylami
titanium with SBA-15, to give a material that shou
contain Ti–O–Si linkages[84], species that might be ex
pected if the titanium source reacted with any resid
silanols. The UV–vis spectra were taken of this sample
fore (contains Ti–N and Ti–O linkages) and after (conta
only Ti–O linkages) calcinations in air. An additional co
trol material was synthesized by contacting homogene
complex9 with bare SBA-15 and capped SBA-15. The
nal material was titanium dioxide (anatase). The spect
of TiO2 shows a strong signal at 235 nm, which correspo
to tetrahedrally coordinated titanium, and at 330 nm, wh
is characteristic of octahedrally coordinated titanium[85].
A comparison of the spectrum of this material with that
8 can be seen inFig. 7. The tetrakis(diethylamino)titanium
contacted silica control material has a peak absorptio
240 nm, similar to the transition seen in8 (Fig. 8). As in
the supported CGC case, this broad peak is likely the re
of the signal from the silica support and a transition ass
ated with titanium. Additionally, there is a strong signal
410 nm, possibly the result of the formation of octahed
Ti–O structures[85,86]. There is also a shoulder prese
around 310 nm. After calcination in air at 100◦C, the sig-
nal at 240 nm broadens but is still present as is the pe
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Fig. 9. Diffuse–reflectance UV–vis spectra of metallated Ti–CGC-insp
material (8), homogeneous control (9) on bare SBA, and homogeneous co
trol (9) on capped SBA.

410 nm (shown inFig. 8). However, the shoulder at 310 n
is less apparent. When the calcination was carried ou
300◦C, the UV–vis spectrum (not shown) is identical
material that was calcined at 100◦C. Overall, the patterne
CGC-inspired material appears distinctly different from t
control material, especially in the region near 400 nm.

The homogeneous complex9 was contacted with bot
bare and capped SBA-15 to try and produce a mate
with Ti–CGC species but with direct complex–silanol
complex–siloxane bridge interactions. The spectra of the
sulting solid can be seen inFig. 9, along with the spectrum
for material8. Both materials containing complex9 and sil-
ica have a broad peak spanning from 220 to 260 nm
addition, a shoulder is present at around 330 nm, as
in the spectrum of the homogeneous complex9 in solution.
Overall, it is evident that the spectra for both materials
strikingly similar to the CGC-inspired material8, provid-
ing evidence that the intended CGC structure may have
formed in the patterned material.

While the UV–vis spectrum of the patterned mate
is consistent with the formation of a constrained-geom
catalyst structure being synthesized on the surface, con
sive assignments of the ligand structure around the tita
nium based solely on the spectroscopic evidence prese
above cannot be made. The transitions associated with
CGC structure are also roughly comparable with many o
Ti coordinations with wholly inorganic ligands, for exam
ple, titanium dioxide and the material made by contact
tetrakis(diethylamino)titanium with silica followed by ca
cination. However, these materials show no significant
alytic activity for the polymerization of ethylene. Titaniu
dioxide only produced trace amounts of polymer and
polymer was formed using the tetrakis(diethylamino)t
nium solid. This is in stark contrast to the CGC-inspir
materials as noted below.

Through the characterization techniques discussed ab
the confirmation of CGC sites cannot be explicitly prov
although the similarity between the UV–vis spectra of8 and
the homogeneous CGC in solution9 is consistent with the
hypothesis that immobilized CGC sites were formed. W
these data are combined with the inactivity of supported
-

d

,

tanium species with wholly inorganic ligands, it shows t
the active Ti species supported via the new protocol de
oped are very likely ligated by organic ligands. Addition
characterization directly probing the metal center is und
way.

3.2. Ethylene polymerization

The catalytic activity of the materials was evaluated i
the polymerization of ethylene.The patterned materials we
again compared to the control materials described ab
homogeneous analogs9 and 10 synthesized following lit-
erature methods[27]; a solid control material11 made by
supporting the preformed homogeneous complex on s
following Eisen’s protocol[27]; control material12 made
following Pakkanen’s method that utilizes a stepwise gr
ing approach includingn-butyllithium in the treatments
[46–48]; and control material13 was made using the sam
protocol as shown inScheme 5, with the exception that a
densely functionalized aminosilica support instead of th
patterned aminosilica was used. Control14 is identical to
13 except a randomly functionalized aminosilica with
lower amine loading was used as the scaffold for the C
Scheme 7depicts cartoons of the various supported con
materials used in this study.3 The results of ethylene poly
merizations utilizing MAO as a co-catalyst are compiled
Table 4. The patterned catalyst was found to have an acti
of 16–20 kg polymer/(mol-Tih). In comparison to the mate
rials made from densely-loaded aminosilica (12, 13, 14), the
patterned material has an activity that is 4–5 times hig
However, the activity of control11 was found to be highe
than the patterned material. As this material is believe
produce a distribution of sites[27], including some metal–
surface interactions, this result was interesting.

In considering these data, it is important to note that M
is capable of leaching organometallic species from the
ica support[29,64,87–89]. To test whether this phenomen
was affecting the precatalysts used in this work, leach
studies were undertaken. The precatalyst was contacted wi
MAO (800:1 Al:Ti) and toluene in a dry box. The resultin
solution was allowed to stir for 20 min, and then the ca
lyst was removed by filtration. The filtrate was then adde
the reactor with an additional portion of MAO. This solutio
was subsequently exposed to ethylene (60 psig) using
typical polymerization protocol. If the MAO caused leachin
of the organometallic complex from the surface, the filtr
should be active in ethylene polymerization. The result
these studies are depicted inFig. 10.

It is important to note that it is difficult to accurately d
termine the amount ofactive titanium which leached from
the solid. As the leached complexes can be much more a
tive than the supported species, a small fraction of the m

3 The cartoons depict hypothesized surface structures for11–14. There
is no direct evidence that these specific titanium sites are formed—the
derived from chemical intuition.
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Scheme 7.

Table 4
Ethylene polymerization using MAO as a co-catalyst

Entry Catalyst Ti loadinga

(mmol/gcat)
Activation
time (min)

Total productivityb

(kg-PE/(mol-Ti h))
MW
(× 105)

PDI

1 8 patterned 0.38 60 15.8 5.7 2.4
2 8 patterned 0.38 20 19.7 8.9 2.3
3 9 control 2.83 20 11.4 – –
4 9 control 2.83 20 13.5 – –
5 10 control 1.6 20 6 – –
6 10 control 1.6 20 5.8 – –
7 11 control 0.17 20 26.5 7.8 2.3
8 12 control 0.65 60 4.1 – –
9 12 control 0.65 20 4.2 – –

10 13 control 0.53 60 4.5 – –
11 13 control 0.53 20 5.7 4.1 4.6
12 13 control 0.53 20 5.9 2.5 5.1
13 14 control 0.38 20 5.4 – –

a Titanium loadings determined by elemental analysis.
b Polymerization conditions:T = 25◦C; co-catalyst, MAO; Al/Ti = 800; solvent, toluene; ethylene pressure, 60 psi; reaction time, 10 min.
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sites may leach (and an even smaller fraction may actu
be active) yet they may provide almost all of the activity o
served using the solid catalyst. To determine the amou
leaching from the solid, a nominal activity was calculated
based on the total amount of titanium in the solid contac
with the MAO and toluene. By calculating an activity bas
on the total titanium in a given sample, the percentag
supported activity for a given solid resulting from leaching
can be estimated. The results of these experiments sh
be viewed as a lower bound on the activity of the leac
species. The activated species are extremely sensitive
although all manipulations are performed in a dry box, i
possible there is deactivation through handling.

The patterned catalyst shows that at least 20–30% o
activity is the result of leached species. The control cata
made via a stepwise approach also shows approximatel
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Fig. 10. Comparison of the polyethylene productivity of the supported catalysts with the leached filtrate using methylaluminoxane as a co-catalyst.
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30% of its activity resulting from leached species. The ot
control materials showed that a greater percentage of
activity could be attributed toleaching. Approximately 50%
of the activity of the densely functionalized control (13) may
be attributed to leached species. Almost 90% of the act
of the catalyst made via preformed complex addition (11)
is attributed to leaching. Thus, this material is more ac
than the patterned materialbecause highly active, leache
Ti species are produced. These results show the signifi
impact leaching can have on this type of polymerization s
tem. The fact that at least 20% of the activity of the patter
catalyst can be attributed to leached metal complex mak
difficult to make conclusions as to the effect of the patter
scaffold on a supported CGC. Thus, molecular level ins
into the supported Ti–CGC-inspired catalysts will likely n
be achieved when using MAO as the co-catalyst.

It would be preferable to have a system in which
leaching was negligible ornonexistent. In recent year
it has been shown that an effective class of co-catal
for metallocenes/constrained-geometry catalysts are b
rane/alkylaluminum systems[90,91]. In many borane-acti
vated polymerizations, the supported precatalyst is contact
with a molecular borane (i.e., tris[pentafluorylphenyl]bora
and a trialkylaluminum (trimethylaluminum or triisobutyl
luminum). An advantage of these types of systems is tha
combination of molecular species is more well-defined tha
the oligomeric MAO activator[92]. Leaching experiment
were carried out in a similar manner to those descri
above. The solid precatalysts were contacted with tolu
and trimethylaluminum or triisobutylaluminum in the d
box. After allowing the solution to stir for 30 min, the sol
was removed by filtration. The filtrate was then added to
reactor with an aliquot of MAO. This mixture was then e
posed to ethylene (60 psig) using the typical polymeriza
protocol. There was no polymer formed from the filtra
suggesting that the alkylaluminums do not leach active ca
alytic sites from the silica. Studies were also underta
to determine whether the borane/alkylaluminum syste
t

leached inactive titanium species. After contacting the
terned catalyst with trimethylaluminum and toluene as
the leaching studies, the filtrate and solid were analyzed fo
titanium. No titanium was detectable in solution by elem
tal analysis, with a resolution of 5 ppm. Additionally, th
patterned catalyst was contacted with trimethylaluminum
and tris[pentafluorylphenyl]borane, and the solid was
moved by filtration. The titanium content of the filtrate w
determined by elemental analysis, which again showed
detectable titanium present. This suggests that using th
rane/trialkylaluminum co-catalyst systems will allow for t
productivity of the immobilized species to be more ac
rately evaluated.

Fig. 11depicts the results of the polymerizations utilizi
TMA and TIBA in conjunction with tris[pentafluorylphen
yl]borane as an activator. The same data are tabulate
Table 5along with physical properties of the polymers p
duced. Given that this co-catalyst system does not c
detectable leaching of active species, catalytic results wit
this system are likely attributable to immobilized catalyst

Using the borane/trialkylaluminum systems, the p
terned system was observed to be significantly more ac
than the control materials, including the two homogene
controls9 and10. This mirrors the results seen in the MA
study. The results also give insight into the unexpecte
high activity of11 using MAO as co-catalyst—most of th
activity is attributable to leached species. As the alkyla
minums do not leach the metal complex from the surfa
the activity of11 is greatly decreasedcompared to the MAO
polymerizations. In fact, the activity of the patterned m
terial appears to be slightlyenhanced when using a bora
co-catalyst. Indeed, there is ample precedence in the li
ture for activities to be significantly influenced by the nat
of the co-catalyst[93,94].

The combination of characterization and polymerizat
studies show that using a patterned aminosilica as a
fold for the preparation of a CGC-inspired complex allo
for a material which is significantly more active than ca
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ime,
Fig. 11. Polyethylene productivity of the precatalysts using tris(pentafluorophenyl)borane and trimethylaluminum or triethylaluminum as a co-catalyst.

Table 5
Ethylene polymerization using borane/alkylaluminum co-catalysts

Entry Catalyst Ti loadinga

(mmol/gcat)
Alkyl
aluminum

Productivityd

(kg-PE/(mol-Ti h))
Tm
(◦C)

Mw
(polymer)

PDI

1 8 patterned 0.38 TMAb 28.7 134.1 660,000 3.1
2 8 patterned 0.38 TIBAc 24.8 133.8 1,000,000 1.9
3 9 control 2.83 TMA 15.6 – – –
4 9 control 2.83 TIBA 21.4 – – –
5 10 control 1.6 TMA 18.4 133.9 – –
6 10 control 1.6 TIBA 19.8 132.8 470,000 2.8
7 11 control 0.17 TMA 4.2 131.5 – –
8 11 control 0.17 TIBA 5.1 132.6 620,000 2.5
9 12 control 0.65 TMA 1.5 131.9 – –

10 12 control 0.65 TIBA 2.2 133.2 – –
11 13 control 0.53 TMA 2.7 133.5 500,000 Broad
12 13 control 0.53 TIBA 1.5 133.1 1,000,000 2
13 14 control 0.38 TMA 4.3 – – –
14 14 control 0.38 TIBA 2.3 – – –

a Titanium loadings determined by elemental analysis.
b TMA, trimethylaluminum.
c TIBA, triisobutylaluminum.
d Polymerization conditions:T = 25◦C; co-catalyst, tris(pentafluorophenyl)borane; Al/Ti = 400; solvent, toluene; ethylene pressure, 60 psi; reaction t

10 min.
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alysts assembled on densely functionalized materials.
patterned silica allows for sites which may be uniform a
isolated to be synthesized, although the exact mecha
for the increased reactivity is not yet certain. One poss
explanation is that the patterning protocol produces a m
center that cannot interact with free amines on the surfac
the data suggest essentially all of the amines are functio
ized, in contrast to the densely and randomly functional
materials (12–14). To elucidate the impact of excess amin
the catalytic productivity of the materials with free amines
solution was determined. The catalysts were activated as
cussed above, using both MAO and borane/alkylalumin
systems. After activation of the catalyst, propyl amine (20
N:Ti) was added to the mixture, which was then expo
to ethylene as previously described. The results are sum
rized inTable 6. In comparison to the catalytic results sho
s
-

-

-

in Tables 4 and 5, adding free amine to the polymerizati
caused a significant decrease in the productivity of the
alysts. As the free amines can ligate to the metal cent
is possible that the open site on the titanium necessar
monomer coordination is filled by the propyl amine. Wh
the presence of the co-catalyst in the polymerization
continue to create the necessary active species, the am
shown to reduce the efficiency of this process. These re
may suggest an explanation for the decreased activity o
densely functionalized materials compared to the patte
catalysts. It is possible that the supported metal center
teract with amines in close proximity on the surface, form
ing a less active catalytic site. Indeed, in another work,
have recently shown that complexes that are formed thro
interaction of Zr with Cp and amine groups that are not
rectly linked are substantially less active than catalysts
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Table 6
Ethylene polymerization with added free amine

Entry Catalyst Ti loadinga

(mmol/gcat)
Cocatalyst Amine

equiva-
lents

Productivitye

(kg-PE/
(mol-Ti h))

1 8 patterned 0.38 Boraneb/TMAc 200 6.3
2 8 patterned 0.38 Boraneb/TMAd 200 6.9
3 8 patterned 0.38 MAO 200 5.1
4 9 control 2.83 Boraneb/TMAc 200 0.5
5 9 control 2.83 Boraneb/TMAd 200 Trace
6 9 control 2.83 MAO 200 Trace
7 13 control 0.53 Boraneb/TMAc 200 1.0
8 13 control 0.53 Boraneb/TMAd 200 Trace
9 13 control 0.53 MAO 200 0.7
7 14 control 0.38 Boraneb/TMAc 200 1.6
8 14 control 0.38 Boraneb/TMAd 200 2.4
9 14 control 0.38 MAO 200 1.1

a Titanium loadings determined by elemental analysis.
b Borane, tris(pentafluorophenyl)borane.
c TMA, trimethylaluminum.
d TIBA, triisobutylaluminum.
e Polymerization conditions:T = 25◦C; solvent, toluene; ethylene pre

sure, 60 psi; reaction time, 10 min.

have the true CGC structure[79]. However, it is highly un-
likely that this can completely explain the decreased r
over the nonpatterned catalysts. It is noteworthy that
eq of added amine reduced the activity of8 by 80%. How-
ever, this reduced activitywas still 50–150% higher than th
densely loaded material in the absence of added amine
the dense material has roughly 0.5 eq of extra surface am
(compared 200× excess in the homogeneous case descr
above) and the amines are not as mobile as the homogen
amines, it is clear that the additional amine cannot acc
for all or even most of the observed activity difference.

It is noteworthy that the patterned material8 is found be
unique in two aspects—the quantitative nature of the c
plex synthesis on the surface (e.g., metallation efficienc
∼ 1 Ti:N) and its catalytic productivity. This supports th
hypothesis that preparation of accessible, potentially m
uniform surface species is the likely cause of the obse
elevated productivity (in lieu of the preparation of differe
more active species on the patterned aminosilica).4 The iso-
lation could improve polymerization activity by allowing fo
more efficient and complete activation of the metal cen
It could also allow for faster diffusion of the monomer
the reactive center. At this point, it is difficult to determi
whether the spatial patterning, removal of surface silan
through capping, or some combination of the two make
patterned precatalyst a more active species than the contr
materials. Work is currently underway to help shed light
this issue.

It should be noted that there are limitations associa
with the polymerization reactor used in the work repor

4 Utilizing the patterned aminosilica support in conjunction with a d
ferent metallation strategy, the evidence supports the formation of differen
more active transition metal species on the silica surface[79].
s

s

here. The activity was determined by collecting the po
mer produced in the reactor and averaging this product
over the time of monomer exposure. Through this meth
it is impossible to determine the initial activity, deactivati
rates, or steady-state productivity of the catalysts. It is de
able to be able to monitor the activity of the catalyst throu
out the duration of the polymerization. This will allow fo
better conclusions to be drawn regarding the performanc
the patterned catalyst versus the control materials. Exper
ments along these lines are underway.

4. Conclusions

An immobilized Ti constrained-geometry-inspired ca
lyst was prepared using a well-defined, site-isolated am
silica. In using this patterned aminosilica, the synthesis
well-defined, single-sited immobilized Ti–CGC species w
desired. The functionalization of the patterned silica p
ceeded at practically quantitative conversion, unlike w
traditionally prepared aminosilica materials were used
scaffolds. The synthesis of the supported complexes
evaluated at each stage by multiple techniques. The co
lation of data is consistent with the formation of the desi
species on the silica surface, although definitive proo
sites with the CGC structure could not be obtained. W
UV–vis spectroscopy provided evidence that the immo
lized metallated species could have the CGC structure,
clusive assignment of thetitanium bonding could not b
made due to similarities of the spectra of the CGC-insp
materials and the control materials. Indeed, it appears
UV–vis spectroscopy, while helpful, may not be the b
probe for elucidating the titanium bonding in these syste

The ethylene polymerization productivity of the pattern
catalyst was compared to control materials made by lit
ture protocols. Using MAO as a co-catalyst, the patter
material was significantly more productive than most of
control materials. However, these results are skewed by
leaching phenomenon caused by interaction of the M
with the supported materials. As such, this yields an
biguous system, making analysis of the immobilized spe
difficult. To truly compare the supported materials, a
rane/alkylaluminum co-catalyst system was used, which
not cause detectable leaching in the catalysts studied. Usin
tris(pentafluorophenyl)borane, along with either trimethy
luminum or triisobutylaluminum, it was found that the pa
terned materials have a productivity of 5–10 times tha
any solid supported control material evaluated here.

These polymerization results, when combined with
synthesis and characterization data, suggest that the
terned aminosilica scaffold yields a polymerization cata
which behaves as if its sites are more accessible and uni
than those resulting from literature protocols. This relativ
well-defined system is a good candidate for future struct
studies.
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