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Abstract The Phillips Cr/silica catalyst, discovered by Hogan and Banks at the

Phillips Petroleum Company in the early 1950s, is one of the most important

industrial catalysts for polyethylene production. In contrast to its great commercial

success during the past half-century, academic progress regarding a basic under-

standing of the nature of the active sites and polymerization mechanisms is lagging

far behind. During the last decade, increasing research efforts have been performed

on the Phillips catalyst through various approaches, including spectroscopic

methods, polymerization kinetics, heterogeneous model catalysts, homogeneous

model catalysts, and molecular modeling. Much deeper mechanistic understanding,

together with successive catalyst innovations through modifications of the Phillips

catalyst, has been achieved.
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Abbreviations

AFM Atomic force microscope

BC Bis(triphenylsilyl) chromate

BE Binding energy

Cp Cyclopentadienyl

DCB-d4 1,2-dichlorobenzene-d4
DEAE Diethylaluminum ethoxide

DFT Density functional theory

DRIFTS Diffuse reflectance infrared Fourier transform spectroscopy

DRS Diffuse reflectance spectroscopy

DSC Differential scanning calorimetry

EDS Energy dispersive spectrometer

EPMA Electron probe microanalysis

EPR Electron paramagnetic resonance

ESR Electron spin resonance

EXAFS Extended X-ray absorption fine structure

FTIR Fourier transform infrared

FWHM Full width at half maximum

GC-MS Gas chromatography–mass spectrometry

GPC Gel permeation chromatography

HDPE High density polyethylene

HMDS Hexamethyldisilazane
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LA-MS Laser ablation–mass spectrometry

LDI-MS Laser desorption/ionization–mass spectrometry

m/z Mass to charge ratio

MALDI-TOF Matrix-assisted laser desorption/ionization time of flight

MAO Methylaluminoxane

MAS Magic angle spin

MECP Minimum energy crossing point

MW Molecular weight

MW Weight average molecular weight

MWD Molecular weight distribution

NMR Nuclear magnetic resonance

ONIOM Our own n-layered integrated molecular orbital and molecular

mechanics

PDI Polydispersity index

PE Polyethylene

Ph Phenyl

PIXE Proton induced X-ray emission

POSS Polyhedral oligomeric silsesquioxanes

RBS Rutherford backscattering spectrometry

RT Room temperature

SCB Short-chain branch

SEM Scanning electron microscopy

SIMS Secondary ion mass spectroscopy

SSA Successive self-nucleation and annealing

TCB 1,2,4-Trichlorobenzene

TEA Triethylaluminum

TEB Triethylborane

TEMPO 2,2,6,6-Tetramethylpiperidine-N-oxyl
TG-DTA Thermogravimetry–differential thermal analysis

THF Tetrahydrofuran

TiBA Triisobutylaluminum

Tm Melting temperature

TPD-MS Temperature-programmed desorption–mass spectrometry

TPR Temperature-programmed reduction

TPS Triphenylsilanol

TREF Temperature rising elution fractionation

UV-vis Ultraviolet–visible

XANES X-ray absorption near edge structure

XAS X-ray absorption spectroscopy

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction
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1 Introduction

The discovery of Ziegler–Natta catalysts for olefin polymerization in 1953 was one of

the most important achievements in the field of synthetic polymer chemistry during

the past 60 years. Parallel to the discovery, another important catalyst for polyethyl-

ene production, SiO2-supported inorganic chromium oxide, known as Phillips cata-

lyst, was also discovered and commercially applied on a large scale [1–4]. Nowadays,

this catalyst is used to produce over 10 million tons of high-density polyethylene

(HDPE), accounting for about half of the world’s market. Compared with the

Ziegler–Natta and metallocene catalysts, the Phillips catalyst exhibits unique poly-

merization behaviors and can produce PE with distinctive polymer chain

microstructures. The catalyst is known to be highly active for ethylene polymeriza-

tion with or without using organometallic cocatalysts or a preliminary activation step

using organometallic cocatalysts or any other reducing agents (such as CO or H2). Its

HDPE products feature an ultrabroad molecular weight distribution (MWD; the

typical polydispersity index is larger than 10), small amount of long chain branches

and a vinyl end-group for each PE chain. The products show high melt strength and

are especially applicable for blowmolding products like hollow containers. In the last

few decades, the applications for exclusive Phillips HDPE products, including

gasoline tanks for the automobile industry and ultralarge plastic containers and

pipes, have experienced a successively increasing market demand.

Compared with the great success in commercial applications, academic progress

on the Phillips catalyst is lagging far behind, in spite of numerous research efforts

during the past 60 years. Aspects of the Phillips catalyst concerning the formation,

structure, oxidation state of active sites, and polymerization mechanisms, especially

the initiation mechanism, are still mysterious. The difficulties for basic studies on

this important industrial catalyst system are mainly derived from the low percent-

age of active Cr species, the complexity of heterogeneous catalyst systems, the

multiple valence states of Cr, the instant encapsulation of active sites by produced

polymer, and the ultrafast polymerization rate.

Application of the Phillips catalyst in ethylene polymerization includes two

important processes: catalyst preparation and catalyst activation through reduction.

The catalyst is usually prepared by impregnation of an aqueous solution of chro-

mium compound, such as chromate acetate, on porous amorphous silica gel, and

subsequent calcination at high temperatures between 300 and 900�C in oxygen or

dry air. It is generally accepted that chromate acetate first decomposes and is

oxidized into bulk CrO3. This is followed by a reaction with surface hydroxyl

groups on silica gel during the calcination process, through which chromium

compound could be highly dispersed and stabilized as surface hexavalent chromate

species, i.e., monochromate, dichromate, and sometimes even polychromate, as

illustrated in Scheme 1 [2, 5–9]. As for the reductive activation process for ethylene

polymerization, the hexavalent chromate species is transferred into a lower oxida-

tion state, i.e., divalent Cr(II) species, as the final active precursor for ethylene

polymerization by ethylene monomer (C2H4), carbon monoxide (CO), Al-alkyl

cocatalysts (e.g., TEA), or even other reducing agents.
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Because the Phillips catalyst is unique for its metal-alkyl-free feature in both the

catalyst preparation and subsequent polymerization processes, ethylene monomer

could play a key role in the activation through reduction of the hexavalent chromate

species into surface-stabilized Cr(II) species [Cr(II)Ox,surf] as the final active

precursor, followed by initiation of ethylene polymerization through alkylation of

the Cr(II) center during the initial stage, in which an induction period is usually

observed after the introduction of ethylene monomer at usual operating

temperatures (lower than 150�C) [2, 6, 10]. The initiation mechanism in terms of

an alkylation of the Cr(II) center by ethylene monomer, followed by the propaga-

tion of the first polyethylene chain is the most interesting and important academic

question awaiting further exploration [2, 11]. Scheme 2 shows various initiation

mechanisms that have been proposed on the basis of either pure speculation or

controversial evidence:

1. Arguments on Cr-alkylidene species (Cr-carbene) [12, 13] and contradictory IR

band assignments of the C–H bond vibration in a possible Cr-alkylidene species

[14, 15] are still continuing. Therefore, the active sites concerned with

Cr-alkylidene species (5a, 7a, 8a, 10a, 11a) [12, 14, 16, 17] under a supposed

modified Ivin–Rooney–Green chain propagation [13, 18] still lack conclusive

evidence.

Scheme 1 Plausible structures of surface-stabilized hexavalent chromate species Cr(VI)Ox,surf on

the silica surface of the Phillips Cr/silica catalyst (n � 1)

Scheme 2 Various initiation mechanisms proposed in the literature for ethylene polymerization

over the pre-reduced Phillips Cr(II)Ox/SiO2 catalyst
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2. The low IR detectability of any possible methyl end groups in the initial growing

polymer chains [17, 19–21] on the active sites also sheds great doubts on those

proposed active sites relating to metallacyclic species (4a, 9a, 12a) [16–18, 22, 23].

3. The models (2a, 3a, 6a) [24] involving a proposed Cossee–Arlman chain

propagation [25], with either Cr–C or Cr–H as active sites similar to conven-

tional Ziegler–Natta catalysts, still hold the most popularity [2, 11], although the

origin of the first hydride scrambling is still obscure (e.g., for 2a). These models

are mainly speculated from the chain configuration of Phillips polyethylene

chains featuring one vinyl and one methyl group on each chain end. The vinyl

chain end is thought to be derived from chain transfer through β-hydride
elimination during a Cossee–Arlman chain propagation.

In the polyolefin industry, there exists a strong driving force for development

of new catalysts with better performance and improvements in the structures and

properties of PE products through successive catalyst innovations of the tradi-

tional Phillips catalyst [2–4, 11]. During the past 60 years, several modified

Phillips catalysts have been successfully developed and commercialized through

surface modification of the silica support and catalyst with Ti, F, Al, or B

compounds, more or less based on the progress in the academic field, although

innovation regarding this catalyst is very limited. Another important commercial

silica-supported Cr-based HDPE catalyst is Union Carbide’s silyl chromate S-2

catalyst, which is solely applied in the gas phase UNIPOL polymerization pro-

cesses [26]. This catalyst is usually prepared by chemisorption of bis

(triphenylsilyl) chromate (BC) on partially dehydrated silica gel at around

600�C. Due to its similar structure and performance compared with the Phillips

catalyst, in our opinion it could be considered as a heterogeneous model of the

Phillips catalyst. Due to the presence of an electron-donating triphenylsilyl

ligand, a much longer induction period exists without using any organometallic

cocatalyst for ethylene polymerization. This catalyst combined with Al-alkyl

cocatalyst usually produces polyethylene with broader MWD at both ends of

the high and low molecular weight fractions than the Phillips catalyst without

using cocatalyst [26]. Almost no improvement of this silica-supported silyl

chromate S-2 catalyst has been reported, apart from a modified preparation

procedure through transformation from Phillips catalyst by addition of

triphenylsilanol (TPS) to avoid the use of highly toxic and expensive BC com-

pound [27, 28]. Another Union Carbide Cr-based polymerization catalyst, formed

upon treating partially dehydrated silica with chromocene (Cp2Cr) and named S-9

catalyst, is not used industrially at present [29]. It is a supported metallocene

catalyst featuring very poor ability of α-olefin incorporation in copolymerization

with ethylene and produces polyethylenes with narrow MWD. It is very clear that

further catalyst innovations through modifications of the traditional Cr-based

industrial catalysts are still highly demanded [30].

During the last decade, increasing research efforts have been performed on

Phillips catalysts through various approaches including spectroscopic methods,

polymerization kinetics, heterogeneous model catalysts, homogeneous model
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catalysts, and molecular modeling. Much deeper mechanistic understanding,

together with successive catalyst innovations through modifications of the Phillips

catalyst, has been achieved. The advances in the field of Phillips catalysts during the

past half-century have been reviewed in depth by McDaniel in 1985 [2], Zecchina

and coworkers in 2005 [11], and McDaniel in 2008 and 2010 [3, 4]. This present

contribution aims at an overview of the achievements of the last decade, unraveling

the mechanistic aspects of the activation, the nature of the active chromium species,

and the polymerization mechanisms through both experimental and computational

approaches, as well as catalyst innovation through modification of the Phillips

catalyst with particular emphasis on the studies undertaken in the authors’

laboratory.

2 Approaches Using Spectroscopic Methods

The state of surface Cr species, which is closely related to the molecular structure,

texture, and orientation of the chromium oxide on the catalyst surface, is crucial for

a deeper understanding of the Phillips catalyst. Many modern analytical methods

[8, 11, 31], such as oxygen chemisorptions [32], magnetic susceptibility measure-

ment [33], XRD [5, 34–36], EPR [33, 37–41], SIMS [42], Raman [35, 43–50],

UV-vis DRS [33, 39, 43, 50], XAS (EXAFS-XANES) [48, 51–55], PIXE [56], TPR

[36, 39], SEM/EDS [57], FTIR [11, 22, 50, 54, 55, 58–63], XPS [6, 8, 56, 64–71],

NMR [41, 71, 72], AFM [73], EPMA [8], TPD-MS [67], TG-DTA [10], RBS [74],

LA-MS, and LDI-MS [75], have been used separately or jointly to characterize the

physico-chemical state of Cr species on Phillips catalysts [11, 31]. These

approaches attempt to provide direct or indirect evidence for the anchoring of

chromate species at the surface during activation and the ability of the catalyst to

polymerize ethylene, especially at the early stage of polymer chain formation. For

example, based on the combination of the FTIR, Raman, and UV-vis spectroscopic

results, monochromate species were identified anchored on the surface of the

Cr/silica catalyst at low chromium loadings [47]. The monochromate structure on

a highly diluted Cr/SiO2/Si(100) system was also confirmed by EXAFS results

[53]. In the polymerization mechanism study, the in-situ FTIR spectroscopy

suggested that the initiation mechanism followed a metallacycle route [23]. Very

recently, Groppo and coworkers [76, 77] reviewed the spectroscopic investigations

into the Phillips catalyst. However, the lower concentration of the Cr species,

diversity of the amorphous silica gel surface, and high sensitivity to moisture and

air are major obstacles for exploring the structure of Cr species in relation to

polymerization activities. At the same time, these obstacles have led to difficulty

in combining different experimental findings from different groups into one

unifying picture. Although a definite explanation of the nature of the active site

relating to the polymerization mechanism has not yet been achieved, it will be

demonstrated in the following sections that valuable understanding has been
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achieved through various spectroscopic methods concerning thermal activation of

the Phillips catalyst, activation of the Phillips catalyst by CO or Al-alkyl

cocatalysts, activation of the Phillips catalyst by ethylene monomer, and modifica-

tion of the Phillips catalyst by Ti.

2.1 Thermal Activation of the Phillips Catalyst

During the preparation of Phillips catalyst, thermal activation is a crucial stage in

which the chromium oxide is anchored into surface-stabilized chromate species. In

this calcination process, a highly dispersed state of surface-stabilized chromate

species, including mono-, di-, and polychromate, can be achieved through the

redispersion cycles of sublimation, volatilization, spreading, deposition, and stabi-

lization of bulk CrO3 on a silica support surface [2]. By measurement of molar

ratios of Δ[OH]/[Cr], McDaniel [5] suggested that the initial bonding was

monochromate at 200�C (Δ[OH]/[Cr] ¼ 2), but that the dichromate became domi-

nant at 500�C (Δ[OH]/[Cr] ¼ 1), while polychromates might be formed above

800�C (Δ[OH]/[Cr] < 1). On the basis of DRIFTS and DRS results, Panchenko

et al. [78] confirmed that the reactions of CrO3 with the silica calcined at 250�C,
400�C, and 800�C dominantly yield monochromates, dichromates, and

polychromates, respectively. However, two unfavorable problems might occur

during the thermal activation process: the calcination-induced reduction of

surface-stabilized Cr(VI) species into lower valence state (+5, +4, or +3) and the

creation of aggregated Cr2O3 (usually in crystallized form) even in an oxidizing

atmosphere (O2 or dry air). These affect to a great extent the physico-chemical state

of the surface Cr species and thus the properties and performance of the catalyst.

High resolution XPS, which has been demonstrated to be a very powerful method

for a better understanding of the physico-chemical nature of surface chromium

species through monitoring their transformation on Phillips catalysts calcined at

various conditions, has benefitted the investigation of the origins of these two

problems [8, 67, 68, 70, 79, 80].

For the Phillips catalyst calcined in dry air at 800�C for 20 h with 0.4 Cr nm�2

loading, two oxidation states were found in the XPS measurement [8]. The

first, with a binding energy (BE) of 581.81 eV and a full width at half maximum

(FWHM) of 9.62 eV, was assigned as the surface-stabilized chromate Cr(VI)Ox,surf

species with an oxidation state of +6 (atomic concentration 70.4%). The second,

with a BE of 577.21 eV and a FWHM of 4.43 eV, was assigned as an oxidation state

of +3 (atomic concentration 29.6%), which was quite different from the typical

values of the bulk Cr2O3, strongly suggesting a surface-stabilized and highly

dispersed characteristic of trivalent Cr species chemically bonded to silica surface

[Cr(III)Ox,surf]. Compared with bulk Cr2O3, the higher BE of Cr(III)Ox,surf species

might result from the stabilizing effect of the silica as well as the environmental

effect of neighboring chromate species. The larger FWHM value could be ascribed

to its variety in molecule structure and the heterogeneity of the silica surface. The
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surface-stabilized Cr(III)Ox,surf species on Phillips catalysts have been frequently

reported by other researchers [33, 81]. Although its specific molecular structure still

remains ambiguous, four plausible structure models (illustrated in Scheme 3) have

been proposed. The formation of this Cr(III)Ox,surf species was thought to originate

from calcination-induced reduction of the chromate Cr(VI)Ox,surf species and to

increase with calcination temperature and time.

Figure 1 shows typical results of an electron probe microanalysis (EPMA) map

and line curves of the Cr distribution on the calcined catalyst [8]. As can be seen,

the Cr species mostly dispersed uniformly on the surface of each catalyst particle.

However, the heterogeneity of Cr distribution on individual catalyst particles

Scheme 3 Plausible structures of surface-stabilized trivalent chromium species Cr(III)Ox,surf on

the silica surface of the Phillips Cr/silica catalyst

Fig. 1 EPMA map (a) and line curves (b) of the chromium distribution on the Phillips Cr/silica

catalyst. The line curves of A–A and B–B in (b) correspond to the chromium distribution at the

straight-line positions of A–A and B–B in (a), respectively. The red patchesmarked in circles in (a)
correspond to small aggregates of surface Cr species
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revealed local aggregates of Cr species sized 200–300 nm. These aggregates,

corresponding to the red patches in the map image (marked in circles) in Fig. 1a

and to a sharp peak in the line curves in Fig. 1b, were suggested to be microcrystal

particles of Cr2O3.

The irreversible formation of chromium oxide clusters, in the form of α-Cr2O3,

is a well-known phenomenon occurring on the Cr/silica catalyst for Cr loadings

higher than 1 wt% and/or in the presence of water poisoning. According to previous

reports [33, 56, 64, 82], the formation of aggregated Cr2O3 on catalysts with a low

level of Cr loading usually occurred in the later stage of calcination, followed by the

full stabilization of bulk CrO3 as chromate species and a consequent calcination-

induced reduction into Cr(III)Ox,surf species. Previously, the formation of

aggregated Cr2O3 was usually thought to be related to the thermal decomposition

(or reduction) of bulk CrO3, as illustrated in (1). The XPS measurement [8] showed

that the purposely introduced moisture induced the transformation of all the Cr(III)

Ox,surf species and one-seventh of the Cr(VI)Ox,surf species into aggregates of Cr2O3

at high temperature, regardless of the oxidizing or inert atmosphere. Considering

the traces of moisture from the simultaneous dehydroxylation of residual hydroxyl

groups on the silica surface, the formation of aggregated Cr2O3 microcrystals might

be induced by traces of moisture through cleavage of the Cr(III)Ox,surf species

during the calcination. The mechanism is illustrated in (2):

CrðVIÞOx;surf þ H2OÐ
800�C

dry air
CrO3*

800�C

dry air
Cr2O3 þ O2 (1)

CrðIIIÞOx;surf þ H2O*
800�C

dry air
Cr2O3 (2)

Thus, a plausible mechanism concerning the formation of Cr2O3 microcrystals

during calcination in the preparation of Phillips catalyst was speculated (Scheme 4).

At the first stage, the bulk CrO3 was dispersed and stabilized as surface chromate

species through the reaction with the hydroxyl groups on silica during the calcina-

tion process from room temperature (RT) to 800�C in dry air. Gradually, a highly

dispersed state of chromate species can be achieved through many redispersion

cycles of sublimation, volatilization, spreading, deposition, and stabilization of

bulk CrO3, as well as hydrolysis, re-spreading, re-deposition, and re-stabilization

Scheme 4 Plausible mechanism of formation of aggregated Cr2O3 on the Phillips catalyst with

0.4 Cr nm�2 loading during calcination in the preparation process
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of chromate species on the support surface. These cycles may be facilitated in the

presence of traces of moisture generating from the successive dehydroxylation of

silica in the early stage of dispersion and support of bulk CrO3 during calcination.

During this period, the thermal decomposition of bulk CrO3 can also be sufficiently

inhibited by the presence of oxidizing gas (dry air or O2). At the same time, the

dehydroxylation also results in increasing strain in surface siloxane groups and in

increasing reduction potential of the surface chromate species. At a certain critical

point, the calcination-induced reduction of chromate species into Cr(III)Ox,surf

species would be expected (Scheme 4, reaction 2). Thereafter, traces of low

moisture from dehydroxylation might split some Cr(III)Ox,surf species, leading to

the formation of Cr2O3 microcrystals (Scheme 4, reactions 3 and 4). Higher

temperature, longer duration, and higher content of moisture in the last stage of

the calcination process can lead to more serious aggregation of surface Cr species.

In order to further understand the specific transformation procedure of surface

chromium species during the thermal activation process, Phillips catalysts isother-

mally calcined at various temperatures were prepared and characterized by XPS. The

substantial dependence of surface Cr components of Phillips catalysts in terms of the

calcination temperature in isothermal preparation is summarized in Fig. 2 [68,

70]. These catalysts (with Cr 1.0 wt% loading) isothermally calcined at 200�C,
300�C, 400�C, 600�C, and 800�C were designated PCX, where X is the calcination

temperature. PCP120 was the silica support impregnated with chromium acetate and

subsequently dried at 120�C, and all the other PCX catalysts were derived from

PCP120. The specific surface Cr components of various catalyst samples versus

calcination temperatures were clarified. The bulky CrO3 started to be transformed

into supported chromate species at 200�C and could be completely stabilized on silica

gel surface as chromate species at 400�C. Partial thermal decomposition of bulky

CrO3 into bulky pentavalent Cr oxide [e.g., Cr2O5 or (Cr2O7)
4�] was only observed

on samples calcined at 200�C due to the incomplete stabilization of bulky CrO3 into

chromate species. Only a slight thermally induced partial reduction of chromate

species into Cr(III)Ox,surf was observed at high temperatures (600–800�C).

120ºC
SiO2 +
Cr(III)
Acetate

200ºC 300ºC 400ºC 600ºC 800ºC

Samples with increasing temperature for isothermal calcination

CrO3 CrO3
Cr(VI)Ox, surf

Cr2O5 or Cr2O7
4–

Cr(VI)Ox, surf
CrO3(SM)

Cr(VI)Ox, surf Cr(VI)Ox, surf
Cr(III)Ox, surf (SM)

Cr(VI)Ox, surf
Cr(III)Ox, surf (SM)

PCP120 PC200 PC3 00 PC400 PC600 PC800

Dependence of photo-stability of surface Cr+6  species on calcination temperature
SM: small amount; 
VS : very stable; VUS : very unstable; SB : stable; SUS : slightly unstable

VS VUS VUS SB SB SUS

Fig. 2 Dependence of surface components of various Phillips catalyst samples on calcination

temperature under isothermal conditions. SM small amount, VS very stable, VUS very unstable, SB
stable, SUS slightly unstable
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The successive increase in BE values of hexavalent chromium species with

increasing calcination temperature from PCP120 to PC800 is plotted in Fig. 3.

The chromate species [Cr(VI)Ox,surf] on the catalyst became more and more

electron deficient with increased calcination temperatures from 200�C to 800�C.
This correlates well with the typical polymerization behavior of Phillips

catalysts, i.e., that the polymerization activity increases with an increase in

calcination temperature. The dominant supporting of bulky CrO3 on a silica

gel surface and simultaneous dehydroxylation of the silica gel surface at

120–300�C account for the drastic increase in BE values of hexavalent chromate

species in this temperature range for isothermal calcination. The slowly increas-

ing of BE values of chromate species from 300�C to 600�C was solely derived

from dehydroxylating residual surface hydroxyl groups. Another enhancement of

the increase in BE values of chromate species from 600�C to 800�C might come

from further dehydroxylation of residual hydroxyl groups, as well as enhance-

ment of surface tension from easier relaxation of surface siloxane groups induced

by high temperature.

The dependence of BE values on the XPS acquisition time during the XPS

measurement indicated that further increasing the XPS acquisition from 10 to 30 or

120 min may lead to the catalyst being reduced by the soft X-ray irradiation during

the XPS measurement, which provides a good method for evaluation of the

photostability of Phillips catalysts prepared under different conditions. The

photostability of surface chromate species on Phillips catalysts was found to be

significantly dependent on the calcination temperature used for catalyst preparation

(see Fig. 2); the sample calcined at moderate temperatures (400–600�C) showed the
highest photostability [70].

Fig. 3 Dependence of

binding energy [Cr 2p (3/2)]

of surface Cr6+ species of

various Phillips catalysts on

calcination temperature for

preparation of the catalysts

from PCP120 precursor
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2.2 Activation of Phillips Catalysts by CO or Al-alkyl
Cocatalysts

The reduction of Cr(VI) to lower oxidation state is the first step in the induction

period in the ethylene polymerization process. Active site precursors for polymeri-

zation can be formed after reduction of the chromate species by CO (usually at

350�C) or Al-alkyl cocatalyst (e.g., TEA) in a separated pre-activation step, or by

ethylene monomer itself during the initial stage of polymerization [2]. Activation

by ethylene monomer is most frequently used in the commercial processes. The use

of CO or Al-alkyl cocatalyst as reduction agent may shorten or remove the

induction period, which is frequently used at the laboratory scale. The effect of

activation using different reducing agents for the Phillips catalyst was systemati-

cally investigated by XPS characterization.

Phillips catalyst reduced by CO at 350�C can exhibit instantaneous polymeriza-

tion activity upon contact with ethylene [2] and is generally considered as an ideal

catalyst system in spectroscopic investigations of the early stages of ethylene

polymerization [11]. Comparison of the oxidation states of surface Cr species on

PC600 (calcined) and PC600/CO (PC600 pre-reduced by CO at 350�C for 1 h)

catalysts measured by XPS method suggested that about 63% of surface Cr species

were reduced into surface-stabilized Cr(II) species by CO, leaving a certain amount

of residual chromate species on PC600/CO [80]. The DRS results [83] showed that

the Cr active sites could be fully available for reduction at higher reduction

temperature (600�C).
The activation of the Phillips catalyst by Al-alkyl cocatalyst was also systemati-

cally studied by XPS and solid state NMR [69, 84]. XPS quantified the existence of

four oxidation states, including +2, +3, +5, and +6, of surface Cr species on

TEA-modified catalysts. It was found that the relative concentration of active

sites was around 14.4–24.9 mol% Cr for the TEA-modified Phillips catalysts

depending on the calcination temperature and Al/Cr molar ratio. The correlation

of polymerization activities as well as the oxidation states of surface chromium

species with the molar ratio of Al/Cr is shown in Fig. 4. It seemed that only the

surface chromium species in oxidation states of +2 and +6 were possibly related

with the activity of the ethylene polymerization catalysts. The correlation suggested

that the active precursor of the chromium cluster can be named as a Cr2+·2Cr6+

cluster composed of one Cr(II)Ox,surf species and two Cr(VI)Ox,surf species, in

which the Cr(II)Ox,surf species act as the real center of active chromium precursor

and the residual Cr(VI)Ox,surf species are also necessary components acting as the

neighboring ligand environment with electronic and steric effects. Three plausible

chemical structural models of the Cr2+·2Cr6+ cluster are proposed in Scheme 5,

based on the correlation between XPS and polymerization results and our previous

understanding of the surface chemical nature of calcined Phillips Cr(VI)Ox/SiO2

catalysts and pre-reduced Cr(II)Ox/SiO2 catalysts.

The 1H and 27Al MAS solid state NMR spectra clearly demonstrated that the

existing states of surface Al species in the TEA-modified Phillips catalysts strongly
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depended on the concentration of TEA and the calcination temperature used during

the catalyst preparation process [84]. In Fig. 5, three kinds of Al species with 6-, 5-,

and 4-coordination states are distinguished for the PC400, PC600, and PC800

catalysts modified by TEA at various Al/Cr molar ratios. For PC400/TEA catalysts,

the profiles were only slightly changed with various Al/Cr molar ratios, and the

6-coordinated Al species was dominant. For the PC600/TEA, the peak intensity of

the 4-coordinated Al species significantly increased with increasing Al/Cr molar

ratios, resulting in a dramatic change in the relative amounts of 6-, 5-, and

4-coordinated Al species. For higher Al/Cr molar ratios, the spectra completely

changed, and the 5- and 4-coordination states of the surface Al species could not be

clearly distinguished and the 6-coordinated Al species became dominant again. For

PC800/TEA, it was observed that the 6-coordinated Al species was still predomi-

nant in a narrow range of Al/Cr molar ratio, except the sharp and strong peak of

4-coordianted Al species at the Al/Cr ratio of 2.34.

A relationship between the Al/Cr molar ratio and relative amount of

4-coordinated Al species on the PC400/TEA, PC600/TEA, and PC800/TEA

catalysts is illustrated in Fig. 6 [84]. For PC400/TEA catalysts, the relative amounts

of 4-coordinated Al species increased only slightly with the increase in Al/Cr ratios.

For PC600/TEA and PC800/TEA catalysts, the relative amounts of 4-coordinated

Al species firstly increased with an increase in Al/Cr ratios then reached a

Scheme 5 Three plausible structure models of the active Cr2+ precursors existing as a Cr2+·2Cr6+

cluster on the TEA-modified Phillips catalyst; n ¼ 1 or 2; m ¼ 1 or 2

Fig. 4 Al/Cr molar ratios versus polymerization activity (a) and the molar fraction of Cr2+ (b) in

Cr2+·2Cr6+ cluster on the TEA-modified Phillips catalyst calcined at 400�C (filled squares), 600�C
(filled circles), and 800�C (filled triangles)
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maximum value. With the further increase in Al/Cr ratios, the 4-coordinated Al

species decreased. It was interesting to find that with an increase in Al/Cr molar

ratio, the activities of the three types of catalysts (PC400/TEA, PC600/TEA, and

PC800/TEA) first increased to a maximum value then decreased as shown in Fig. 4.

The similar trend in Figs. 4 and 6 inspired us to consider that only the 4-coordinated

Al species on the surface of the TEA-modified Phillips catalyst was directly related

to the active Cr sites for ethylene polymerization.

Fig. 6 Correlation between the Al/Cr molar ratio and the relative amount of 4-coordinated Al

species on the PC400/TEA, PC600/TEA, and PC800/TEA catalysts

Fig. 5 27Al MAS NMR spectra of (a) PC400, (b) PC600, and (c) PC800 catalysts modified by

TEA at the Al/Cr molar ratios listed; I 4-coordinated Al, II 5-coordinated Al, III 6-coordinated Al
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2.3 Activation of the Phillips Catalyst by Ethylene Monomer

Activation of the Phillips catalyst directly by ethylene monomer was further

investigated by XPS and TPD-MS methods in order to shed some light on the

reaction mechanisms during the induction period. Deconvolution of the XPS

spectra for industrial Phillips Cr/silica catalysts treated in ethylene atmosphere at

RT for 2 h revealed that surface chromium species presented in three oxidation

states: surface chromate Cr(VI)Ox,surf species; surface-stabilized trivalent Cr(III)

species; and surface-stabilized Cr(II) species. Compared to the original catalyst

before ethylene treatment, about one-third of chromate Cr(VI)Ox,surf species (i.e.,

ca. 22.6% of the whole surface Cr) was reduced to Cr species in lower oxidation

states during the ethylene treatment, even under ambient conditions [67].

TPD-MS characterization of the calcined Phillips catalyst before and after

treatment within ethylene atmosphere for 2 h under ambient conditions confirmed

the evolution of three species: formaldehyde (m/z ¼ 30); olefins with an odd

number of carbon atoms, i.e., propylene (m/z ¼ 42); and olefins with an even

number of carbon atoms, i.e., butene (m/z ¼ 56) [79]. As shown in Table 1, various

new olefin species with pentene (m/z ¼ 70), hexene (m/z ¼ 84), and heptene

(m/z ¼ 98) also appeared under various catalyst treatment conditions in ethylene

atmosphere [85]. Higher temperature led to the formation of olefins with higher

carbon number. Moreover, the formation of polyethylene was also confirmed by IR

characterization over catalyst samples treated at 100�C/1 h or 150�C/0.5 h in

ethylene.

Formaldehyde is a by-product of the redox reaction between ethylene and

hexavalent chromate species, resulting in the formation of divalent chromium

species. Subsequently, the Cr(II) species coordinated with formaldehyde might

act as the active precursor at lower temperatures to produce the new short olefins

with both odd and even numbers of carbon atom. The experimental evidence

obtained from the early stage of ethylene polymerization cannot be rationalized

Table 1 Evolution of alkenes and formaldehyde from the ethylene-treated Phillips catalyst under

various conditions

Samples

HCHO C2H4 C3H6 C4H8 C5H10 C6H12 C7H14

m/z

30 28 42 56 70 84 98

RT/2 h + + + + � � �
RT/5 h + + + + � � �
RT/10 h + + + + � � �
50�C/2 h + + + + � � �
100�C/0.5 h + + + + + � �
100�C/1 ha + + + + + + +

150�C/0.5 ha + + + + + + +

+, detected; �, not detected
aPolyethylene was confirmed by IR
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by the Cossee–Arlman mechanism [25]. It should be mentioned that the conversion

of ethylene into higher olefins with both odd and even numbers of carbon atoms is a

well-established phenomenon that was believed to proceed by metathesis over

metal alkylidene species [86]. This indicated that the coordination of formaldehyde

on surface-stabilized divalent chromium species results in the formation of active

precursor for olefin metathesis rather than polymerization. The active sites in

heterogeneous transition metal-catalyzed olefin metathesis are generally thought

to be a transition metal alkylidene species, as for their well-defined homogeneous

analogues [87]. In our work, the signal for Cr-alkylidene species for the sample

treated at 100�C for 0.5 h was firstly observed in XPS measurement [85]. At the

same time, the evolution of the Cr-metallacyclic species can be considered to be

prior to that of the Cr-alkylidene species after gradual increase in ethylene treat-

ment time. Thus, a metathesis initiation mechanism based on the experiment was

speculated and is shown in Scheme 6. The π-allyl Cr(II)-hydride species 5b, which
formed through the metallacyclopentane 4b, was converted into metallacy-

clobutane 6b [88]. The metallacyclobutane species (6b) was subsequently

subjected to metathesis, generating either Cr(IV)-methylidene 7b and the first

hydrocarbon species propylene or Cr(IV)-ethylidene 9b and a new ethylene mono-

mer [87]. The subsequent metathesis of the first hydrocarbon species propylene on

Cr(IV)-ethylidene 8b and/or Cr(IV)-methylidene 10b led to the formation of the

second hydrocarbon species butene during the induction period [86, 87, 89].

Scheme 6 Plausible mechanistic routes for the formation of the first hydrocarbon species,

propylene, during the induction period over the non-pre-reduced Phillips Cr/silica catalyst through

interaction with ethylene under various conditions
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It is made clear that the Cr(II) species adsorbed with formaldehyde during the

induction period could serve as active site precursor for ethylene metathesis, and

the gradual desorption of formaldehyde at higher temperatures transforms the

ethylene metathesis site into an ethylene polymerization site resulting in

accelerating-type kinetics (as shown in Scheme 7). The question is how the

ethylene polymerization reaction occurred starting from the Cr-carbene species

formed during the induction period. Scott and coworkers reported the SiO2-

supported Cr-alkylidene catalyst to be highly active for ethylene polymerization,

producing HDPE with similar chain conformation as that produced by Phillips

catalyst [90–94]. The analyzing of the microstructures of two polyethylenes

obtained by industrial Phillips catalysts might give some clues. Firstly, two ethyl-

ene homopolymers from both calcined and Al-alkyl pre-reduced Phillips catalysts

were analyzed. The 13C NMR spectra showed that the peak intensity of methyl

branches was always strongest in the methyl, ethyl, and butyl branches [85],

suggesting that propylene was the first and dominant olefin formed from ethylene

metathesis. The generated propylene subsequently inserted into growing polyethyl-

ene chains to form methyl braches. Due to the coexistence of ethylene metathesis

active sites with polymerization sites, the formation of short chain branches (SCBs)

over the Phillips catalyst during ethylene homopolymerization can be rationalized

well by the in-situ formation of various short olefins with both even and odd number

of carbon atoms from ethylene metathesis sites and subsequent in-situ copolymeri-

zation with ethylene monomer over the ethylene polymerization sites.

Another example came from the polymer produced by copolymerization of

ethylene and cyclopentene over Phillips catalyst [95]. As shown in Fig. 7, the

1,2-insertion and 1,3-insertion of cyclopentene into the polyethylene chain were

confirmed. The absence of any internal double bond (C¼C) in the copolymer ruled

out the ring-opening metathesis polymerization mechanism. This evidence strongly

implied that Cr¼C might not be an active site for polymerization. Cr–C active sites

under the Cossee–Arlman mechanism should be responsible for the chain propaga-

tion. From analysis of the structure of the polymer produced by copolymerization of

the isotope-labeled monomer, McGuinness et al. also provided unambiguous sup-

port for chain growth via a Cossee–Arlman process on Phillips catalyst [96]. Based

on the above-mentioned experimental evidence, during the induction period the

Scheme 7 Plausible transformation of metathesis site into polymerization site from induction

period to polymerization period on the Phillips catalyst
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Cr¼C species (metathesis active sites) should be transformed into Cr–C species

(polymerization active sites) in a mysterious way, as illustrated in Scheme 7. Such

mysterious phenomenon of interconversion between catalysis of olefin metathesis

and olefin polymerization with other types of catalysts has been previously reported

[97, 98] and needs further investigation in the future.

2.4 Titanium Modification of the Phillips Catalyst

The Ti-modified Phillips catalyst is a very important industrial catalyst that is

widely used in ethylene polymerization for promotion of polymerization activity

and regulation of the microstructure of the polymer chains, but the mechanism of its

action still remains mysterious. We characterized several industrial Ti-modified

Phillips catalysts calcined at 650�C and 820�C using 1H MAS solid state NMR and

XPS. As shown in Fig. 8, the 1H MAS solid-state NMR spectra provided the first

direct evidence of surface residual Ti–OH groups on the Ti-modified Phillips

catalysts. In Fig. 9, the high-resolution XPS studies on these industrial catalysts

clearly demonstrated that the BE value of surface chromate species slightly

increased with increased Ti loading of the catalysts, indicating the increased

electron-deficiency of surface chromate species due to modification by Ti

[71]. The slight increase in the FWHM values also indicated the broadening of

the distribution of surface chromate species. Calcination temperatures of

650–820�C showed a similar effect to that of Ti loading in terms of the increased

electron-deficiency of surface chromate species, which could be rationalized by the

removal of more electron-donating surface hydroxyl groups and the increase in

surface tension due to dehydroxylation of surface residual hydroxyl groups at

higher calcination temperatures.

In summary, it has been demonstrated that much deeper understanding of the

thermal activation during catalyst preparation, activation by CO or Al-alkyl

Fig. 7 Mechanisms of 1,2-insertion and 1,3-insertion of cyclopentene into the polyethylene main

chain during ethylene and cyclopentene copolymerization over Phillips catalyst
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cocatalysts, activation by ethylene monomer during the induction period, and the

effect of Ti-modification of Phillips catalysts has been achieved through various

spectroscopic methods, in particular through combined multiple methodologies.

Further development can be expected with the development of the spectroscopic

techniques and the emergence of new techniques such as time- and temperature-

resolved FTIR spectroscopy [62], pressure- and temperature-resolved FTIR

spectroscopy under in-situ or operando conditions [63, 77], in-situ XAS

Fig. 9 Dependence of binding energy [Cr 2p (3/2)] of surface Cr6+ species of various Phillips

catalysts on Ti content of the Phillips catalyst calcined at (a) 650�C and (b) 820�C

Fig. 8 1H MAS solid state NMR spectra for various Phillips catalysts calcined at (a) 650�C and

(b) 820�C: Ti-free (curve a), modified by 2.38 wt% Ti (curve b), and modified by 3.45 wt% Ti

(curve c). Asterisks indicate peak corresponding to surface Ti-OH groups
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spectroscopy [99], LA-MS, and LDI-MS [75], which were frequently involved in

recent studies of the Phillips catalyst. The characterization under close to actual

commercial conditions is also a challenge as well as an opportunity to cast some

light on the related mechanisms. At the same time, the combination of modern

spectroscopic methods with other methodologies such as polymerization kinetic,

model catalyst, and molecular modeling techniques as well as with analysis of the

microstructures of polymer chains will play more and more important roles in the

future and will be partially outlined in the following sections.

3 Approaches Using Polymerization Kinetics

Kinetic investigation through either polymerization experiments or mathematic

modeling both for slurry and gas phase polymerization is one of the most important

ways to investigate catalytic mechanisms and to provide basic data for polymeriza-

tion reactor and process design. Mathematic modeling of ethylene polymerization

kinetics over Phillips catalysts has been demonstrated as a powerful tool for the

precise evaluation of the basic kinetic parameters and to establish equations for

structure–property regulation through control of process parameters

[100–103]. The polymerization kinetics of Phillips catalysts could be significantly

affected by the reductive activation process for ethylene polymerization using

different activators such as ethylene, CO, Al-alkyl cocatalysts (e.g., TEA), or

even other reducing agents. The polymerization kinetics of Phillips catalysts

using ethylene monomer itself as activator for ethylene polymerization has been

systematically investigated [2]. Typically, a linearly built-up type of kinetic curve

would be presented, with an induction period dependent on the polymerization

temperature and ethylene pressure. Reductive activation by CO only diminishes the

induction period without changing the character of the built-up type of kinetic

curve. In recent years, activation of the Phillips catalyst by Al-alkyl cocatalysts is

becoming one of the most important ways to improve the catalyst performance and

the microstructure and properties of the polyethylene (PE) products. As is well

known, Al-alkyl cocatalyst is an indispensable component for most of the olefin

polymerization catalysts such as Ziegler–Natta and metallocene catalysts. The

Al-alkyl cocatalyst could act as reducing agent, alkylation agent, poison scavenger,

and have a marked impact on the polymer microstructure by control of the chain

transfer and stereospecificity. Also, excess amount of Al-alkyl cocatalyst could

deactivate the catalyst through over-reduction of the active Cr species. Ethylene

polymerization with Phillips catalyst without using any organometal cocatalyst is

taken as the most important evidence to support the monometallic active site

mechanism. Therefore, Al-alkyl cocatalyst could be excluded as the active site

former for Phillips catalysts.

During the last few decades, experimental reports about the combination of

Al-alkyl cocatalyst with the Phillips catalyst have been very limited. Spitz et al.

[104] reported the significant effect of TEA on Phillips catalyst for the activity,
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kinetics and 1-hexene incorporation for ethylene/1-hexene copolymerization in

liquid 1-hexene. McDaniel and Johnson [105, 106] studied the effects of TEB on

the polymerization kinetics of the Phillips catalyst with different supports (AlPO4,

SiO2, Al2O3). Tait and coauthors [107] studied the effects of TiBA on kinetics and

polymer morphology with Phillips catalyst. Our series of studies on the Phillips

catalyst combined with Al-alkyl cocatalyst revealed that the polymerization kinet-

ics could be significantly affected by the type of Al-alkyl cocatalyst as well as by

the timing of its introduction for both slurry and gas phase ethylene polymerization

(see Fig. 10) [69, 80, 84, 95, 108–110]. For the same Al-alkyl cocatalyst, catalyst

activation by the cocatalyst before polymerization (in catalyst preparation) or

during polymerization with simultaneous interaction of catalyst with Al–alkyl

cocatalyst and monomer would make a significant difference in the polymerization

kinetics. As shown in Fig. 10a, the kinetic curve (type a) follows hybrid-type

kinetics and can be deconvoluted into two basic types of typical kinetic curves:

one type with fast activation followed by fast decay and the other type with slow

activation followed by slow decay. They should be derived from two different types

of active sites. The kinetic curve of type b (shown in Fig. 10b) follows only one

single type of kinetics, with slow activation followed by slow decay. Sections 3.1

Fig. 10 Two types of kinetic curve for ethylene polymerization over Phillips-type catalysts. (a)

Hybrid of two typical types of kinetic curve: fast activation followed by fast decay (A) and slow

activation followed by slow decay (B). (b) Single-type curve with slow activation followed by

slow decay (B)
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and 3.2 will discuss how the type of cocatalyst (AlR3 or AlR2OR), the timing of

introduction of cocatalyst (before or during polymerization), and the type of

polymerization (slurry or gas phase), can dramatically affect the polymerization

kinetics as shown in Fig. 10.

3.1 Activation by Al-alkyl Cocatalyst Before Polymerization

In the previous sections, a combined XPS and solid state NMR spectroscopic

investigation of Phillips catalysts (PC400/TEA, PC600/TEA, and PC800/TEA)

calcined at 400�C, 600�C, and 800�C, respectively, followed by activation with

TEA cocatalyst before slurry polymerization showed that 4-coordinated Al species,

rather than the 5- or 6-coordinated Al species, were directly related with the

polymerization-active Cr species. Figure 11 shows the polymerization kinetics for

the PC600/TEA catalyst at different Al/Cr molar ratios of 2.08, 3.12, and 4.16

[69]. Kinetic curves of type b (Fig. 10b) show a gradual built-up of polymerization

rate from zero to a maximum followed by gradual decrease to a stationary rate,

which was found to be the same typical form of kinetics as for TiCl3/TEA and

metallocene/MAO catalysts. This type of kinetics for TEA-modified Phillips

catalysts was consistent with those reported by Spitz et al. [104] and McDaniel

and Johnson [105, 106] using Cr/silica/TEA and Cr/AlPO4/TEB catalysts,

respectively.

The Phillips catalyst is mostly applied in ethylene slurry polymerization using

loop reactors. It is also now being commercially used in gas phase ethylene

polymerization processes. However, it is very difficult to find reports about ethylene

gas phase polymerization using Phillips catalysts in the literature because it is a

great challenge to perform gas phase polymerization on a laboratory scale.

Recently, we carried out gas phase ethylene polymerization over silica-supported

Fig. 11 Kinetic curves of

the TEA-modified Phillips

catalyst (PC600/TEA) at

Al/Cr molar ratios of 2.08

(white symbols), 3.12 (grey
symbols), and 4.16 (black
symbols), before ethylene
slurry polymerization.

Polymerization conditions:

catalyst amount, 100 mg;

polymerization temperature,

60�C; ethylene pressure,
0.15 MPa; solvent heptane,

20 mL
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silyl chromate S-2 catalysts pre-reduced by three Al-alkyl cocatalysts in a specially

designed gas phase high-speed stirred-autoclave reactor [109]. The catalyst was

pre-activated by TEA, TiBA, or DEAE before the gas phase ethylene polymeriza-

tion during the catalyst preparation step. As shown in Fig. 12, the gas phase

ethylene homopolymerization kinetic curves over the TEA- or TiBA-modified

S-2 catalysts belonged to type a (Fig. 10a), which is a hybrid type of kinetics

composed of two basic types of typical kinetic curve: one type with fast activation

followed by fast decay and the other type with slow activation followed by slow

decay. Such type of polymerization kinetics might not be suitable for application in

large-scale gas phase olefin polymerization processes because reactor fouling and

agglomeration can easily occur. In the case of the DEAE-modified S-2 catalyst, the

gas phase ethylene homopolymerization kinetic curve is type b (Fig. 10b), which is

a simple type of polymerization kinetics with slow activation followed by slow

decay. Although the polymerization activity for the DEAE-modified S-2 catalyst is

slightly lower than the TEA- or TiBA-modified catalysts, its polymerization kinet-

ics would be of benefit for the heat transfer within the gas phase polymerization

fluidized bed reactor [111]. The differences in the structure and in the reducing and

alkylation capabilities of AlR3 (TEA and TiBA) and AlR2OR (DEAE) cocatalysts

might be responsible for their totally different ethylene polymerization kinetics, but

the mechanism is still not known and awaits further exploration.

3.2 Activation by Al-alkyl Cocatalyst During Polymerization

The Al-alkyl cocatalyst could also be introduced during the polymerization stage,

with simultaneous interaction of catalyst with Al–alkyl cocatalyst and monomer

within the polymerization reactor. Ethylene homopolymerization using Phillips

catalyst PC600 calcined at 600�C followed by activation with TEA cocatalyst

Fig. 12 Kinetic curves of

ethylene polymerization of

S-2 catalysts modified with

various cocatalysts before

gas phase polymerization.

Polymerization conditions:

catalyst amount, 200 mg;

polymerization temperature,

92�C; ethylene pressure,
1.2 MPa
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during the slurry polymerization process was carried out with Al/Cr molar ratios of

7.5, 15.0, and 22.5 [84]. As shown in Fig. 13, the catalyst showed type a (Fig. 10a)

ethylene polymerization kinetics, which is a hybrid type of kinetics composed of

two basic types of typical kinetic curves. Such hybrid-type polymerization kinetics

must originate from two different types of active sites (here named Site-A and Site-

B). Our previous reports have described a mechanistic speculation of the origin of

the two types of active sites for ethylene polymerization as well as their plausible

transformation during activation of the Phillips catalyst either by Al-alkyl

cocatalyst or by ethylene monomer and CO, which is illustrated in Scheme 8.

Under the simultaneous interaction of TEA and ethylene monomer with PC600

catalyst, some chromate Cr(VI) species were reduced to Cr(II) species by ethylene

monomer with formaldehyde as byproduct. The coordination of formaldehyde with

Cr(II) species (named as Site-C1 in Scheme 8) could occur, which could lead to the

formation of Site-A through the desorption of formaldehyde by TEA or ethylene

monomor. Due to the very exposed feature, Site-A could easily coordinate with

ethylene monomer and could also easily be over-reduced by TEA cocatalyst.

Therefore, Site-A showed high activity but fast decay. On the other hand, some

chromate Cr(VI) species were reduced by TEA and then coordinated with

Al-alkoxy resulting in Site-B, with slow activation and slow decay. Within Site-B,

the Cr(II) center was strongly coordinated with Al-alkoxy byproduct, which may

hinder the coordination of ethylene monomer but avoid further over-reduction by

TEA. Therefore, Site-B had lower activity and higher stability compared with Site-A.

The 13C NMR spectra of the homopolymers obtained from this catalyst system

showed the signal of the branching carbons of methyl, ethyl, propyl, and n-butyl.
Site-C1 was a metathesis site and could produce propylene, 1-butene, and 1-pentene,

which was consistent with the 13C NMR spectroscopic evidence of the ethylene

Fig. 13 Kinetic curves of

ethylene polymerization

using Phillips catalyst PC600

activated by TEA during

slurry polymerization with

Al/Cr molar ratio: (a) 7.5;

(b) 15.0; (c) 22.5.

Polymerization conditions:

catalyst amount, 100 mg;

polymerization temperature,

60�C; ethylene pressure,
0.13 MPa; solvent heptane,

20 mL; cocatalyst TEA in

heptane, 1 M
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homopolymers obtained from this catalyst system showing the signals of the

branching carbons of methyl, ethyl, and propyl. With increase in the Al/Cr molar

ratios in the polymerization, the relative amount of SCBs of polymers from the catalyst

system also decreased, because the competition between ethylene monomer and TEA

reduced the chromateCr(VI) species into Cr(II) sites and accelerated the conversion of

metathesis active site-C1 to polymerization active Site-B with more TEA.

Ethylene homopolymerization using Phillips catalyst PC600 calcined at 600�C
followed by activation with DEAE cocatalyst during the slurry polymerization

process was carried out with Al/Cr molar ratios of 7.5, 15.0, and 22.5 [84]. As

shown in Fig. 14, a typical single-type polymerization kinetics corresponding to

type b in Fig. 10b was observed, which was completely different from the kinetics

with the same catalyst activated by TEA at the same conditions (as shown in

Fig. 13). This type of polymerization kinetics could be ascribed to one type of active

site (Site-B) formed in twoways. One was similar with the PC600 activated by TEA:

some chromate Cr(VI) species were reduced to Cr(II) species by ethylene monomer

and coordinated with formaldehyde, then formaldehyde-coordinated Cr(II) sites

were transformed to DEAE-coordinated Cr(II) sites by substitution, as shown in

Scheme 8. On the other hand, some chromate Cr(VI) species were reduced by

DEAE, and then the Al-alkoxy product coordinated with the Cr(II) sites. Site-B

had relatively low activity and high stability. Based on the microstructure analysis,

the relative amount of SCBs of polymers obtained from the DEAE systems was even

more than that from TEA catalyst systems. This can be explained as follows. Firstly,

the reduction ability of DEAE was weaker than that of TEA. More Cr(VI) species

Scheme 8 Plausible mechanism for the formation of two kinds of ethylene polymerization active

sites (Site-A and Site-B) and metathesis active sites (Site-C1 and Site-C2) on Phillips-type

catalysts under various conditions; x ¼ 1 or 2; y ¼ 1 or 2
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could be reduced by ethylene and coordinated with formaldehyde to form Site-C1.

Secondly, DEAE needed a longer time for the conversion of metathesis active sites

into polymerization active sites. More α-olefin will be formed from metathesis

active sites to insert into the polymer chains. Thirdly, different Al-alkoxyl

byproducts of the reaction between TEA/DEAE and chromate species, subsequently

coordinated with the chromium active site, will also affect the incorporation rate of

α-olefin comonomers.

Ethylene homopolymerization or 1-hexene/ethylene copolymerization, using

Phillips catalyst PC600/CO calcined at 600�C treated with activation by CO at

350�C followed by TEA cocatalyst activation during the slurry polymerization

process, was carried out with Al/Cr molar ratios of 7.5, 15.0, and 22.5 [80,

110]. For this catalyst system, it was expected that N2 could not remove all

adsorbed CO from the Cr(II) due to the similar electron characteristics of CO and

formaldehyde and due to the high coordinative unsaturation of the Cr(II) center.

According to XPS results (Fig. 4), it was found that almost one-third of the

chromate(VI) species still existed after the normal CO pre-reduction procedure.

Under these complex conditions, a hybrid-type polymerization kinetics

(corresponding to type a in Fig. 10a) was still found for both homo- and copoly-

merization, as shown in Fig. 15. One of the types with instant activation and fast

decay originated from the active site (Site-A in Scheme 8), formed through desorp-

tion of formaldehyde (Site-C1) or CO (Site-C2) from the Cr(II) site by TEA or

ethylene monomer. The other type with slow activation and slow decay was from

the Site-B, formed from the reduction of residual chromate(VI) species by TEA.

The formed Al-alkoxyl can strongly coordinate with the Cr(II) site and thus protect

the Cr(II) center from further over-reduction by TEA. The first peaks of the

copolymerization kinetic curves from Site-A became broader in comparison with

those of homopolymerization, suggesting either that the decay of Site-A became

slower in the presence of comonomer or that the transformation of metathesis

Fig. 14 Kinetic curves of

ethylene polymerization

using Phillips catalyst PC600

activated by DEAE during

slurry polymerization with

Al/Cr molar ratio: (a) 7.5;
(b) 15.0; (c) 22.5.
Polymerization conditions:

catalyst amount, 100 mg;

polymerization temperature,

60�C; ethylene pressure,
0.13 MPa; solvent heptane,

20 mL; cocatalyst DEAE in

heptane, 1 M
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Site-C1 and/or Site-C2 into polymerization Site-A was slowed down due to the

stronger reduction of 1-hexene than of ethylene. With increasing Al/Cr mole ratio

from 7.5 to 22.5, the time to reach maximum activity from Site-B in copolymeriza-

tion became shortened from 25 to 5 min (Fig. 15, arrows). All the obtained homo-

and copolymers were characterized by 13C NMR. The peaks assigned to the

branching carbons of methyl and butyl branches in the copolymers and methyl

branches in the homopolymers were found, which could rationalize well the

existence of Site-C1 and/or Site-C2 for ethylene metathesis to form propylene as

a comonomer for the in-situ copolymerization. Similar polymerization kinetics

were also observed in copolymerization of ethylene with cyclopentene using

Phillips catalyst PC600 calcined at 600�C followed by TEA cocatalyst activation

during the slurry polymerization process [95]. The only difference was that

cyclopentene played the role of 1-hexene during the active site formation and

transformation process. Besides the 1,2- and 1,3-insertion of cyclopentene into

the polyethylene main chain (Fig. 7), the in-situ copolymerization of propylene,

1-butene, and 1-pentene in the same system was also confirmed by 13C NMR,

indicating the existence of ethylene metathesis active site (Site-C1 and/or Site-C2)

during the formation of the polymerization sites [95].

Fig. 15 (a–c) Kinetic
curves of ethylene

homopolymerization using

Phillips catalyst PC600/CO

activated by TEA during

slurry polymerization with

Al/Cr mole ratio of (a) 7.5,
(b) 15.0,and (c) 22.5. (d–g)
Kinetic curves of ethylene/1-

hexene copolymerization

under (d) Al/Cr ratio of 7.5

with 10 vol% of 1-hexene,

(e) Al/Cr ratio of 15.0 with

5 vol% of 1-hexene, (f) Al/Cr
ratio of 15.0 with 10 vol% of

1-hexene, and (g) Al/Cr ratio
of 22.5 with 10 vol% of 1-

hexene. The arrow indicates

the maximum activity on

Site-B. Polymerization

conditions: catalyst amount,

100 mg; polymerization

temperature, 60�C; ethylene
pressure, 0.13 MPa; solvent,

heptane, 20 mL; cocatalyst

TEA in heptane, 1 M

162 R. Cheng et al.



In summary, investigation of the polymerization kinetics over Phillips-type

catalysts could provide deep mechanistic understanding and valuable information

to guide the design and optimization of the polymerization processes. It has been

demonstrated that the polymerization kinetics could be drastically affected by the

types of cocatalysts, the timing of introduction of the cocatalyst, and the types of

polymerization. From the industrial point of view, the direct activation of Phillips-

type catalysts by AlR3-type cocatalysts during the polymerization process within

the polymerization reactor should be avoided in ethylene slurry polymerization. As

for gas phase ethylene polymerization, activation of Phillips-type catalysts by AlR3

during catalyst preparation before polymerization should also be forbidden. We

could expect that more efforts should be devoted to the investigation of gas phase

polymerization kinetics, combination of experiments with kinetic modeling and

microkinetic modeling based on first principle calculations in the near future.

4 Approaches Using Heterogeneous Model Catalysts

The surface complexity of the traditional Phillips Cr/silica catalyst derives from the

following aspects: the coexistence of mono-, di-, and polychromate species, the

inevitable formation of Cr2O3 microcrystals [8, 11], the formation of surface

chromium species in lower oxidation states due to thermally induced reduction of

surface chromate species at high temperature, the low fraction of active Cr species

in the total Cr loading [4, 11], the ambiguous and complicated reactions for the

formation of the first chromium–carbon bond between ethylene monomer and

surface chromate species. These factors greatly contribute to the surface complexity

of the industrial Phillips catalyst and thus hinder academic progress in basic

understanding of the nature of active sites and polymerization mechanisms for

this important commercial polyolefin catalyst. During the last decades, various

heterogeneous models with more uniform and well-defined structure of surface

chromium species have been designed to facilitate the fundamental investigations

in this field. Typical reported heterogeneous models for Phillips catalysts are listed

in Scheme 9. These models can be generally divided into two groups: surface

hexavalent chromate species (models 1c, 2c, 6c, 9c, and 10c) and surface chromium

species with lower oxidation states (models 3c, 4c, 5c, 7c, and 8c).

S-2 catalyst prepared by wet impregnation of BC into thermally pretreated silica

gel could be considered as a commercial heterogeneous model (1c) for Phillips

catalysts [26, 112]. The S-2 catalyst shows an increased activity after supporting on

silica gel compared with BC and produces HDPEs with even broader molecular

weight distribution than that produced by the Phillips catalyst. Model 2c was firstly

prepared by McDaniel [113] via mild grafting (at 200�C) of CrO2Cl2 onto thermally

pretreated silica. The CrO2Cl2 grafted onto silica pretreated at 400�C showed

similar surface chromate structure and polymerization activity to the Phillips

catalyst. Recently, Scott and colleagues [54, 114] prepared similar catalysts via

ambient anhydrous grafting of CrO2Cl2 onto silica pretreated at 200�C, 450�C and
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800�C. By combination of IR, XANES, and EXAFS, they explained that the higher

polymerization activity over CrO2Cl2 grafted onto silica pretreated at 800�C was

related to the more strained six-membered chromasiloxane rings. Thüne et al. [115]

Scheme 9 Heterogeneous models reported in the literature for the Phillips Cr/silica catalyst
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reported a flat surface model catalyst by impregnating aqueous CrO3 on a flat Si (100)

substrate covered by an amorphous silica layer, shown as model 6c. This flat catalyst

covered with monochromate showed ethylene polymerization activity at 160�C,
whereas the pre-reduced surface Cr(II) species failed to polymerize ethylene due to

its extreme sensitivity to air and moisture [53]. Recently, Terano and colleagues [116]

chose different starting materials [Cr(η3-allyl)3 and Cr2(η
3-allyl)4] to vary the surface

structures of the catalysts (monochromate and dichromate, shown as models 9c and

10c, respectively). It was found that the surface dichromate model catalyst 10c

produced more methyl branching in its PE products. Models 3c, 4c, and 5c were

reported by Scott and coworkers [90–94, 117] via grafting of tetravalent Cr[CH2C

(CH3)3]4 onto silica pretreated at 200�C (3c) or 500�C (4c). Upon mild heating at

60�C, a supported Cr-alkylidene complex 5c was formed on silica pretreated at

200�C, which showed instant ethylene polymerization activity without using any

cocatalyst. Monoi and coworkers [118, 119] reported a trivalent model catalyst by the

supporting of Cr[CH(SiMe3)2]3 on silica pretreated at 200 or 600�C. When the

pretreating temperature was 200�C, Cr species were supported on silica through

two Si–O–Cr bonds, shown as model 7c, whereas for the case of 600�C, the grafting
took place via only one Si–O–Cr bond to silica to form model 8c. Compared to the

Phillips catalyst, these catalysts showed high ethylene polymerization activity with-

out using any cocatalyst and displayed very similar performance except for increased

sensitivity of the hydrogen response. In addition, further reaction over 8cwith excess

Cr[CH(SiMe3)2]3 was likely to lead to the formation of new active sites for ethylene

trimerization [119]. Although the above-mentioned heterogeneous model catalysts

displayed representative polymerization activity at certain temperatures with or

without the cocatalyst and offered the opportunity for further understanding of

Phillips catalysts, no direct evidence on the real active sites and polymerization

mechanisms has yet been achieved.

Very recently, we performed further studies over extremely air-sensitive divalent

model Phillips catalysts via CO reduction (at 300�C) of model 2c [55]. Two hetero-

geneous divalent model Phillips catalysts were prepared via ambient anhydrous

grafting of CrO2Cl2 onto silica pretreated at 500 and 800�C, followed by heating

and CO reduction at 300�C, as shown in Scheme 10. As shown in Fig. 16, the

obtained Cr(II)/S948-800 [Cr(II) supported on silica pretreated at 800�C] catalyst
showed higher ethylene polymerization activity than that of Cr(II)/S948-500 [Cr(II)

supported on silica pretreated at 500�C] catalyst without any induction period at

RT. Further characterizations were performed to explore the origin of the different

activities of the two catalysts. From the CO stretching region in the IR spectra, two

obvious peaks (ca. 2,190 and 2,180 cm�1) were shown for Cr(II)/S948-500 catalyst,

Scheme 10 Preparation procedure for the heterogeneous divalent model Phillips catalysts
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and three for Cr(II)/S948-800 (ca. 2,190, 2,187, and 2,180 cm�1), shown in Fig. 17.

After deconvolution of the IR spectrum of Cr(II)/S948-500 catalyst, a third peak

at 2,187 cm�1 was also observed. Furthermore, the results of the IR deconvolution

showed that the area ratio of the peaks at ca. 2,190 and 2,180 cm�1 was constant at

2.0 for both catalysts, which was not related to the variations in the pretreating

temperature for silica or the evacuation time of adsorbed CO. We assumed that

these two peaks (ca. 2,190 and 2,180 cm�1) can be attributed to the symmetric and

asymmetric stretching of the dicarbonyl species (�SiO)2Cr(CO)2 while the other

peak at ca. 2,187 cm�1 was assigned to the monocarbonyl species (�SiO)2Cr(CO).

The speculated presence of dicarbonyl and monocarbonyl species on the silica

surface was further confirmed by ONIOM calculations. The model cut from the

(100) face of β-cristobalite was applied to mimic the local structures of the silica

surface. Two different molecular models with replaceable and irreplaceable silox-

ane ligand were built for the dicarbonyl and monocarbonyl species, respectively, as

shown in Fig. 18. The calculated relative shifting for the symmetric and asymmetric

CO stretching was 11 cm�1, very close to the experimental value of 12 cm�1, which

revealed information on the local coordination environment of the Cr(II) site (see

structures 5e and 6e in Scheme 11).

For more direct evidence, an EXAFS analysis was performed for the model

catalysts. Figure 19 shows that the fitting in k and R space was quite good, and the

detailed structural parameters of the model for this fitting are presented in

Scheme 11. The main difference between the catalysts was that the coordination

numbers for the first shell of Cr(II) were four for Cr(II)/S948-500 and three for Cr

(II)/S948-800, varying in the coordination number of siloxane ligand from the silica

surface. A smaller average number of coordinated siloxane ligands, resulting in a

great difference in the bonding of the two silanolate ligands, might be the key to the

Fig. 16 Ethylene uptake profiles (symbols) in a batch reactor at 23�C, over (a) Cr(II) grafted on

S948-500 (102.7 mg, 1.71 wt% Cr, 34.5 μmol Cr); and (b) Cr(II) grafted on S948-800 (314.3 mg,

0.62 wt% Cr, 38.1 μmol Cr). The lines are three-parameter fits to the first-order integrated kinetic

rate equation
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much higher ethylene polymerization activity of the model catalyst Cr(II)/S948-

800 since its silica bears an irreplaceable siloxane ligand to keep the coordination

number of Cr(II) at three when contacting with ethylene (as shown in Scheme 12).

For model catalyst Cr(II)/S948-500, the more abundant species was the Cr(II) with

coordination number of four, binding to two replaceable siloxane ligands.

In summary, it was made clear that the coordination of the divalent active site

precursor with the siloxane ligands present on the silica support surface in terms of

the catalyst calcination temperature was crucial for determination of the precise

microstructures and coordination environment of the active Cr species and thus the

performance of the Phillips catalyst. Multiple spectroscopic methods including

FTIR and XAS (EXAFS/XANS) combined with molecular modeling and polymer-

ization experiments probing into the heterogeneous Phillips model catalysts proved

to be very effective. Spectroscopic investigation of the contact of ethylene with

these two divalent heterogeneous model catalysts at low temperature is still in

Fig. 17 Deconvolution of

experimental IR spectra in

the CO stretching region

(symbols) into three

Lorentzian components

(lines 1, 2, and 3) for (a) Cr
(II)/S948-500 and (b) Cr(II)/

S948-800. The spectra

predicted by the

deconvoluted components is

also shown
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Fig. 18 Computational models for grafted “(�SiO)2Cr” sites, differing in total Cr coordination

number, are shown without (1d and 4d) and with (3d and 5d) coordinated CO. The numbers over
the arrows denote binding energies in kcal mol�1, relative to the CO-free Cr(II) clusters (2d and

4d) and free ligands (CO or siloxane). Color key: Cr (yellow), O (red), Si (blue), C (green), H
(white). Inner layer: ball-stick; outer layer: wireframe

Scheme 11 Proposed structures for chromate sites (1e, 2e) embedded in six-membered

chromasiloxane rings (blue) on highly dehydroxylated amorphous silica; the corresponding Cr

(II) sites, Cr(II)/S948-500 (3e) and Cr(II)/S948-800 (4e) formed upon reduction, (showing the

distances obtained by EXAFS curve fitting); and their corresponding carbonyl complexes (5e, 6e).

Additional siloxane and carbonyl ligands are shown in red. Bond length is in Å
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progress by our group via in-situ techniques in order to figure out the formation of

the first Cr–C bond and the initiation mechanism of ethylene polymerization. A step

forward in the interpretation of the nature of the active sites and polymerization

mechanisms (especially the initiation mechanism of the first polyethylene chain)

requires the combination of heterogeneous model catalyst systems with more

advanced and multiple characterization techniques, especially in-situ/operando

techniques as well as molecular modeling. The rational design and utilization of

new heterogeneous model Phillips catalysts is expected to allow further progress in

better understanding of the real and complex catalyst system.

5 Approaches Using Homogeneous Model Catalysts

In the previous section, investigations on heterogeneous model catalysts with more

uniform and well-defined structure of surface chromium species supported on silica

gel had been demonstrated as a powerful strategy for the basic study of Phillips

catalysts. However, the complexity is still derived from the heterogeneity of the

Fig. 19 Single-scattering refinements of the EXAFS for Cr(II) supported on S948-500 (a, b) and

S948-800 (c, d). Frames (a) and (c) show the data (dotted lines) and curve fits (solid lines) in k3-
weighted k-space. Frames (b) and (d) show the FT magnitudes (upper dotted lines), imaginary

components (lower dotted lines) and curve fits (solid lines) in R space
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amorphous silica support as well as the fact that more than 99% of the active sites

exist within the micro- and mesopores in the inner surface of the silica support.

During the last few decades, various homogeneous model catalysts have been

developed in order to simplify such complexity of the traditional Phillips catalyst

originating from the silica support [121]. Some typical homogeneous model catalysts

are listed in Scheme 13, including the Cr(II)OH+ and Cr(III)O+ cations (models 1f

and 2f) [122, 123], bistriphenylsilyl chromate (BC) (model 3f) [111], a POSS-

supported Cr catalyst (model 4f) [124, 125], siloxane chromate ester (model 5f)

[126], spirocyclic chromium(II) siloxane (model 6f) [127], 1,3,5-triazacyclohexane

complexes of chromium(III) (model 7f) [128], cationic alkyl complexes of chromium

(III) (model 8f) [121, 129–131], and [(Ph3SiO)Cr · (THF)]2(μ-OSiPh3)2 (model 9f)

[40, 41]. Some recently reported novel homogeneous Cr-based complexes based on

low-valence chromium species for ethylene polymerization or oligomerization, such

as imido, β-diketiminates and reduced Schiff base [N, O] chelate derivatives, which

are far from the character of the Phillips catalyst, will not be considered here

[132–137].

Hanmura et al. [122, 123] found two simple chromium cations Cr(II)OH+ and

Cr(III)O+ (models 1f and 2f) that could dimerize ethylene into 1-butene without

using any organometallic cocatalyst, and proposed that they could be treated as

simple homogenous cluster models for the Phillips catalyst. Baker and Carrick

[111] reported ethylene polymerization over BC (model 3f), a hexavalent chromate

compound bearing two triphenylsilyl ligands, at elevated temperatures (�130�C)

Scheme 12 Two different possible routes for ethylene reduction/activation of silica-supported

chromates (1e, 2e) embedded in six-membered chromasiloxane rings (blue). In the absence of

coordinated siloxane ligands, the bis(ethylene) complex 7e is transformed readily to the

polymerization-inactive chromacyclopentane 8e [120], while a non-displaceable siloxane ligand

in the mono(ethylene) complex 9e prevents metallacycle formation and therefore opens an

alternate, as-yet unknown, path to a monoalkylchromium(III) site capable of polymerizing ethyl-

ene. Additional siloxane, ethylene monomer and subsequent formed bonds are shown in red
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and ethylene pressures (�350 atm) in cyclohexane solution without adding any

cocatalyst. In our opinion, BC could be taken as a homogeneous model for the

Phillips catalyst and should be more extensively studied. A POSS-supported Cr

complex [(c-C6H11)7Si7O11(OSiMe3)]CrO2 (model 4f) developed by Feher and

Blanski seemed to be a more realistic homogeneous model of the Phillips catalyst

[124, 125]. Abbenhuis reported a homogeneous 12-membered inorganic heterocy-

cle Cr(VI) model catalyst (model 5f) that was active for ethylene polymerization

[126]. Sullivan and coworkers reported a homogeneous spirocyclic Cr(II) siloxane

model catalyst (model 6f) for ethylene polymerization [127]. This catalyst showed

no activity without Al-alkyl cocatalyst and poor activity in the presence of AlMe3
cocatalyst, which was rationalized by the authors as being due to the partial

deactivation of this homogeneous divalent model catalyst because of its ultrahigh

sensitivity to air and moisture. The homogeneous triazacyclohexane Cr(III) com-

plex (model 7f) reported by Köhn et al. showed a high ethylene polymerization

activity and resembled the Phillips catalyst in many important properties, such as

the high dependence of MW on the polymerization temperature and the presence of

methyl and vinyl end groups in each PE chain. However, a considerable amount of

MAO was needed to activate the catalyst, presenting single-site catalyst characters

Scheme 13 Homogeneous models reported in the literature for the Phillips Cr/silica catalyst
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with a MWD of 2–4 for its PE products [128]. Theopold and coworkers [121,

129–131] reported a series of cationic alkyl Cr(III) catalysts for ethylene polymeri-

zation and claimed that these catalysts bearing β-diiminates ligand could mimic the

hard coordination environment of the silica surface and thus could be taken as

models of the Phillips catalyst (model 8f shows one example). However, these

catalysts showed ethylene living polymerization behavior, which was far from the

character of the Phillips catalyst. It is still a great challenge to find ideal homoge-

neous model catalyst systems to mimic the polymerization behaviors of the indus-

trial Phillips catalyst.

Recently, a novel homogeneous triphenylsiloxy complex of chromium(II) model

catalyst [(Ph3SiO)Cr · (THF)]2(μ-OSiPh3)2 (model 9f) was successfully

synthesized and structurally characterized. Its ethylene polymerization performance

was systematically investigated in a comparison with that of BC (model 3f)

[40, 41]. Model 9f catalyst was prepared by a simple reaction of CrCl2 with TPS

and NaH (1:2:2) in THF. Figure 20 shows its crystal structure as a dinuclear Cr(II)

complex bearing two bridging siloxy ligands in a tetrahedrally distorted square planar

coordination geometry. Another example of such dinuclear Cr(II) complex bearing

two bridging siloxo ligands in a similar tetrahedrally distorted square planar coordi-

nation geometry is {Cr[Me3PhNSi(Me2)N
0Si(Me2)O](THF)}2 [138], which was not

considered as a catalyst for ethylene polymerization. Model 9f was found to be

inactive for ethylene polymerization in the absence of Al-alkyl cocatalysts under

20 atm. and RT, even after increasing the temperature to 100�C for 16 h, which might

be due to the existence of two strongly coordinated THF molecules within model 9f.

Therefore, an Al-alkyl cocatalyst such as MAO or TiBA was used for the ethylene

slurry polymerization over the two model catalysts (3f and 9f).

Fig. 20 Crystal structure of

[(Ph3SiO)Cr · (THF)]2
(μ-OSiPh3)2 (9f) with
ellipsoids at the 50%

probability level and

hydrogen atoms omitted for

clarity. Selected bond

distances (Å) and angles (�):
Cr(1)–O(3), 1.928(2); Cr

(1)–O(2), 2.014(2); Cr(1)–O

(1), 2.023(2); Cr(1)–O(4),

2.066(2); Cr(1)–Cr-(2),

2.880(1); O(3)–Cr(1)-O(2),

97.70(8); O(3)–Cr(1)–O(1),

167.00(8); O(2)–Cr(1)–O(1),

81.03(8); O(3)–Cr(1)–O(4),

90.51(8); O(2)–Cr(1)–O(4),

169.47(8); O(1)–Cr(1)–O(4),

92.43(8)
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The ethylene polymerization results are summarized in Tables 2 and 3. Solid PE

was obtained by using model 9fwith MAO at low Al/Cr molar ratios (Al/Cr � 100)

(Table 2, entries 9, 10). With a further increase in Al/Cr molar ratios (Al/Cr � 200)

(Tables 2 and 3, entries 11–13), liquid oligomers were surprisingly obtained

together with a small amount of PE. 1H NMR results revealed liquid oligomers

with high contents of terminal vinyl groups (>84%), mostly linear α-olefins,
thereby the predominant chain transfer mechanism could be β-H elimination in

this model catalyst system. It is shown in Table 2 that the activities of entries 11–13

(average 760 g mmolCr
�1 h�1) were much higher than the activities of entries 9 and

10 (average 210.5 g mmolCr
�1 h�1). It was very interesting to find that a transfor-

mation of ethylene polymerization into ethylene nonselective oligomerization

occurred over model 9f catalyst using MAO as cocatalyst when the Al/Cr ratio

was increased from 50 to 1,000. A similar transformation phenomenon was also

discovered over BC (model 3f) combined with MAO as cocatalyst (see entries 1–5

in Tables 2 and 3). The only difference was that the critical point of Al/Cr molar

Table 2 Results of ethylene polymerization/oligomerization runs using BC (3f) and [(Ph3SiO)

Cr · (THF)]2 (μ-OSiPh3)2 (9f) with Al-alkyl cocatalystsa

Entryb Cocatalyst Al/Cr PE (g)

Mw

(g mol�1) PDI

Tm
(�C) Activityc

Oligomerd

(g)

Vinyle

(mol%)

1 MAO 100 1.20 191,000 2.6 134.7 152 0 –

2f MAO 200 0.81 240,000;

5,400

2.1;

1.1

131.7 103 0 –

3f MAO 500 0.64 254,000;

3,000

2.1;

1.6

129.8 386 2.4 90.3

4f MAO 1,000 0.43 295,000;

1,900

2.8;

1.2

129.2 690 5.0 81.6

5f MAO 1,500 0.55 313,000;

1,500

2.8;

1.4

127.4 413 2.7 84.6

6 TiBA 4 1.58 69,000 3.0 132.8 201 0 –

7 TiBA 10 0.71 158,000 2.4 132.9 90 0 –

8 TiBA 500 Tracesg – – – – – –

9 MAO 50 1.67 185,000 5.2 134.5 226 0 –

10 MAO 100 1.44 223,000 4.1 122.1 195 0 –

11 MAO 200 0.43 141,000 2.9 120.4 709 4.8 92.6

12 MAO 500 0.31 64,000 2.2 N/A 743 5.2 84.2

13 MAO 1,000 0.34 49,000 2.3 N/A 827 5.8 89.1

14 TiBA 4 0.21 196,000 5.2 135.1 28 0 –

15 TiBA 10 0.16 136,000 4.6 134.4 22 0 –

16 TiBA 500 Tracesg – – – – 0 –
aStandard conditions: T ¼ 22�C, V ¼ 10 mL, P ¼ 20 atm., catalyst ¼ 10 mg, time ¼ 30 min
bEntries 1–8 for BC catalyst, entries 9–16 for [(Ph3SiO)Cr · (THF)]2 (μ-OSiPh3)2 catalyst
cActivity in g (mmolCr)

�1 h�1 by adding polymerization activity to oligomerization activity
dBy integration of the NMR olefinic resonances with respect to the Me of the toluene solvent
eBy integration of the NMR olefinic resonances
fBimodal distribution from GPC analyses
gLess than 0.05 g
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ratio for the transformation of model 3f was much higher than that of model 9f,

which can be rationalized by assuming that reduction of the hexavalent chromate

model 3f into a lower valence state should consume more MAO. It was noteworthy

that only a small amount of PE but no liquid oligomer was produced in the case of

TiBA as cocatalyst for both model catalysts. Larger amounts of TiBA only

completely deactivated the two model catalysts, probably due to its much stronger

reducing power than MAO.

The transformation from ethylene polymerization to ethylene nonselective olig-

omerization over the two model catalysts (3f and 9f) in the presence of Al-alkyl

cocatalyst MAOwith the increase in Al/Cr molar ratio is shown in Scheme 14. Such

interesting transformation phenomenon could not be found using the same catalysts

combined with TiBA. Similar polymerization/oligomerization transformation

behavior has also been reported recently on Cr-based ethylene trimerization

Table 3 Distributions of ethylene oligomerization products over BC (3f) and [(Ph3SiO)Cr ·

(THF)]2 (μ-OSiPh3)2 (9f) with Al-alkyl cocatalystsa

Entryb Cocatalyst Al/Cr Oligomerc (g)

Oligomer distributiond (%)

Vinyle (mol%)C6 C8 C10 C12 C14 C16

3f MAO 500 2.4 12.5 25.7 26.8 18.3 9.5 4.3 90.3

4f MAO 1,000 5.0 9.5 19.2 18.4 25.3 14.6 7.3 81.6

5f MAO 1,500 2.7 10.5 23.5 11.4 26.2 15.1 8.0 84.6

11 MAO 200 4.8 13.5 16.1 21.8 21.5 14.9 7.2 92.6

12 MAO 500 5.2 10.1 35.6 11.5 18.9 11.1 6.2 84.2

13 MAO 1,000 5.8 12.3 31.6 16.1 11.0 9.1 9.0 89.1
aStandard conditions: T ¼ 22�C, V ¼ 10 mL, P ¼ 20 atm., catalyst ¼ 10 mg, time ¼ 30 min
bEntries 1–8 for BC catalyst, entries 9–16 for [(Ph3SiO)Cr · (THF)]2 (μ-OSiPh3)2 catalyst
cBy integration of the NMR olefinic resonances with respect to the Me of the toluene solvent
dBy GC-MS, values of C4 are not given due to volatility, remainder is C4 and C18+
eBy integration of the NMR olefinic resonances
fBimodal distribution from GPC analyses

Scheme 14 Transformation of ethylene polymerization to ethylene nonselective oligomerization

over BC (3f, upper) and [(Ph3SiO)Cr · (THF)]2(μ-OSiPh3)2 (9f, lower) complexes
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catalysts by changing the cocatalyst from [(iBu)2Al]2O to MAO [139]. Comprehen-

sive theoretical molecular modeling focusing on such interesting polymerization/

oligomerization transformation mechanisms is still in progress.

In order to shed some light on the nature of active sites relating to the transfor-

mation between ethylene polymerization and nonselective oligomerization over the

two model catalyst systems, several spectroscopic methods including NMR, ESR,

and MALDI-TOF MS were applied. For the case of the model 3f/MAO system, a

very characteristic isotropic, hyperfine structure multiplet assigned to a cationic [Cr

(η6-arene)2]+ sandwich complex was observed from the ESR spectrum, indicating

that part of the complex was reduced to a Cr(I)+ species, which was coordinated by

two molecules of toluene (or arenes from the dissociated Ph3SiO groups) to yield

the cationic (η6-arene)2 complex. Similar ESR results for the same cationic [Cr(η6-
arene)2]

+ sandwich species were also obtained in the model 9f/MAO catalyst

system at different Al/Cr molar ratios.

In the 29Si NMR spectrum of the model 9f catalyst activated by MAO, aluminum

species containing the Ph3SiO group were observed. Thus, the Cr–C bond was likely

to be produced by transferring the methyl group fromMAO to the chromium center

during the activation. Correspondingly, the Ph3SiO group was transferred from the

Cr center to the aluminum of MAO to produce the aluminum species containing a

Ph3SiO group, accompanied by the formation of a cationic [Cr(η6-arene)2]+

sandwich complex.

The alkyl radical is known to be an important intermediate during the activation

reaction between transition metal-based polyolefin catalysts and metal alkyl

cocatalysts. However, it is difficult to characterize by spectroscopic methods due

to its high reactivity and short lifetime. An investigation to confirm the generation

of alkyl radicals during the activation of model 3f with TiBA by fullerene radical

trapping combined with ESR as well as MALDI-TOF MS was performed. A new

ESR signal (Fig. 21b) of the multiple addition paramagnetic adducts of butyl

radicals to fullerene was successfully observed compared with the ESR signal

without fullerene, and the addition of butyl radicals to fullerene was confirmed by

MALDI-TOF MS analysis (Fig. 21a). The butyl radical intermediate could be

considered to be generated during the reduction and alkylation of BC with TiBA.

Similar ethyl and methyl radical formation has been previously reported during the

activation reaction in other olefin polymerization catalyst systems [140, 141].

In order to understand the identity (active or inactive) of the cationic [Cr(η6-
arene)2]

+ species in model 3f/TiBA catalyst system, a temperature-dependent ESR

experiment (220–350 K) was performed to monitor ethylene polymerization (in the

NMR tube). In Fig. 22, it can be seen that the multiplet (g ¼ 1.995) of the cationic

[Cr(η6-arene)2]+ species remained unchanged, indicating that this kind of species

was not active at these reaction conditions. No other ESR signals were observed

during the temperature raising process (220–350 K), although the solid PE had been

observed at 290 K. This result indicated that the active species for ethylene

polymerization cannot be observed by ESR spectroscopy. Therefore, the valence

state of the active species in model 3f/TiBA catalyst system might be Cr(II), which

was always ESR silent. However, Cr(III) cannot be excluded on the basis of the
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limited experimental results, because it was generally observed by ESR spectros-

copy at very low temperatures up to 77 K. Further mechanistic study through

combined experimental and theoretical modeling is now still in progress in order

to clarify the nature of the active sites and their transformation behavior.

In summary, two homogeneous model catalysts with triphenylsiloxy ligands of

chromium(II) and chromium(VI) (models 3f and 9f) were systematically studied for

ethylene polymerization in the presence of Al-alkyl cocatalyst. Similar transforma-

tion phenomenon from ethylene polymerization to nonselective oligomerization

was discovered over both model catalysts using MAO as a cocatalyst depending on

the Al/Cr molar ratios. A cationic [Cr(I)(η6-arene)2]+ sandwich complex was

observed for both catalyst systems combined with MAO or TiBA and was excluded

as being the active site for ethylene polymerization. Further mechanistic

investigations on these model catalyst systems as well as their relevance to the

Phillips catalyst are still in progress in order to elucidate the mechanisms of such

interesting phenomena. The well-defined molecular structure of homogeneous

catalysts provide good basis for their investigation with molecular modeling as

well as other spectroscopic methods, especially in-situ or operando techniques. The

Fig. 21 ESR and MALDI-TOF monitoring of the mixture of BC (3f) with fullerene C60 activated

by TiBA (Al/Cr ¼ 4): (a) MALDI-TOF MS spectrum; (b) ESR spectrum at 290 K in toluene
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development and utilization of novel and more realistic homogeneous Phillips

catalysts are still great challenges and are expected for further progress in this

important field in the near future.

6 Approaches Using Molecular Modeling

Although numerous experiments and spectroscopic characterizations have been

conducted on the Phillips catalyst, the precise structure of the active site on the

silica surface, reduction of the surface chromate species during the induction

period, the formation of the first chromium–carbon bond, and the mechanism for

ethylene polymerization still need to be further clarified [11]. In order to achieve

more specific information, molecular modeling approaches could provide a useful

complement to the experiments and enable us to study these obscure mechanistic

problems directly at the atomic and molecular level. In the last decade, very precise

mechanistic pictures of the Cr-based polymerization catalysts have been obtained

using different theoretical methods, especially through a combination of the exper-

imental findings with theoretical calculations.

Fig. 22 Monitoring of ethylene polymerization over 3f/TiBA (Al/Cr ¼ 4) by in-situ ESR spec-

troscopy (from 220 to 350 K): (a) 220 K, (b) 270 K, (c) 290 K, and (d) 350 K. For determination of

the g factor spectrum recorded with TEMPO (g ¼ 2.0058), the three lines of TEMPO are marked

with asterisks
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6.1 Molecular Models

To understand the behavior of the heterogeneous catalyst, a molecular model must

be first built to mimic the active sites anchored on the support. Regarding the

Phillips catalyst, the hexavalent chromate species on a silica surface is believed to

be reduced to lower valence states, usually Cr(II), resulting in a mononuclear or

dinuclear Cr(II) site, which is bound to the silica surface through two oxygen

linkages. During the last decade, various molecular models have been built for

the active sites of the Phillips catalyst, as graphically shown in Fig. 23.

As early as 2004, we employed hexavalent chromic acid (1g) as a simple

molecular model for simulating the coordination of ethylene on the pre-reduced

monochromate site of the Phillips catalyst [142]. Soon after that, a more realistic

silsesquioxane-supported cluster model 2g was built for theoretical investigation in

order to elucidate the effects of silica gel and its surface fluorination on the

properties of the Phillips catalyst [143, 144]. Meanwhile, Hanmura et al. [122,

123] found that two simple chromium cations [Cr(II)OH+ and Cr(III)O+, as shown

in 1f and 2f] could possibly dimerize ethylene into 1-butene without using any

organometallic cocatalyst. Because the chromium centers in these two kinds of

cations were directly bonded to an oxygen atom, and the Phillips catalyst was

composed of chromium supported on silica gel through oxygen linkages, the

authors claimed that 1f and 2f could be treated as homogenous cluster models for

the Phillips catalyst.

A group of cluster models 3g–10g created by Espelid and Børve in a series of

systematic DFT investigations on the active sites of the Phillips catalyst are shown

in Fig. 23 [120, 145–149]. Clusters 3g–6g were four kinds of mononuclear Cr(II)

sites varying in –O–Cr–O– angles. 4g was a pseudo-tetrahedral cluster. 6g was a

pseudo-octahedral cluster, and the other two clusters were built with different bond

angles to represent the heterogeneity of the silica surface. Cluster 3g was a four-

membered chromasiloxane ring with a much higher ring strain and thermodynami-

cally unfavorable formation requiring a heat of 24.6 kcal mol�1. For clusters 4g and

5g, the heats of Cr anchoring reaction decreased with the increasing ring size.

Compared to the experimental frequencies of 986 � 46 cm�1 for a dehydrated

silica-supported chromium oxide catalyst [83], the two computed harmonic Cr¼O

stretching frequencies were 1,016 and 1,054 cm�1 for the cluster 4g. Furthermore,

the computed d–d transition of 5A0-5A00 at a vertical transition energy of

10,400 cm�1 also agreed with the experimental observation of d–d transition in

Cr2+ ions conducted by Weckhuysen and Wachs [150]. Therefore, the

six-membered chromasiloxane ring 4g was chosen by Espelid and Børve as a key

model for a series of DFT studies on the Phillips catalyst. The cluster 6g with

geometry constraint to reserve D3h symmetry was only used in chromium d–d
transition study for comparison with clusters 4g and 5g [145]. The hydrogen

transfer was also evaluated by means of DFT studies using a large cluster 7g

[147]. Two dinuclear clusters, 8g and 9g, represented the silica-supported dichro-

mate species sited on narrow and wide sites [146]. The cluster 10g was a trivalent
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cluster model for modeling the properties of Cr(III) species on the silica surface of

the Phillips catalyst [145].

The six-membered chromasiloxane(II) ring was also adopted and confirmed as a

model of active Cr species in many theoretical investigations [54, 71, 146, 151,

152]. In a parallel study, Schmid and Ziegler [153] reported a theoretical calcula-

tion on the surface-supported Cr(IV) species (11g) for ethylene polymerization. A

low barrier for chain propagation was found through a transformation from neutral

chromium-alkylidene (Cr-carbene) complex to cationic chromium-alkyl complex

in the early stage of ethylene polymerization. Demmelmaier et al. further confirmed

the validity of the six-membered chromasiloxane ring 4g as an ideal model rather

Fig. 23 Various molecular models for the Phillips Cr/silica catalyst that have been reported in the

literatures
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than the larger ring 5g for the Phillips catalyst through a combination of

experiments and theoretical calculations [54, 114]. Recently, Zecchina et al.

reported the adsorption of probe molecules (CO, N2) on the six-membered

chromasiloxane(II) ring 4g and found a good agreement between the calculated

vibrational frequencies and the experimental observations by increasing the per-

centage of Hartree�Fock exchange in the hybrid density functional B3LYP

[151]. Alternatively, we [71] studied the effects of Ti-modification of the Phillips

catalyst using the modified six-membered chromasiloxane ring 12g. Combined

with the experimental findings, a reasonable mechanistic understanding has been

made for the effects of Ti-modification of Phillips catalysts, such as promotion of

the polymerization activity, extension of MWD to the low molecular weight region,

and improvement of the distribution of inserted comonomers. Moreover, we [154]

studied the reduction of the hexavalent chromate species by ethylene during the

induction period and unraveled the behavior of Cr(II) active sites (4g) with or

without coordination of formaldehyde, which was generated through the reduction

of chromate species by ethylene. Recently, Tonosaki et al. [152] found that the

calculated activation energies for both ethylene insertion and chain transfer were in

good agreement using the six-membered chromasiloxane ring 4g and a slightly

larger cluster 13g. It was pointed out that the intrinsic origin of the broad MWD of

the polyethylene produced by Phillips catalysts might be derived from the multiple

coordination environments around the active Cr site on the silica surface.

It has long been recognized that the silica support is not an inert component of

the catalyst that simply directs polymer particle morphology. The neglect of the

real silica surface could introduce some artificial effects and provide an unreal-

istic environment for the adsorption of monomer on active chromium centers

[155]. Nowadays, with the improvement in computing resources and the devel-

opment of quantum methodologies, full quantum calculations using a large

surface-supported model or a periodic model of silica gel surface can be

performed. Very recently, we developed a surface model 2d containing 37 Si

atoms through supporting of a six-membered chromasiloxane ring onto a silica

surface cutting from the β-cristobalite crystal structure, whose surface was

proposed to resemble that of amorphous silica [55]. The results were in good

agreement with the experimental spectra as discussed in Sect. 4. Guesmi and

Tielens [156] reported an amorphous silica surface slab containing 120 atoms

(Si27O54·13H2O) that represented the amorphous character of the hydroxylated

silica surface involving different silanol types. Through a periodic DFT calcu-

lation, a higher stability of mono-oxo and di-oxo chromium species was con-

firmed in comparison with chromium-hydroxyl species. The main conclusion of

their study was a strong support of the six-membered chromasiloxane ring on the

amorphous silica surface as a valuable molecular model for the Phillips catalyst.

Thus far, all the related theoretical calculations mentioned above agree that the

six-membered chromasiloxane ring 4g could serve as a reasonable cluster model

for the Phillips catalyst, but that the effects of the silica support should be

considered as well.
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6.2 Reaction Mechanism During the Induction Period

In the absence of organometallic cocatalyst, the hexavalent chromate species on the

Phillips catalyst is first reduced to a lower valence state by ethylene monomers.

Experimentally, we found that the exposure of ethylene to Phillips catalyst during

the induction period at RT led to the reduction of Cr(VI)Ox,surf precursors to Cr(II)

Ox,surf species with the simultaneous formation of formaldehyde and unsaturated

hydrocarbon species, such as propylene and butene. The proposed reaction

mechanisms during the induction period are shown in Scheme 15 [79].

In order to elucidate the proposed reaction mechanism for the Phillips catalyst

during the induction period, we recently performed a theoretical investigation to

study the role of formaldehyde [154]. Through extensive calculations on all the

possible configurations, three kinds of stationary complexes were located and are

referred to as 4g for a complex without any formaldehyde, 4g-1 for a complex with

one adsorbed formaldehyde, and 4g-2 with two adsorbed formaldehydes. The

optimized geometries are graphically shown in Fig. 24.

There were three kinds of Cr(II) sites generated after the reduction of hexavalent

chromate species by ethylene monomers. 4g represented the naked cluster model

for the Cr(II) site of the Phillips catalyst, providing more room for ethylene

coordination to the Cr center. The calculations showed that the initiation reactions

between the Cr(II)Ox,surf species and ethylene molecules may occur after the

desorption of one or two formaldehyde molecules (on 4g-1 or 4g-2). For 4g-2,

two formaldehyde molecules were adsorbed on the Cr(II) center from the opposite

side above the chromasiloxane ring, with formation of two Cr–O bonds of 2.131 Å.

Scheme 15 Plausible monomer reaction mechanism between ethylene and monochromate site on

the Phillips Cr/silica catalyst during the induction period of ethylene polymerization
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Scheme 16 describes all the possible reaction networks during the induction period,

and the naked cluster model 4g is taken as an example.

The electronic spin state of a transition metal species may have a dramatic

effect on the catalytic reactivity. Cr-catalyzed reactions often show a two-state

manner, in which the spin crossing plays a vital role in determining the behavior of

the catalyst [157–159]. For the reaction initiated on 4g, a spin crossover from

quintet to triplet state occurred during the formation of chromacyclopentane from

the Cr(II) complex, which dramatically lowered the activation energy barrier

from 42.4 kcal mol�1 on a single quintet surface to 23.7 kcal mol�1 on a triplet

surface through a spin-flipping reaction via a minimum energy crossing point

Fig. 24 Stable geometries of Cr(II) catalyst models adsorbed with different numbers of formal-

dehyde molecules after the reduction of chromate species by ethylene

Scheme 16 Reaction pathways over the cluster model 4g during the induction period
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(MECP), as shown in Scheme 17, reaction 1. The following reaction may occur

from the chromacyclopentane species h5 on the triplet surface to generate a

methyl-chromacyclobutane species h6 through an intramolecular 2,1-hydrogen

shift, which would lead to a metathesis reaction to produce propylene and butene

molecules, as observed experimentally [79]. However, the hydrogen transfer was

prohibited by a much higher energy barrier of 57.2 kcal mol�1 without formalde-

hyde adsorption, as shown in Scheme 17, reaction 2. Alternatively, the reaction

from h5 to a dimerization product 1-butene was found to be finished in a two-step

manner via a Cr-hydride intermediate h7 with an energy barrier of 39.4 kcal mol�1.

The reaction crossover to the quintet surface before the second triplet barrier

through another MECP and 1-butene was finally released on the quintet surface,

as shown in Scheme 17, reaction 3. For the ring expansion step, ethylene molecule

may be directly inserted into the Cr–C bond of h5, generating a chromacy-

cloheptane structure h10 on the triplet surface with an insertion barrier of

26.9 kcal mol�1, as shown in Scheme 17, reaction 4. In contrast to h5, the ring

opening of h10 took place in a one-step manner assisted by a direct β-H agnostic

interaction. The trimerization product 1-hexene was also released on the quintet

surface with a barrier of 28.0 kcal mol�1 and the corresponding spin crossing took

place in the product channel, as shown in Scheme 17, reaction 5. The further ring

expansion from chromacycloheptane h10 was prohibited because ethylene coordi-

nation complex could not be located for h10 due to steric hindrance.

The calculated activation barriers over models 4g, 4g-1, and 4g-2 for all the

typical reactions (similar to reactions 1–5 in Scheme 17) during the induction

period are summarized in Table 4. After a complete desorption of the formaldehyde

molecules, the first initiation reaction occurred on 4g via a MECP to generate a

chromacyclopentane species on the triplet surface. The following ring expansion

gave a chromacycloheptane species and a subsequent one-step reductive elimi-

nation yielded 1-hexene on the quintet surface through another MECP. On the site

4g-1, the ring expansion step was forbidden because a third ethylene molecule

could not be adsorbed on the chromacyclopentane species with one formaldehyde

coordinated on the Cr center. Therefore, the reaction of ethylene trimerization on

model 4g-1 was absent. Although the dimerization on model 4g-1 was likely to take

place with an energy barrier of 35.5 kcal mol�1, a metathesis reaction was still

possible on site 4g-1 to produce short olefins. There was no reaction initiated by

4g-2 because the chromium site was completely shielded by the two coordinated

formaldehyde molecules.

Table 4 also summarizes the calculated activation barriers of all the typical

reactions (in Scheme 17) during the induction period over catalyst models similar to

4g, 4g-1, and 4g-2 except that both Si atoms within each model were fully

fluorinated. Fluorination of the silica support for the F-modified Phillips catalyst

showed negligible influence on ethylene dimerization to 1-butene and metathesis to

propylene [160]. However, the energy barrier was increased significantly in

reaction 5 of Scheme 17, in which 1-hexene was formed from the chroma-

cycloheptane species through a one-step intramolecular hydrogen shift. Fluori-

nation showed a positive effect on ring expansion in reaction 4 of Scheme 17.
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Scheme 17 Gibbs free energy profiles of reactions 1–5 over the cluster model 4g without

adsorbing formaldehyde. The triplet (3h) and quintet (5h) energy profiles are depicted. Energies

are in kcal mol�1
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6.3 Polymerization Mechanisms and the First Cr–C Bond
Formation

Phillips catalysts initiating ethylene polymerization without using any organome-

tallic cocatalyst brings us a long standing question: how is the first polyethylene

chain initiated on the naked chromium site? That is to say, the initiation mechanism

of ethylene polymerization in terms of the formation of the first polymer chain over

the active site on a Phillips catalyst is the key problem awaiting elucidation. In the

literature, three typical mechanisms, as previously shown in Scheme 2, have been

proposed for ethylene polymerization over a Phillips catalyst: (1) the formation of an

acyclic Cr–C or Cr–H bond followed by chain propagation through the classic

Cossee–Arlman mechanism; (2) the formation of Cr¼C (Cr-carbene) bond followed

by chain propagation through the Green–Rooney mechanism; and (3) the formation

of metallacycle in which both ends of the alkyl group are attached to the chromium

site, followed by chain propagation through the metallacycle mechanism.

Espelid and Børve [120] first studied different routes of initiation and chain

propagation mechanisms for ethylene polymerization over the Phillips catalyst

using the cluster models 3g–10g, and the six-membered chromasiloxane ring 4g

was regarded as one of the most plausible active Cr species. The potential catalytic

activities of monomeric and dimeric chromium species on the silica surface were

also evaluated [146, 147]. Starting from a Cr-cyclopropane, Espelid and Børve

compared three different initiation mechanisms including the formation of the

acyclic ethenylhydridochromium species, the ethylidenechromium species, and

the cyclic chromacyclopentane species [120]. The calculations showed that initia-

tion through a direct Cr–carbene formation could be safely excluded, while a

metallacycle pathway exhibited a much lower energy barrier. Meanwhile, Schmid

and Ziegler [153] found that a cationic Cr–C species could be generated by proton-

ation of the Cr¼C (Cr-carbene), which showed a lower energy barrier for chain

propagation compared with that through Cr-carbene propagation. The absence of

Table 4 Energy barriers on the proposed reaction pathways over catalyst models coordinated

with different numbers of formaldehyde molecules considering spin crossing

Reaction

Energy barrier (kcal mol�1)

Without fluorinationa With fluorinationb

nHCHO ¼ 0 nHCHO ¼ 1 nHCHO ¼ 2 nHCHO ¼ 0 nHCHO ¼ 1 nHCHO ¼ 2

First ring

formation

23.7 27.4 – 27.5 29.3 –

Metathesis 57.2 46.7 – 58.4 43.0 –

Dimerization 39.4 35.5 – 46.6 34.5 –

Ring expansion 26.9 – – 21.5 – –

Trimerization to

1-hexene

28.0 – – 38.2 – –

aOver catalyst models 4g, 4g-1, and 4g-2
bOver catalyst models similar to 4g, 4g-1, and 4g-2 except that both Si atoms within each model

were fully fluorinated
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internal C¼C bonds in the copolymer produced by copolymerization of ethylene and

cyclopentene over the Phillips catalyst also suggested the transformation of Cr¼C

into Cr–C species as polymerization active sites during the polymerization stage, as

confirmed experimentally [95]. Espelid and Børve suggested that the adjacent

hydroxyl group might be responsible for the formation of a Cossee-type active

site. However, this proposal is questioned due to the fact that Phillips catalyst

calcined at higher temperature with much less surface residual hydroxyl groups

usually shows higher activity than that calcined at lower temperature. The

metallacyclic mechanism through a chromacyclopentane species was supported by

strong experimental evidence concerning the intermediacy of large metallacycles in

polyethylene chain growth, resulting in the selective trimerization of ethylene to

1-hexene [161]. It could be concluded that the metallacycle mechanism is most

probably responsible for the initiation of ethylene polymerization, especially for the

formation of the first polymer chain on each active site on the Phillips catalyst.

In the above-mentioned theoretical studies of the initiation mechanism for

Phillips catalysts, the spin state of the chromium center, which might play a very

important role in the formation of the first chromium–carbon chain, was not

considered. As discussed in Sect. 6.2, although formation of the chromacy-

clopentane species as the key intermediate of the metallacyclic mechanism is

prohibited by the much higher energy barrier on a single quintet surface, a transition

of the reaction to the adjacent triplet surface through an MECP could lower the

energy barrier dramatically. Our recent work [162] proved that ethylene dimeriza-

tion over 1f model showed a two-state metallacyclic reaction pathway with the

formation of chromacyclopentane as the rate-determining step. Figure 25 shows the

energy surfaces for the ethylene dimerization together with two optimized

geometries of the spin crossing points. In the first crossing point 5-3CP1, the Cr–C

bonds are already formed between the chromium center and one of the coordinated

Fig. 25 Potential energy surfaces for the most feasible two-state reaction pathways for ethylene

dimerization catalyzed by Cr(II)OH+ (1f), via either a Cr-carbene mechanism or a metallacycle

mechanism determined at the M06 level of theory. Also shown are the crossing points optimized at

CASSCF level. The triplet metallacycle reaction pathway is depicted in blue, and the triplet

Cr-carbene reaction pathway is shown in dark red. The quintet parts are in black. Energies are
in kcal mol�1 and relative to 5i1. Bond lengths are in angstroms. Angles are in degrees
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ethylene molecules, with two Cr–C bonds of 2.057 and 2.031 Å. After the first spin-

flipping to the triplet surface, the metallacycle reaction pathway was found to be

more favorable than the Cr-carbene reaction pathway. 1-Butene was formed from

the chromacyclopentane by a two-step reductive elimination pathway through a

chromium(IV) hydride intermediate. Therefore, the initiation reaction of the ethyl-

ene polymerization could not proceed on a single quintet surface, but a spin-flipping

to an adjacent triplet surface facilitated the formation of the first Cr–C bond at the

crossing point of the two adjacent potential energy surfaces.

6.4 Polymerization Mechanisms for the Ti-Modified Phillips
Catalyst

As an important industrial catalyst, the Ti-modified Phillips catalyst is widely used

in ethylene polymerization. Recently, the mechanism of ethylene polymerization

by the Ti-modified Phillips catalyst has been studied theoretically and experimen-

tally [71]. In the DFT calculations, six mononuclear chromium cluster models

including three hexavalent chromate sites (16g, 17g, and 18g) and the

corresponding divalent chromium sites (4g, 12g, and 15g) were employed to

mimic various Ti-modification environments on the surface of the Phillips catalyst,

as shown in Fig. 26. Among these cluster models, 16g/4g represented Cr(VI)/Cr(II)

sites without Ti-modification. In 17g/12g and 18g/15g, the Ti/Cr atomic ratio was

set to 1:1 and 2:1, respectively.

For the Ti-modified Phillips catalyst, the inclusion of small amounts of titanium

on the catalyst has a promotional effect both on polymerization activity and the

Fig. 26 Models for Cr(VI) sites (16g, 17g, 18g for Ti:Cr ¼ 0:1, 1:1, 2:1, respectively) and Cr(II)

sites (4g, 12g, 15g for Ti:Cr ¼ 0:1, 1:1, 2:1, respectively) for the Phillips catalyst
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chain transfer rate. The polymerization activity is primarily determined by the

feasibility of the chain propagation reaction. We considered chain propagation

through the classical Cossee–Arlman mechanism through alkylated trivalent

Cr(III)-alkyl active sites, as depicted in Schemes 18 and 19. The energy barriers

for the chain propagation and chain transfer are listed in Table 5. The calculations

showed that the Cr active sites in Ti-modified models exhibited an increased

electron deficiency, and the corresponding energy barriers of the first ethylene

insertion were 19.2, 18.4, and 17.7 kcal mol�1 for cluster models 4g, 12g, and

15g, respectively. This indicated that Ti-promotional effects could enhance the

polymerization activity of the Phillips catalyst. The MW and MWD of the polyeth-

ylene are known to be determined by the relative rate between chain propagation

and chain transfer. β-H elimination to monomer was believed to be the

predominating chain transfer mode for Phillips catalysts (reaction b in Scheme 18).

Scheme 18 (a) Chain propagation through classical Cossee–Arlman mechanism, (b) Chain

transfer by β-H elimination to monomer

Scheme 19 Regiospecific insertion of 1-butene as comonomer in 1,2-orientation and

2,1-orientation for the Phillips catalyst

Table 5 Energy barriersa for chain initiation, chain propagation, and chain transfer reactions on

various models of the Phillips catalyst

Model

Chain propagationb Chain transferc Δd

C2H4 1-C4H8 1-C6H12 C2H4 1-C4H8 1-C6H12 C2H4 1-C4H8 1-C6H12

Ti:Cr ¼ 0:1 19.2 21.7 21.8 25.9 26.1 24.3 6.7 4.4 2.5

Ti:Cr ¼ 1:1 18.4 20.2 21.2 24.7 23.5 23.3 6.3 3.3 2.1

Ti:Cr ¼ 2:1 17.7 19.6 20.3 24.1 21.7 22.1 6.4 2.1 1.8
aEnergy barrier is given in kcal mol�1

bBased on primary 1,2-insertion
cBased on β-H elimination to monomer after 1,2-insertion of the corresponding monomer or

comonomer
dEnergy barrier differences between ethylene insertion of chain propagation and chain transfer

steps, in kcal mol�1
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As can be seen from Table 5, the chain transfer rate was enhanced more than the

chain propagation rate after Ti-modification. Consequently, Ti-modification could

result in an increased in the low MW fraction of polyethylene, and thus the MWD

was broadened to the lower MW region.

Copolymerization with α-olefins over a Phillips catalyst is a key method for

controlling the density and microstructures of the polyethylene products in indus-

trial processes. Table 5 also listed the energy barriers for the primary 1,2-insertion

of 1-butene and 1-hexene, and the subsequent chain transfer by β-H elimination for

all the three kinds of Ti-modified models. The calculated energy barriers showed

that Ti-modification could also promote the activity for ethylene copolymerization

with α-olefins. The energy differences between comonomer insertion and chain

transfer can lead to a conclusion on the effect of Ti-modification on the distribution

of the inserted comonomers in polyethylene chains. As listed in Table 5, the

difference between energy barriers for chain propagation and for chain transfer

decreased for model sites 4g, 12g, and 15g. Therefore, it was reasonable to

conclude that Ti-modified catalyst was likely to make low MW polyethylene with

much less comonomer insertion because the inserted comonomer mainly led to a

chain transfer reaction and left the inserted comonomer at the chain end. As a result,

the increased chain termination by comonomer resulted in less SCBs in the low

MW fraction and higher density of the polyethylene product for the Ti-modified

Phillips catalyst.

For traditional heterogeneous olefin polymerization catalysts such as

Ziegler–Natta and Phillips catalysts, the regioselectivity usually prefers

1,2-insertion (primary insertion) of α-olefins compared with 2,1-insertion (second-

ary insertion) due to obvious steric hindrance in the second insertion mode. The

effect of Ti-modification of the Phillips catalyst on the energy barriers of

1,2-insertion and 2,1-insertion of α-olefins was calculated by a DFT method

based on the three catalyst models. The regiospecific insertion of 1-butene is

shown in Scheme 19. All the energy barriers of the two insertion modes for both

1-butene and 1-hexene on the three catalyst models are listed in Table 6. The

calculated energy barriers for 1,2-insertion were lower than for the corresponding

2,1-insertion, indicating the dominant nature of 1,2-insertion in the copolymeriza-

tion by Phillips catalyst. Ti-modification lowered the energy barriers for both

Table 6 Energy barriersa through different regiospecific insertion modes with comonomers in

terms of regioselectivity on various models of the Phillips catalyst

Models Insertion modes 1-Hexene Δb 1-Butene Δb

Ti:Cr ¼ 0:1 1,2-insertion 21.8 1.9 21.7 2.2

2,1-insertion 23.7 23.9

Ti:Cr ¼ 1:1 1,2-insertion 21.2 1.2 20.2 1.2

2,1-insertion 22.4 21.4

Ti:Cr ¼ 2:1 1,2-insertion 20.3 1.8 19.6 1.8

2,1-insertion 22.1 21.4
aEnergy barriers are given in kcal mol�1

bEnergy barrier difference between 2,1-insertion and 1,2-insertion, in kcal mol�1

Phillips Cr/Silica Catalyst for Ethylene Polymerization 189



1,2-insertion and 2,1-insertion of comonomer, which was consistent with the

Ti-promotional effect on activity. Moreover, the energy barriers for 2,1-insertion

of comonomer decreased more than those for 1,2-insertion. The calculated results

indicated that 2,1-insertion of comonomer might be enhanced by Ti-modification of

the Phillips catalyst, which was consistent with McDaniel’s suggestion of the

plausible enhancement of the 2,1-insertion versus 1,2-insertion during ethylene

copolymerization with α-olefin on Ti-modified Phillips catalyst [4].

Up to now, most of the theoretical studies on the Phillips catalyst have been

conducted using cluster models built for modeling the active species on the silica

surface. Through a combination of molecular modeling and experimental spectros-

copy, a general agreement has been achieved on the cluster model. The reactions

during the induction period, the initiation mechanisms for ethylene polymerization,

and the effects of Ti-modification and fluorination of the silica surface were

elucidated through DFT calculations together with comparison with the experimen-

tal results. Because the real Phillips catalyst contains an amorphous silica support

with much higher heterogeneity, the cluster model may neglect the effect of the

silica surface, which is believed to be very important for understanding the active

sites of the Phillips catalyst. Thankfully, with the fast growth in computing power

and the in-depth development of quantum packages, one can perform theoretical

calculations on the Phillips catalyst using a more realistic silica-supported model,

which opens a new era in modeling of the Phillips catalyst. Although the theoretical

calculations using a silica-supported surface model are very limited at present, there

are bright prospects for the realistic molecular modeling of the Phillips catalyst. It is

always crucial to do molecular modeling with a comparison to experiments. The

combination of experiments and theoretical calculations results in more interesting

findings, which probably could not be obtained by means of a single technique. For

the theoretical work in the study of Phillips catalysts, a more realistic mechanistic

description could probably be achieved through a full ab initio quantum molecular

dynamics simulation using a surface-supported model [163]. Believe it or not,

molecular modeling will be playing a more and more important role in the catalytic

field. Theoretical calculation is a powerful tool for interpretation of experimental

results and in guidance of catalyst development through state-of-the-art catalyst

design.

7 Catalyst Innovations Through Modification of the

Phillips Catalyst

Parallel to the progress in the basic understanding on the nature of active sites and

polymerization mechanisms, several modified Phillips catalysts with better perfor-

mance and improvements in the structures and properties of PE products through

surface modification of the silica support and catalyst with Ti, F, Al, or B

compounds have been successfully developed and commercially applied during
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the past 60 years [2–4, 11]. It is obvious that the catalyst innovations are very

limited. During the past few years, we have successfully developed several novel

Cr-based Phillips-type catalysts through simple surface modifications of the tradi-

tional Phillips catalyst, as shown in Scheme 20. Two basic procedures were taken

into consideration for the innovations. One procedure was modification of surface

chromate species using various types of organic silanols (to give Cat-A and Cat-B).

The other procedure was modification of surface residual hydroxyl groups using

various types of organometallic compounds, which could be chemically anchored

on the catalyst surface and provide extra active sites for ethylene polymerization

(giving Cat-C).

7.1 Modification of Surface Chromate Species on the Phillips
Catalyst

Modification of surface chromate species on the Phillips catalyst using various

types of organic silanols could be a general procedure for synthesis of various novel

Cr-based polymerization catalysts. The reactions are shown in Scheme 20 for Cat-A

and Cat-B. The first example of Cat-A was reported by Cann and coworkers

through the reaction between TPS and a Phillips catalyst with the original purpose

of transformation of the Phillips catalyst into UCC S-2 catalyst in order to avoid the

use of toxic and expensive BC [27]. In our opinion, the Cat-A was similar to the

UCC S-2 catalyst but differed with respect to the simultaneously formed surface

Scheme 20 Procedures for preparation of novel catalysts (Cat-A, Cat-B and Cat-C) by modifica-

tion of the Phillips catalyst
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hydroxyl group very close to the active Cr site. Therefore, a detailed study on the

synthesis of Cat-A was further carried out by a combination of experimental and

theoretical methods [28]. The results showed that the molar ratio of TPS to Cr was

important for the catalyst structure and the polymerization performance as well as

the structure and properties of the PE products. An increase in TPS amount seemed

to accelerate the loss of surface hexavalent chromium species from the support,

suggesting that the conversion from Phillips catalyst to S-2 catalyst by the addition

of TPS could not occur completely. The optimal molar ratio of TPS to Cr was 1.5

for the preparation of Cat-A (named Cat-A/1.5). Ethylene slurry polymerization

kinetics activated by Al-alkyl cocatalyst during polymerization over the Phillips,

Cat-A/1.5 and S-2 catalysts are shown in Fig. 27. All three catalysts showed hybrid-

type polymerization kinetics (as shown in Fig. 10a). The polymerization activity of

Cat-A/1.5 catalyst was much lower than that of the Phillips catalyst. For Cat-A/1.5

and S-2 catalysts, the kinetic curves for the two catalysts with the same cocatalyst

were similar, and only a slightly higher activity of Cat-A/1.5 catalyst than that

of S-2 catalyst was obtained, as shown in Fig. 27b. The significant decline in

polymerization activity from Phillips catalyst to Cat-A/1.5 catalyst might be due

to the different coordination environment of the Cr active site, the release of

surface strain by opening of the Si–O–Cr–O–Si–O ring, and the appearance of a

simultaneously formed hydroxyl group next to the Cr center after TPS modification.

The theoretical studies by DFT showed that coordination of the hydroxyl to the

reduced Cr site were favorable for ethylene polymerization and might be the reason

for its higher polymerization activity than the S-2 catalyst. But, further modification

of the hydroxyl group on the Cat-A/1.5 catalyst by a series of alkyl chlorosilane

compounds showed that the effect of an electron-withdrawing group was limited at

a certain distance away from the Cr active site.

Fig. 27 Ethylene polymerization kinetic curves of catalysts activated by TEA cocatalyst during

slurry polymerization: (a) Phillips catalyst (a1) and Cat-A/1.5 catalyst (a2) (Al/Cr molar ratio ¼ 20.0);

(b) Cat-A/1.5 catalyst (b1) and S-2 catalyst (b2) (Al/Cr molar ratio ¼ 15.0). Polymerization

conditions: catalyst amount, 160 mg; polymerization temperature, 90�C; ethylene pressure,

0.15 MPa; solvent, heptane, 70 mL
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By similar method, a new chiral organo-silanol species, methyl (1-naphthyl)

phenylsilanol has been successfully introduced onto Phillips catalyst PC600 cal-

cined at 600�C in order to synthesize a novel Phillips-type catalyst (Cat-B)

[164]. There was a decrease in BE values of the Cr 2p core level in the XPS spectra

for the catalyst samples with increasing molar ratios of chiral ligand to Cr from

chiral ligand-free 1:0 (PC600), 1:1 (Cat-B/600-S) to 1:4 (Cat-B/600-4S). This could

be explained by the electron donation effect of chiral organo-siloxane ligand and

the formation of hydroxyl groups after anchoring of the ligand, which can release

the strong surface tension on the silica support formed during high temperature

calcination. The ethylene polymerization kinetic curves of Cat-B/600-S and Cat-B/

600-4S activated by Al-alkyl cocatalyst with different Al/Cr molar ratios are shown

in Fig. 28 and illustrate the hybrid-type kinetic behavior (as shown in Fig. 10a). At

the same time, it was very interesting to find relative amounts of methyl and n-butyl
branches in these ethylene homopolymers, which were considered to be generated

from the metathesis site (as shown in Scheme 8). Therefore, this catalyst was

similar to a Phillips catalyst in the transformation of ethylene metathesis sites

into polymerization sites during the early stage of ethylene polymerization.

7.2 Modification of Surface Residual Hydroxyl Groups
on the Phillips Catalyst

Another general procedure for synthesis of novel Cr-based ethylene polymerization

catalysts could be through modification of surface residual hydroxyl groups on a

Phillips catalyst using various types of organometallic compounds, which could be

chemically anchored on the catalyst surface and provide extra active sites for

Fig. 28 Polymerization

kinetic curves of catalysts

activated by TEA cocatalyst

during the slurry

polymerization process:

(a) Cat-B/600-S catalyst with

15.0 Al/Cr molar ratio;

(b) Cat-B/600-S and

(c) Cat-B/600-4S catalysts

with 22.5 Al/Cr molar ratio.

Polymerization conditions:

catalyst amount, 100 mg;

polymerization temperature,

60�C; ethylene pressure,
0.13 MPa; solvent, heptane,

20 mL; cocatalyst TEA in

heptane, 1 M
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ethylene polymerization. Recently, a novel hybrid catalyst presented the merits of

two important chromium-based catalysts, namely inorganic Phillips and organic

S-2 catalysts. It was successfully prepared, and named Cat-C, as shown in

Scheme 20 [165]. This method utilized the surface residual hydroxyl groups on a

Phillips catalyst and anchored the BC complex under mild conditions. Thus, the

surface residual hydroxyl group population could greatly influence the degree of

supported BC, as well as the polymerization activity and the structure of the

polymers. For a series of catalysts with total 0.5 wt% Cr loading prepared with

increasing CrBC loading of 20% (Cat-C1), 50% (Cat-C2), and 80% (Cat-C3), the

thermogravimetric peaks from the catalysts after the reaction of HMDS and the

residual hydroxyl groups became more and more apparent, suggesting that the

residual surface hydroxyl group population increases with the increasing relative

addition amount of CrBC. The ethylene polymerization kinetic curves over the

Cat-C catalysts activated by Al-alkyl cocatalyst during polymerization were insen-

sitive to the type of cocatalyst (TEA, TiBA, and MAO) and similar to the kinetic

type shown in Fig. 10a, implying the existence of two kinds of active sites. As can

be seen from Table 7, Cat-C2 catalyst with 50 wt% CrBC relative loading showed

well-balanced properties of ethylene homopolymerization and ethylene/1-hexene

copolymerization in terms of activities and MW of the polymers. Its copolymers

had a higher average MW and broader MWD than those obtained from the Phillips

catalyst, as well as higher 1-hexene incorporation than those obtained from Phillips

and S-2 catalysts.

In order to investigate the SCB distribution of the ethylene/1-hexene copolymers

made by Cat-C, TREF combined with SSA was applied according to a method

established by us previously [166, 167]. The SCBs contents for each PE fraction

from TREF were qualitatively obtained from the lamella thickness measured by

SSA. The lamella thickness distribution of the fractions obtained by TREF for each

copolymer is shown in Fig. 29. Comparison of the lamella thickness distribution of

the copolymers in the highest temperature fraction (124�C fraction, corresponding

to the highest MW part of the copolymer) suggested that the lamella thickness of

copolymers obtained from Phillips and Cat-C2 catalysts were similar and slightly

thinner than those obtained from S-2 catalyst. This result indicated that the

corresponding relative SCB content of copolymers in the highest MW part obtained

from Phillips and Cat-C2 catalysts were slightly higher than that obtained from

S-2 catalyst. In the lowest temperature fraction (40�C fraction, corresponding to the

lowest MW part), the copolymers obtained from the Phillips catalyst showed much

thinner lamella thickness (corresponding to much higher relative SCB content) than

those obtained from S-2 and Cat-C2 catalysts. The copolymer obtained from

Cat-C2 catalyst showed thinner lamella than that obtained from S-2 catalyst.

Hence, it should have the thickest lamella thickness (corresponding to the least

relative SCB content) in the copolymers in the lowest MW part. Simultaneously,

considering the relative SCB contents in both the lowest and highest temperature

fractions of the copolymers, it was suggested that the SCB distribution of

copolymers obtained from Cat-C2 catalyst was the best: the copolymer had similar

relative SCB contents in the highest MW part to those obtained from the Phillips
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catalyst, and slightly higher SCBs in the highest MW part than those of the S-2

catalyst. In contrast, it had the least relative SCB content in the lowest MW part.

Therefore, the SCB distribution for the copolymers from Cat-C2 should be much

more beneficial for improvement of the long-term mechanical properties and gives

these copolymers great potential for application as high grade HDPE pipe materials.

In summary, it has been demonstrated that various novel Cr-based polyethylene

catalysts with better performance and with improved structures and properties of

the PE products can be expected through successive surface modifications of either

the chromate species or the silica support through the reaction with the surface

residual hydroxyl groups on the traditional Phillips catalyst. Furthermore, by

combination of the performance of two metal active sites in the ethylene polymeri-

zation, silica-supported bimetallic catalysts are expected to be able to yield PE

products with bimodal MWD, which would attract more and more attention from

the polyolefin field. One kind of catalyst utilized group 4 metals supporting

Cp2ZrCl2 or (n-BuCp)2HfCl2 metallocene catalysts on Cr-montmorillonite and

was studied as a binuclear catalyst system to produce HDPEs with bimodal molec-

ular weight distribution [168]. Chromium oxide and (n-BuCp)2ZrCl2/MAO species

supported onto several inorganic supports could produce PE with bimodal MWD

[169]. Another group of catalysts based on chromium and vanadium would be more

promising catalysts for commercial application in the near future. Examples are the

Table 7 Polymerization activities of different Cr-based catalysts and characterization of the

polymers

Sample

1-Hexene

(vol%)

Activity

(kg mol�1 h�1)a Tm (�C)b ΔHf (J g
�1)c

Mw

(	105)d MWD

1-Hexene

(mol%)e

Cat-C2 0 336 134 194.6 3.5 18.1 nd

Cat-C2 1 201 134 189.5 nd nd nd

Cat-C2 3 160 133 188.8 3.4 17.9 1.2

Cat-C2 5 110 131 179.1 4.8 25.4 nd

Cat-C2 7 139 131 175.6 4.0 22.1 2.7

Phillips 0 1,635 135 nd 2.5 14.5 nd

Phillips 3 405 131 175.3 2.1 11.3 0.8

Cat-C1 0 1,360 134 nd 3.1 21.2 nd

Cat-C1 3 162 131 183.4 2.2 14.2 nd

Cat-C3 0 242 134 nd 4.1 17.9 nd

Cat-C3 3 127 132 190.4 5.0 18.1 nd

S-2 0 221 134 nd 4.7 19.6 nd

S-2 3 76 133 194.2 5.0 20.8 0.7

Polymerization conditions: catalyst amount, 100 mg; polymerization temperature, 90�C; ethylene
pressure, 0.3 MPa; solvent, heptane, 200 mL; cocatalyst TEA in heptane, Al/Cr molar ratio ¼ 15

nd not detected
aActivities in kgPE (molCr)

�1 h�1

bBy DSC thermograms
cEnthalpy of fusion by DSC thermograms
dBy GPC in TCB versus polystyrene standards
e1-Hexene incorporation estimated by 13C NMR in DCB-d4 at 130�C and 75 MHz with delay

index of 3 s for at least 4,000 times (sample concentration: ca. 100 mg mL�1)
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recently reported silica-supported inorganic Cr-V bimetallic catalysts [30, 170] and

silica-supported organic Cr-V bimetallic catalysts [171] have been successfully

synthesized. Much improved SCB distribution of the PE products with better

properties and performance made from such bimetallic catalysts within single

polymerization reactor could be expected commercially in the near future.

8 Conclusions and Outlook

Since the discovery of the Phillips Cr/silica catalyst by Hogan and Banks in the

early 1950s, it has achieved great success as one of the most important industrial

catalysts for production of more than ten million tons of HDPE per year. However,

academic progress regarding basic understanding of the nature of active sites and

polymerization mechanisms is lagging far behind due to the complexity of this

heterogeneous catalyst system and the limitation of current technologies. The

complexity of Phillips-type catalysts mainly originates from the low percentage

of active Cr species in the total Cr loading, the multiple valence states of Cr

including +1, +2, +3, +4, +5, and +6, the high surface heterogeneity of the

amorphous silica support, the concealment of over 99% of the active sites on the

inner surface within the micro- and mesopores of the silica support, the instant

encapsulation of active sites by produced polymer and the very short lifetime of

the growing polymer chains due to the ultrafast polymerization rate, as well as the

coexistence of many side reactions in the polymerization system during the whole

process, such as catalyst deactivation and various chain transfer reactions.

During the last decade, increasing research efforts have focused on Phillips-type

catalysts through various approaches, including spectroscopic methods, polymeri-

zation kinetics, heterogeneous model catalysts, homogeneous model catalysts, and

molecular modeling, accompanied by successive catalyst innovations through

modification of the traditional Phillips catalyst. Much deeper and better understand-

ing of the nature of active sites and polymerization mechanisms has been achieved

by various explorations concerning the activation by high temperature calcination,

CO, or Al-alkyl cocatalysts during catalyst preparation; activation by ethylene

monomer and Al-alkyl cocatalysts during polymerization; promotional effects of

modification of the catalyst by Ti; spin-crossover phenomenon and its effects on

the reactivity; and analysis of the microstructures of the produced PE chains,

etc. Combined experimental and computational methodologies have been used.

Investigations of polymerization kinetics over Phillips-type catalysts combined

with different Al-alkyl cocatalysts have provided deeper understanding on forma-

tion and transformation of plausible active sites as well as strategies of cocatalyst

introduction for design and optimization of commercial polymerization processes.

It was also made clear that coordination of divalent active site precursor with

siloxane ligands on the silica surface in terms of catalyst calcination temperature

was crucial for determination of the precise microstructure and coordination envi-

ronment of the active Cr species and thus for the performance of the catalyst.
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The strategies for catalyst innovations are also shown to be greatly dependent on the

progress in surface science of Phillips-type catalysts. More and more novel

Cr-based polyethylene catalysts with better performance and products of improved

structure and properties can be expected through successive surface modifications

of either the chromate species or the silica support on the traditional Phillips

catalyst.

In spite of the progress achieved so far, the long-standing key question

concerning the precise structure of the active sites and the initiation mechanism

in terms of the formation of the Cr–C bond and the first polyethylene chain on the

Phillips catalyst have not yet been completely elucidated. A step forward in

interpretation of these basic questions requires the combination of heterogeneous

and homogeneous model catalyst systems with more advanced and multiple

characterization techniques, especially in-situ or operando techniques as well as

theoretical molecular modeling. The rational design and utilization of novel het-

erogeneous and homogeneous model catalysts resembling the traditional Phillips

catalyst will greatly facilitate research on the real and complex catalyst system. The

ever-growing computational power will enable us to handle more and more com-

plex catalyst systems. A state-of-the-art catalyst design with greatly improved

efficiency based on computational high-throughput screening techniques is

expected in the polyolefin field in the near future. All in all, further progress in

this important field still greatly depends on a combination of multiple techniques

for basic research on both catalyst and polymer, as well as on persistent efforts and

collaboration of scientists with different expertise from all over the world.
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