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Abstract—In spite of great commercial importance of the Phillips CrO,/SiO, catalyst and long term research
efforts, the precise physicochemical nature of active sites and polymerization mechanisms still remains unclear.
The difficulties in a clear mechanistic understanding of this catalyst mainly come from the complexity of the
surface chemistry of the amorphous silica gel support. In this work, novel silsesquioxane-supported Phillips Cr
catalysts are utilized as realistic models of the industrial catalyst for theoretical investigation using the density
functional theory (DFT) method in order to elucidate the effects of surface chemistry of silica gel in terms of
supporting of chromium compounds and fluorination of the silica surface on the catalytic properties of the Phil-
lips catalyst. Both qualitative and quantitative aspects with respect to various electronic properties and thermo-
dynamic characteristics of the model catalysts were achieved. The future prospects of a state-of-the-art catalyst
design and mechanistic approaches for the heterogeneous SiO,-supported Phillips catalyst has been demon-

strated.
DOI: 10.1134/S0023158406020121

INTRODUCTION

As one of the most important industrial olefin poly-
merization catalysts, the Phillips catalyst is still produc-
ing several million tons of high-density polyethylene
(HDPE) featuring ultrabroad molecular weight distri-
bution and long chain branching [1]. These unique
polymer structures give rise to ideal polymer properties
for both processing, especially, blow molding and final
applications [1, 2]. Compared with the preparation pro-
cess of other kinds of olefin polymerization catalysts,
calcined Phillips Cr(VI)O,/SiO, catalyst can be easily
synthesized through a calcination procedure after
impregnation of a chromium compound (chromium tri-
oxide or chromium acid, etc.) on porous amorphous sil-
ica gel. Those chromium compounds could be sup-
ported on the silica gel surface through chemical reac-
tions with surface hydroxyl groups on silica gel [2]. The
calcined Phillips Cr(VI)O,/SiO, catalyst must be fur-
ther activated through reduction into Cr(II)O,/SiO,
either by ethylene monomer (C,H,), carbon monoxide
(CO), or Al-alkyl cocatalysts (e.g., triethylaluminum
(TEA)) for ethylene polymerization [2]. As a matter of
fact, the real physicochemical nature of active sites and
polymerization mechanisms are still open for discus-
sion even after 50 years of great efforts since its discov-
ery in the early 1950s [3]. Owing to its commercial
importance as well as poor mechanistic understanding,
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today the Phillips catalyst is still attracting great aca-
demic interest from both experimentalists [4—14] and
theoreticians [15, 16].

The key to achieving a solution to these long-stand-
ing questions is to obtain specific information about the
precise chemical structures and electronic properties of
surface chromium species as active precursors on a
Phillips-type catalyst [2, 3]. In fact, the great difficulties
in mechanistic studies on Phillips catalyst lie in the het-
erogeneity of the catalytic species on the amorphous
silica gel surface. It is well known that the catalytic
properties of the Phillips catalyst depend drastically on
the calcination conditions as well as surface modifica-
tion of the silica gel support [2, 3]. For example, fluori-
nation of the silica gel surface could significantly
improve the catalytic performance according to previ-
ous reports [2, 17]. However, precise identification of
those surface chromium species as active precursors in
terms of precise chemical structures and electronic
properties after surface ligand modification on silica gel
is very difficult solely based on experimental
approaches. Recently, some theoretical approaches
based on chromium species supported on various small
siloxane cluster models were reported to be efficient in
achieving a deeper understanding of the polymerization
mechanisms of a Phillips-type catalyst [15, 16]. More
recently, we reported the molecular orbital origin of the
driving force for the intermolecular orientation-
directed reaction between ethylene monomer and a
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Fig. 1. Silica gel versus silsesquioxane model and monochromate sites on Phillips CrO,/SiO, catalyst versus monochromate sites

on silsesquioxane model.

monochromate Cr(VI) site utilizing chromic acid as a
simple cluster model [18]. However, all those above-
mentioned small cluster models are difficult to use for
further theoretical investigation on the significant
effects from the surface chemistry of silica gel support
on the catalytic behaviors of Phillips-type catalyst. It is
necessary to consider a more realistic model for silica
gel support.

In recent years, silsesquioxane has been proven to
be an ideal model of silica gel [19]. Moreover, various
transition metal catalysts supported on silsesquioxane
have been experimentally proven to be realistic model
catalysts for olefin polymerization [20]. In this work, a
fully hydroxylated silsesquioxane was used as the
model of silica gel for synthesizing a silsesquioxane-
supported Phillips-type catalyst (Fig. 1). As a prelimi-
nary approach, the equilibrium geometry and electronic
properties of monochromate Cr(VI) sites and divalent
Cr(Il) sites were investigated in terms of ligand varia-
tion from hydroxyl (~OH) to fluorine (—F) on silsesqui-
oxane. The calculated results shown in this work have
qualitatively and quantitatively demonstrated that fluo-
rination of the silica gel surface could create significant
Vol. 47 No. 2
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effects on the electronic nature of the active Cr precur-
sors on Phillips catalysts.

COMPUTATIONAL METHOD

The equilibrium structures of molecular models
(Model Sites 1-4 as shown in Fig. 2) of monochromate
Cr(V]) sites and divalent Cr(II) sites supported on sils-
esquioxane in the ground state in terms of ligand varia-
tion from hydroxyl to fluorine were calculated by the
DFT method (RB3LYP, basis set 6-31G**, multiplic-
ity: singlet for Cr(VI) sites and triplet for Cr(II) sites)
using SPARTAN’02 Windows developed by Wavefunc-
tion, Inc. [21]. The surface electron density, surface
potential, the highest occupied molecular orbital
(HOMO), the lowest unoccupied molecular orbital
(LUMO), dipole moment, and electrostatic charges of
each site were obtained. The thermodynamic character-
istics of the supporting reaction of chromium com-
pounds (chromium trioxide or chromium acid) on sils-
esquioxane and subsequent activation reactions of
chromate species by ethylene monomer, carbon mon-
oxide, and triethylaluminum before ethylene polymer-
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Fig. 2. Model sites (1-4) in terms of ligand variation from hydroxy! to fluorine on the monochromate Cr(VI) sites and divalent Cr(II)

sites supported on silsesquioxane. Ligand X = —-OH or -F.

ization were investigated on the basis of the energy
level of each species at the ground state.

RESULTS AND DISCUSSION

The optimized equilibrium geometry structures of
model sites 1 and 2 were calculated using the DFT
RB3LYP method with a 6-31G** basis set. The equi-
librium structure parameters of model sites 1 and 2 are
shown in Table 1, including a comparison with the
equilibrium structure of chromic acid [18]. Model site
1 corresponds to the process of supporting chromic acid
on silsesquioxane, while model site 2 is indicative of
the process of further fluorination of the silsesquioxane
surface. As can be seen from Table 1, the bond length
of Cr=0 is shortened from 1.562 to 1.558 A after the
chromic acid was supported on the silsesquioxane. The
Cr=0 bond was further shortened to 1.555 A after flu-
orination of the fully hydroxylated silsesquioxane.
Accordingly, the bond length of Cr—O was elongated
from 1.754 to 1.762 and 1.768 A from chromic acid to
model site 1 and model site 2. Both the bond angles of
0=Cr=0 and O=Cr—O were enlarged due to supporting

of the chromic acid on silsesquioxane and subsequent
fluorination of hydroxyl groups, and accordingly the
bond angles of O-Cr—-O were going in the opposite
direction.

The optimized equilibrium geometry, the highest
occupied molecular orbital, the lowest unoccupied
molecular orbital, electron density, and electrostatic
potential of the hexavalent monochromate sites 1 and 2
are shown in Fig. 3. As shown in Fig. 3, the LUMO of
model sites 1 and 2 consisted mostly of atomic orbitals
from the atoms around the Cr center. The HOMO of
model sites 1 is mainly contributed from atoms far
away from the Cr center, while the HOMO of model
sites 2 is derived from atomic orbitals from all over the
whole molecule. Regarding the electrostatic potential
of model sites 1 and 2, shown in Figs. 3d and 3h, the
negative electrostatic charges were more concentrated
on oxygen atoms for model 1, while they were more
homogeneously distributed on model 2 most probably
due to the electron-abstracting effect of the fluorine
ligand.

The optimized equilibrium geometry structures of
model sites 3 and 4 were calculated using the DFT

Table 1. Equilibrium geometry of hexavalent monochromate Cr(VI) model sites supported on silsesquioxane calculated by

the DFT method and a comparison with chromic acid

Geometry parameters of Cr(VI) Chromic acid* Model site 1 Model site 2
models and chromic acid* ligand X = -OH ligand X = —
Bond lengths, A Cr=0 1.562 1.558 1.555
Cr-O 1.754 1.762 1.768
Bond angles, deg 0=Cr=0 107.83 108.85 108.89
0=Cr-0O 109.60 110.49 110.59
0-Cr-O 110.57 106.02 105.58
Note: Computation conditions: DFT method RB3LYP, basis set: 6-31G**, multiplicity: singlet.
* Data from our previous report [18].
KINETICS AND CATALYSIS  Vol. 47 No. 2 2006
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Fig. 3. Equilibrium geometry (a, e), the elements are coded in an increasing gray scale sequence as follows: H (white) < O < F <
Si < Cr (black)); LUMO (b, f), black and gray clouds indicate positive and negative phase, respectively); HOMO (c, g), black and
gray clouds indicate positive and negative phase, respectively); electron density and electrostatic potential (d, h), dark indicates pos-
itive charge, and light indicates negative charge) of hexavalent monochromate Cr(VI) sites supported on silsesquioxane computed
by the DFT method; for (a—d), ligand X = —OH (model site 1); for (e-h), ligand X = —F (model site 2).
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Fig. 4. Equilibrium geometry (a, e), the elements are coded in an increasing gray scale sequence as follows: H (white) < O < F <
Si < Cr (black)); LUMO (b, f), black and gray clouds indicate positive and negative phase, respectively); HOMO (c, g), black and
gray clouds indicate positive and negative phase, respectively); electron density and electrostatic potential (d, h), dark indicates pos-
itive charge, and light indicates negative charge) of divalent Cr(Il) sites supported on silsesquioxane computed by the DFT method;
for (a—d), ligand X = —OH (model site 3); for (e-h), ligand X = —F (model site 4).

RB3LYP method with a 6-31G** basis set. The equi-
librium structure parameters of model sites 3 and 4 are
shown in Table 2. Model sites 3 and 4 correspond to the
divalent active site precursors after activation of 1 and
2 through reduction by ethylene, CO, or TEA in terms
of ligand variation from hydroxyl to fluorine. As can be
seen from Table 2, bond lengths of Cr—O were elon-
gated for both model site 3 and model site 4 after reduc-
tion from model site 1 and model site 2, respectively.
Accordingly, the bond angle of O-Cr—O was signifi-
cantly increased owing to the reduction of 1 and 2.
KINETICS AND CATALYSIS  Vol. 47
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The optimized equilibrium geometry, HOMO,
LUMO, electron density, and electrostatic potential of
the divalent sites 3 and 4 are shown in Fig. 4. As shown
in Fig. 4, both the LUMO and HOMO of model sites 3
and 4 consist mostly of atomic orbitals from the atoms
around the Cr center. Regarding the electrostatic poten-
tial of model sites 3 and 4, shown in Figs. 4d and 4h, the
negative electrostatic charges were more concentrated
on oxygen atoms for model 3, while they were more
homogeneously distributed on model 4 most probably
also due to the electron-abstracting effect of the fluo-
rine ligand.
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Scheme 1. Supporting reactions of chromium compounds on silsesquioxane (ligand X = —-OH or —F).

The energy of HOMO (Eyomo), energy of
LUMO(E; ymo), band gap (BG), dipole moments (DM),
and electrostatic charges of chromium (ESCC) for the
Cr(VD and Cr(Il) model sites (1-4) at equilibrium
geometry are shown in Table 3 with a comparison with
chromium acid. The supporting effect of the chromic

acid on silsesquioxane and the ligand effect of the sils-
esquioxane on the electronic properties of the model
sites (1-4) could be clearly observed. As can be seen,
both supporting of the chromic acid on silsesquioxane
and further fluorination of the silsesquioxane surface
decrease the energies of LUMO and HOMO as well as

Table 2. Equilibrium geometry of divalent Cr(Il) model sites supported on silsesquioxane calculated by the DFT method

Geometry parameters of Cr(II) models

Model site 3 ligand X = —OH

Model site 4 ligand X = -F

Cr—O bond lengths, A
O-Cr-O bond angles, deg

1.843
118.92

1.849
116.83

Note: Computation conditions: DFT method RB3LYP, basis set: 6-31G**, multiplicity: triplet.

Table 3. Energy of HOMO (Eyomo), energy of LUMO (E} ymo), band gap (BG), dipole moments (DM), and electrostatic
charges of chromium (ESCC) for the Cr(VI) and Cr(II) model sites supported on silsesquioxane at equilibrium geometry and
a comparison with chromium acid calculated by DFT method

Model sites |Ligand X | Cr oxidation state | Eyomo-€V | ELumos> €V BG, eV DM, Debye ESCC
Cr Acid* - +6 -8.66 —4.52 4.14 4.48 +0.887
1 —-OH +6 -8.79 —4.86 393 4.40 +0.813

2 -F +6 -9.74 -5.55 4.19 0.62 +0.797

3 -OH +2 -6.72 -2.94 3.78 4.39 +1.019

4 -F +2 -7.39 -3.54 3.85 8.46 +1.085

Note: Computation conditions: DFT method RB3LYP, basis set: 6-31G**, multiplicity: singlet for Cr(VI) and triplet for Cr(II).
* Data from our previous report [18].
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Scheme 2. Activation reactions through reduction of monochromate Cr(VI) sites into Cr(II) sites supported on silses-
quioxane (ligand X = —OH or —F) by ethylene monomer (III); carbon monoxide (IV); triethylaluminum (TEA) cocat-

alyst (V).

the positive charges on sites 1 and 2. In general, the
reduction of sites 1 and 2 into sites 3 and 4 significantly
increases the energies of LUMO, HOMO, and positive
charges of the Cr centers, while it decreases the band
gap simultaneously. This evidence indicates that sites 3
and 4 should be chemically much more active than

sites 1 and 2, which is consistent with the experimental
fact that sites 3 and 4 must be reduced into sites 1 and
2 for ethylene polymerization.

The thermodynamic characteristics of the support-
ing reactions (shown in Scheme 1 [2, 6, 7]) of chro-
mium compounds (chromium trioxide or chromium

Table 4. Heat of reactions (AH, kJ/mol) for supporting of chromium compounds (chromium trioxide or chromium acid) on
silsesquioxane and subsequent activation of the hexavalent monochromate Cr(VI) species into divalent Cr(II) precursors by
ethylene monomer (C,H,), carbon monoxide (CO) or triethylaluminum (TEA) for the silsesquioxane-supported Phillips type

catalyst calculated by the DFT method

Reactions™ ) an (I11) av) R%)

Ligand X AHI AHZ AH3 AH4 AHS
—-OH -182.7 +22.3 +105.5 -236.3 -254.6
-F -169.6 +35.4 +89.5 -252.3 -270.6

Note: Computation conditions: DFT method RB3LYP, basis set: 6-31G**, multiplicity: singlet for Cr(VI) and triplet for Cr(II).

* Corresponding to reaction numbers shown in Schemes 1 and 2.
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acid) on silsesquioxane and subsequent activation reac-
tions (shown in Scheme 2 [11, 12]) of chromate species
by ethylene monomer, carbon monoxide, and triethyla-
luminum before ethylene polymerization were investi-
gated on the basis of the energy level of each species at
the ground state. The heats of reactions (AH) for the
supporting (reactions (I) and (II) shown in Scheme 1)
and subsequent activation (reactions (III), (IV) and (V)
shown in Scheme 2) are tabulated in Table 4. The
results show that CrO; is much more thermodynami-
cally favorable to be supported on silsesquioxane than
chromic acid. Fluorination of silsesquioxane does not
thermodynamically favor the supporting process for
either CrO; or chromic acid. It is also found that TEA
cocatalyst and CO both are most thermodynamically
favorable to activate the hexavalent sites 1 and 2 into
divalent active precursors 3 and 4 for ethylene polymer-
ization, while ethylene monomer is not a good activator
thermodynamically, which are consistent with the
experimental fact that there is usually an induction
period when using ethylene monomer as activator,
while the induction period disappears when TEA or CO
are used as activator for ethylene polymerization with
Phillips-type catalysts [2]. It is also very interesting to
demonstrate that fluorination of silsesquioxane surface
is quite thermodynamically favorable to the activation
reactions for ethylene polymerization using either eth-
ylene, CO, or TEA. This computational evidence also
strongly supports the promotional effect from fluorina-
tion of the surface of Phillips catalysts for ethylene
polymerization [2, 17].

CONCLUSIONS

In this work, novel silsesquioxane-supported Phil-
lips Cr catalysts are utilized as realistic models of the
industrial catalyst for theoretical investigation using the
density functional theory (DFT) method in order to
develop a methodology for theoretical study of the
effects of surface chemistry of silica gel in terms of
ligand variation on the catalytic properties of the Phil-
lips catalyst. It has been demonstrated that a theoretical
understanding of the supporting effect of chromium
compounds and fluorination of the silica surface on the
physicochemical nature of active Cr precursors as well
as their catalytic performance (e.g., activation reaction)
of the Phillips catalyst has been obtained through DFT
calculations. Both qualitative and quantitative aspects
with respect to various electronic properties and ther-
modynamic characteristics of the model catalysts have
been achieved. The future prospects for a state-of-the-

LIU et al.

art catalyst design and mechanistic approaches for the
heterogeneous SiO,-supported Phillips catalyst has
been demonstrated in this preliminary approach. Fur-
ther theoretical investigations are still in progress in
order to elucidate the polymerization mechanisms of
the Phillips catalyst in terms of surface ligand modifi-
cation.
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