
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 14 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Molecular Simulation
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713644482

Theoretical Study of the Monomer Reaction Mechanism on Phillips
CrOx/SiO2 Catalyst Using Density Functional Theory (DFT) and Paired
Interacting Orbitals (PIO) Methods
Boping Liua; Yuwei Fanga; Minoru Teranoa

a School of Materials Science, Japan Advanced Institute of Science and Technology, Ishikawa, Japan

To cite this Article Liu, Boping , Fang, Yuwei and Terano, Minoru(2004) 'Theoretical Study of the Monomer Reaction
Mechanism on Phillips CrOx/SiO2 Catalyst Using Density Functional Theory (DFT) and Paired Interacting Orbitals (PIO)
Methods', Molecular Simulation, 30: 13, 963 — 971
To link to this Article: DOI: 10.1080/08927020412331298711
URL: http://dx.doi.org/10.1080/08927020412331298711

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713644482
http://dx.doi.org/10.1080/08927020412331298711
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Theoretical Study of the Monomer Reaction Mechanism on
Phillips CrOx/SiO2 Catalyst Using Density Functional Theory
(DFT) and Paired Interacting Orbitals (PIO) Methods

BOPING LIU, YUWEI FANG and MINORU TERANO*

School of Materials Science, Japan Advanced Institute of Science and Technology, 1-1 Asahidai, Tatsunokuchi, Ishikawa 923-1292, Japan

(Received January 2004; In final form January 2004)

The importance of Phillips CrOx/SiO2 catalyst could still
be reflected from its 7 million tons of world HDPE
production. However, the activation mechanism of this
catalyst by ethylene in terms of active sites formation still
remains unclear. In this work, the paired interacting
orbital (PIO) method combined with density functional
theory (DFT) calculation was applied for the theoretical
studies on the intermolecular orbital interactions
between ethylene monomer and a molecular model of
surface monochromate species under six typical inter-
molecular geometric orientations (GO-1 , GO-6). Both
DFT and PIO results indicated that GO-2 orientation
should be the most preferential orientation for the
reaction between ethylene monomer and monochromate
species. Within GO-2 orientation the ethylene monomer
preferentially approaches to the surface monochromate
Cr(VI) species in a symmetric orientation relative to the
two carbon atoms of ethylene from the upper site
between the two double-bonded oxo-atoms of surface
monochromate species. The electronic and orbital origin
of the GO-2 orientation was elucidated in terms of its
low energy increase due to lower repulsive interaction
and in-phase overlap of molecular orbital interaction in-
between the intermolecular frontier region.

Keywords: Phillips CrOx/SiO2 catalyst; Monochromate site;
Ethylene; Chromic acid; Density functional theory (DFT); Paired
interacting orbitals (PIO)

INTRODUCTION

As one of the most important industrial olefin
polymerization catalysts, Phillips CrOx/SiO2 catalyst
is still attracting both academic and industrial
interest [1–7]. Compared with Ziegler-Natta and
metallocene catalysts, Phillips catalyst has quite
unique and competitive characteristics, especially for
the capability to produce high density polyethylene

(HDPE) featured with ultra-broad molecular
weight distribution and long chain branching [8].
The polymer usually shows ideal processibility
especially for blow molding [8,9]. These unique
polymer structures and properties were supposed to
originate from its most significantly interesting
polymerization behavior that it shows high poly-
merization activity without using any activator like
alkyl-aluminum or MAO [9]. Ethylene can act as an
activator to reduce the hexavalent chromate species
(Cr(VI)Ox,surf) into surface-stabilized divalent chro-
mium species (Cr(II)Ox,surf) followed by alkylation of
the Cr(II)Ox,surf before the initiation of ethylene
polymerization [6,7,9]. In fact, the specific mechan-
isms concerning the activation including reduction
and alkylation of surface Cr(VI)Ox,surf, still remains
mysterious even after 50 years of great research
efforts [9,10]. This study will focus on the mechanism
relating to the reduction of Cr(VI)Ox,surf to
Cr(II)Ox,surf by ethylene, which is corresponding to
the first step in activation of Phillips catalyst.

The Cr(VI)Ox,surf on calcined Phillips catalyst may
exist as monochromate, dichromate and sometimes
even polychromate species (for plausible structures,
please see Fig. 2 in Ref. [5]). Our recent experimental
studies on the induction period of ethylene poly-
merization using the Phillips catalyst have shown
that the ethylene monomer first reduces the
Cr(VI)Ox,surf to Cr(II)Ox,surf with the simultaneous
formation of two formaldehyde molecules [6,7].
According to the mechanism based on this exper-
imental evidence, the ethylene monomer must
approach the surface Cr(VI)Ox,surf in a symmetric
orientation relative to the two carbon atoms of
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ethylene and the two double-bonded oxo-atoms
from the upper site (see reaction (1) in Scheme 1
using monochromate species as an example) [6]. The
origin of this most preferential geometric orientation
between ethylene molecule and the monochromate
species is still unclear. In the literature, Limberg et al.
proposed a completely different reduction route of
hexavalent chromyl chloride by ethylene due to
different molecular orientation between the hexava-
lent Cr species and ethylene molecule (see reaction
(2) in Scheme 1) [11]. According to their speculation,
the ethylene approaches to chromyl chloride from
the side direction between the oxygen and chlorine
atoms rather than from the upper side between the
two double-bonded oxo-atoms leading to the
formation of a tetravalent Cr species and acet-
aldehyde as final products [11]. The molecular orbital
interactions between hexavalent Cr species and
ethylene molecule could be considered as the driving
force behind these most interesting intermolecular
orientation-directed reactions, which has never been
studied before. In this work, the molecular orbital
interactions under various intermolecular geometric
orientations between ethylene monomer and surface
monochromate species will be studied through a
theoretical approach in combination of density
functional theory (DFT) and molecular orbitals
(MO) calculation methods.

In recent decades, there has been an academic
booming in the theoretical studies on heterogeneous
olefin polymerization catalysts using various
computation methods including DFT and MO
[2,3,12–15], though the majority of these studies are
almost exclusively focused on Ziegler-Natta cata-
lysts. Systematic theoretical research on the Phillips
catalyst is crucial for further development in the field
of olefin polymerization catalysts and Cr-related
chemistry [2,3]. For the purpose of the study on
intermolecular orbital interaction between ethylene
monomers and surface monochromate species,

the paired interacting orbitals (PIO) method, which
was developed by Fujimoto et al. [16] based on the
frontier orbital theory of Fukui [17], seemed to be the
most powerful one among various MO methods.
DFT method would be utilized to facilitate the PIO
analysis through obtaining the optimized geometric
structures of the interacting molecular compounds
as well as their electronic properties. The PIO
method described the intermolecular interaction
based on multi-orbitals interaction including not
only the frontier orbitals, which include the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbitals (LUMO), but also
other molecular orbitals. It has been proven to be
mostly useful for the studies on transition metal-
contained complex system [14,15,18]. This method
has been applied only for the theoretical study on
Ziegler-Natta catalysts by Shiga et al. [18,19]. PIO
method combined with DFT calculation was applied
in this paper for the theoretical study on the mole-
cular orbital interactions between ethylene monomer
and a molecular model of surface monochromate
species under various intermolecular geometric
orientations. As for the model compound of the
monochromate species on Phillips catalyst, chromic
acid was taken as a simple model for this preliminary
PIO calculation (see Fig. l). The calculated results
were expected not to be significantly affected by

SCHEME 1 Proposed mechanisms of the reduction of hexavalent Cr compounds by ethylene determined by preferential molecular
orientation between the two reacting molecules resulting in completely different reaction products.

FIGURE 1 Chromic acid as molecular model for monochromate
site on industrial calcined Phillips CrOx/SiO2 catalyst.
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using chromic acid as model compound thinking of
its less steric effect from the two hydrogen atoms to
the up-coming ethylene molecule compared with the
surface of silica gel. The calculated results shown in
this work have demonstrated that a theoretical
understanding of the driving force for the inter-
molecular orientation-directed reaction between
monochromate site and ethylene has been obtained
in a molecular orbital level.

COMPUTATIONAL METHODS

The details concerning the basic theoretic and
mathematic bases of PIO method can be found in
the literature and will not be introduced again herein
[18,20]. The equilibrium structure of ethylene
monomer and molecular model of monochromate
species (chromic acid) in ground state were
calculated by DFT method (RB3LYP, basis set:
6-31G**) using SPARTAN’02 Windows developed
by Wavefunction, Inc. The surface electron density,
surface potential, dipole and electrostatic charge of
each atom in both molecules were obtained. These
optimized molecular structures were used for the
subsequent PIO calculations. LUMMOX software for
Windows PC computer, which was developed by
Sumitomo Chem. Corp. based on the PIO theory
established by Fujimoto et al. [16,20], was used for
calculation of intermolecular orbital interaction
by PIO method. As shown in Fig. 2, six typical inter-
molecular orientations namely GO-1, GO-2, GO-3,
GO-4, GO-5 and GO-6 between chromic acid and
ethylene with an intermolecular distance of 3 Å
(distance between Cr atom and CvC bond) were
calculated by PIO method. The interacting molecular
system between chromic acid and ethylene was
defined as combined system C, in which chromic
acid molecule and ethylene molecule were named as
fragments A and B. The extended Hüeckel calcu-
lations were used to obtain the canonical molecular
orbitals. The interaction between A and B in C could
be well represented by 12 pairs of localized orbitals.
In each orbital pair, one orbital belongs to fragment
A and the other to fragment B. Based on
these calculation results from both DFT and PIO
methods, the most preferential geometric orientation

between molecules A and B was achieved, which
was inconsistent with conventional mechanism
speculated from experimental evidence. Moreover,
electronic and molecular orbital origins behind the
intermolecular orientation-directed reaction between
chromate species and ethylene in the activation of
Phillips catalyst for ethylene polymerization have
been elucidated.

RESULTS AND DISCUSSION

The optimized equilibrium geometry structures of
both the chromic acid and ethylene molecules
were calculated using the DFT RB3LYP method
with a 6-31G** basis set. The equilibrium structure
parameters of chromic acid are shown in Table I
including a comparison with reference data reported
by Johnson and Panas [21]. As can be seen from
Table I, the structural data including bond lengths
and bond angles for chromic acid equilibrium
ground state are almost the same as those reported
in the literature. Only the CrZOZH angle of 122.88 is
slightly lower compared with 137.58. This deviation
did not affect our calculation results, which was
confirmed by calculation using the reference struc-
tural data and will be discussed in the later section.
The electron density, dipolar property, molecular
orbitals of HOMO and LUMO of chromic acid
computed by DFT method are all shown in Fig. 3.
The dipolar property of chromic acid shows a
value of 4.48 debye with the positive cationic
center in-between the two hydrogen atoms and the
negative anionic center around the Cr atom.

FIGURE 2 Six typical molecular orientations between chromic acid and ethylene considered for the calculation of molecular orbital
interaction by PIO method in this work, (a) GO-1; (b) GO-2; (c) GO-3; (d) GO-4; (e) GO-5 and (f) GO-6. The elements are coded in an
increasing gray scale sequence as follows: H (white) , C , O , Cr (black).

TABLE I Equilibrium geometry of chromic acid calculated by
DFT method and a comparison with reference data in the literature

Geometry parameters of chromic acid This work* Reference data [21]

Bond lengths (Å) CrvO 1.562 1.567
CrZO 1.754 1.729
OZH 0.966 0.967

Bond angles (8) OvCrvO 107.83 107.4
OvCrZO 109.60 110.2
OZCrZO 110.57 108.7
CrZOZH 122.80 137.5

* Computation conditions: DFT method RB3LYP, basis set: 6-31G**, number
of shells: 29, number of basic functions: 99.
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The HOMO of chromic acid mostly comprised of
atomic orbitals from the oxygen atoms ((O(2), O(3),
O(4) and O(5)). Moreover, it can be clearly observed
that the contribution from the upper two double-
bonded oxo-atoms (O(2) and O(3)) in the HOMO is
obviously larger than that from the two oxygen
atoms on the left and right sides (O(4) and O(5)). The
LUMO of chromic acid comprised of a large
contribution from atomic orbitals of Cr(1) atom and
a small fraction from the oxygen and hydrogen
atoms (O(4), O(5), H(6) and H(7)). The energy of the
HOMO and LUMO of chromic acid is 28.66 and
24.52 eV, respectively, with a band gap of 4.14 eV.
The most interesting and important results from the
DFT calculation is the electrostatic potential of the
chromic acid model, and the atomic charges for all
atoms are Cr(1): þ0.8868, O(2) or O(3): 20.2643, O(4)
or O(5): 20.5977, H(6) or H(7): þ0.4186 with a total
charge of 0. The negative charge at atom O(4) or O(5)
is almost two times of that at atom O(2) or O(3). The
much stronger coulombic repulsive interaction from
the two atoms O(4) or O(5) to the p electrons
(HOMO) might play an important role in the
preferential orientation of the ethylene molecule in
approaching the upper two atoms O(2) or O(3) with
much lower negative charges. The equilibrium
structure, electron density, dipolar property, electro-
static potential, molecular orbitals of HOMO and
LUMO of ethylene monomer in ground state were
also computed by DFT method with most of
results shown in Fig. 4. The HOMO and LUMO of
ethylene are the well-known p (bonding) and p*
(anti-bonding). The energy of the HOMO and LUMO
of ethylene is 27.28 and 0.47 eV, respectively,
with a band gap of 7.75 eV. The band gap between

HOMO and LUMO is much larger for ethylene
compared with that of chromic acid. The electrostatic
potential with the atomic charges for all atoms in the
ethylene monomer are C(8) or C(9): 20.2787; H(10),
H(11), H(12) or H(13): þ0.1393 with a total charge
of 0. The equilibrium geometry of ethylene is
shown with bond lengths ðRÞ : RðCvCÞ ¼ 1:330 �A
and RðCZHÞ ¼ 1:087 �A; and bond angles ðDÞ :

DðCvCZHÞ ¼ 121:838 and DðHZCZHÞ ¼ 116:358:
These structural parameters showed negligible
deviation from literature report [13,18,19]. Due to
the planar and symmetric distribution of negative (at
carbon atoms) and positive (at hydrogen atoms)
charges, it is reasonable to get no dipolar effect in
ethylene molecule. In the following sections, those
parameters of optimized molecular structures in
ground state were utilized in the subsequent PIO
calculations for further elucidation of the intermole-
cular interaction between chromic acid model and
ethylene in terms of intermolecular orbital origin of
the most preferential intermolecular configuration
orientation.

According to the mechanism proposed previously,
based on our experimental results concerning the
reduction of monochromate species by ethylene in
the first stage of activation of Phillips CrOx/SiO2

catalyst as depicted in Scheme 2 [6], the mono-
chromate Cr(VI) species was coordinated by
ethylene at the most preferential intermolecular
orientation corresponding to GO-2 in Fig. 2.
Subsequently, the monochromate Cr(VI) species
was reduced to Cr(II)Ox,surf through an intermediate
Cr(IV) species with the simultaneous formation of
two formaldehyde molecules. Consequently, it could
be expected that intermolecular orbital interaction

FIGURE 3 Electron density, electrostatic potential, molecular orbitals of HOMO and LUMO of chromic acid computed by DFT method,
(a) equilibrium geometry; (b) electron density; (c) dipole; (d) HOMO and (e) LUMO.

FIGURE 4 Electron density, electrostatic potential, dipolar property, molecular orbitals of HOMO and LUMO of ethylene molecule
computed by DFT method, (a) equilibrium geometry; (b) electron density; (c) HOMO and (d) LUMO.
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using PIO method should give theoretical evidence
especially in-between the intermolecular frontier
area either in favor of or contrary to the
potential electron delocalization for the formation
of the new bonding of the intermediate in the
proposed mechanism solely based on experimental
evidence.

The Hückel energies of the combined interacting
systems C (EC) at an intermolecular distance of
3 Å (distance between Cr atom and CvC bond)
between A (chromic acid) and B (ethylene) for the
six typical intermolecular orientations namely
GO-1, GO-2, GO-3, GO-4, GO-5 and GO-6, as
well as the Hückel energies for isolated A (E8A)
and isolated B (E8B), energy increase ðDEC ¼

EC 2 E8C; in which E8C ¼ E8A þ E8B) before and
after interaction are shown in Table II. The
intermolecular distance of 3 Å was selected
according to the literature [18]. Too small inter-
molecular distance must be avoided in order to
omit the calculation deviation from the inter-
nucleic interaction, meanwhile, effective infor-
mation could not be obtained if the intermolecular
distance is too far away. As it can be seen from
Table II, the combined interacting system C shows
much lower energy increase at GO-1 and GO-2
compared with those at other four inter-
molecular orientations indicative of much lower
repulsive interaction from the two double-bonded
oxo-atoms. These results are in consistent with

the DFT calculation results regarding the electro-
static charge distribution in the chromic acid
model. The much weaker coulombic repulsive
interaction towards the two negatively charged
carbon atoms in ethylene from the two double-
bonded oxo-atoms (with almost half of the negative
charges relative to the other two single-bonded
oxygen atoms) should be the governing factor to
direct the ethylene molecule in approaching to
chromic acid from the upper two double-bonded
oxo-atoms. However, the ethylene molecule is
approaching in this way in both GO-1 and GO-2
with the only difference in either parallel or
perpendicular to line across the two oxo-atoms
O(2) and O(3). It would be still difficult and too
early to judge which is more favorable between
GO-1 and GO-2, before a PIO analysis of these
two intermolecular orientations. The PIO orbitals
for the combined interacting system C may
provide crucial information regarding favorable
or unfavorable electron delocalization in-between
the frontier area.

The extended Hüeckel calculations were used to
obtain the canonical molecular orbitals for the
combined interacting system C at GO-1. Twelve
pairs of localized orbitals were obtained. In each
orbital pair, one orbital belongs to fragment A and
the other to fragment B. The eigenvalues on pairwise
transformation indicate that two pairs of PIO orbitals
namely PIO-1 and PIO-2 within the 12 pairs made
78.2 and 11.4% of contribution, respectively, in the
intermolecular orbital interaction at GO-1 [18]. The
analysis of the other 10 pairs of PIO orbitals (from
PIO-3 to PIO-12) could be neglected due to their too
low contribution in the interaction. The contour
maps of PIO-1 and PIO-2 of the interacting system C
at the intermolecular orientation GO-1 are shown in
Fig. 5. Both PIO-1 and PIO-2 show out-of-phase
molecular orbital interaction at GO-1, which is
consistent with their negative overlap populations.
These PIO molecular orbital evidences demonstrated
that no favorable electronic delocalization in-
between the intermolecular frontier area could be
observed at GO-1 although it shows the lowest
repulsive interaction. The PIO calculation results for
the expression of PIO-1 and PIO-2 in terms of a linear

SCHEME 2 Plausible monomer reaction mechanism between ethylene and monochromate site on Phillips CrOx/SiO2 catalyst during the
induction period of ethylene polymerization proposed based on experimental work.

TABLE II Hüeckel energies of the interacting systems under the
six typical molecular orientations between chromic acid and
ethylene calculated by PIO method

Molecular orientataions* Ec (eV)† DEc (eV)‡

GO-1 2850.41 þ1.09
GO-2 2849.78 þ1.72
GO-3 2847.40 þ4.09
GO-4 2847.32 þ4.17
GO-5 2848.69 þ2.80
GO-6 2848.50 þ2.99

* Intermolecular distance between Cr atom and CvC bond is 3 Å for all six
orientations. † E8C ¼ 2851:49 eV;C: interacting system between A and B, EC:
Hüeckel energy of interacting system C at an inter-molecular distance
38 between A and B. ‡DEC ¼ EC 2 E8C; E8C ¼ E8A þ E8B; E8C: Hüeckel
energy of a summary of A and B, E8AðA : chromic acidÞ ¼ 2637:10 eV;
E8BðB : ethyleneÞ ¼ 2214:39 eV:
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combination of atomic orbitals (LCAO) are shown in
Eqs. (1)–(4) as follows.

PIO-1ðAÞ ¼ 20:434Oð2Þ2Py 2 0:434Oð3Þ2Py

2 0:310Crð1Þ4Py 2 0:249Crð1Þ4S

2 0:242Oð2Þ2S 2 0:242Oð3Þ2S

þ 0:207Oð2Þ2Px 2 0:207Oð3Þ2Px

þ 0:116Crð1Þ3Dz2 . . . ð1Þ

PIO-1ðBÞ ¼ 20:494Cð8Þ2Py 2 0:494Cð9Þ2Py

þ 0:191Cð8Þ2S þ 0:191Cð9Þ2S

þ 0:138Cð8Þ2Pz 2 0:138Cð9Þ2Pz. . . ð2Þ

PIO-2ðAÞ ¼ 20:531Oð2Þ2Py þ 0:531Oð3Þ2Py

2 0:436Crð1Þ3Dxy 2 0:317Crð1Þ4Px

2 0:222Oð2Þ2S þ 0:222Oð3Þ2S. . . ð3Þ

PIO-2ðBÞ ¼ 0:331Cð8Þ2Px þ 0:331Cð9Þ2Px

2 0:305Hð10Þ1S 2 0:305Hð13Þ1S

þ 0:305Hð11Þ1S þ 0:305Hð12Þ1S ð4Þ

Some minor contributions from various atomic
orbitals were omitted in these equations, from
which the main components (O(2, 3)2Py, C(8, 9)2Py

and C(8, 9)2Px) of atomic orbitals can be observed to
form the unfavorable repulsive interaction between
A and B at GO-1. The PIO-1 and PIO-2 orbitals could
also be expressed in terms of a linear combination
of molecular orbitals (LCMO) calculated from
molecules A and B, respectively, as shown in
Eqs. (5)–(8) as follows.

PIO-1ðAÞ ¼ 20:698 HOMOð29ÞA

2 0:54 HOMOð213ÞA

þ 0:34 HOMOð215ÞA

2 0:203 LUMOðþ9ÞA

2 0:116 LUMOA. . . ð5Þ

PIO-1ðBÞ ¼ 20:789 HOMOB þ 0:595 HOMOð25ÞB

2 0:135 LUMOðþ4ÞB

2 0:077 HOMOð21ÞB ð6Þ

PIO-2ðAÞ ¼ 0:684 HOMOð212ÞA þ 0:487 HOMOA

2 0:398 HOMOð23ÞA

þ 0:269 LUMOðþ10ÞA. . . ð7Þ

PIO-2ðBÞ ¼ 0:999 HOMOð23ÞB

þ 0:048 LUMOðþ1ÞB ð8Þ

For molecule A (chromic acid), the molecular
orbital calculation was performed with a total
electron number of 32 and a total MO number of
27. The 16 occupied MOs in a deceasing sequence
in energy are named as HOMOA, HOMO(21)A,
HOMO(22)A, . . ., HOMO(215)A, respectively.
The 11 unoccupied MOs in increasing sequence in
energy are named as LUMOA, LUMO(þ1)A,
LUMO(þ2)A, . . ., LUMO(þ10)A, respectively. As
for molecule B (ethylene), the molecular orbital
calculation was performed with total electron
number of 12 and total MO number of 12. Similarly,
the six occupied MOs and six unoccupied
MOs are defined as HOMOB, HOMO(21)B,
HOMO(22)B, . . ., HOMO(25)B and LUMOB,
LUMO(þ1)B, LUMO(þ2)B, . . ., LUMO(þ5)B,
respectively. In Eqs. (5)–(8), those minor contri-
butions from various molecular orbitals were
omitted. The main components of molecular orbitals
for PIO orbitals of GO-1 for the formation of the
unfavorable repulsive interaction between A and B
at GO-1 can be observed to be HOMO(29)A,
HOMO(213)A, HOMOB, HOMO(25)B for PIO-1
and HOMO(212)A, HOMO(23)B for PIO-2, respect-
ively. It is noticeable that the intermolecular orbital
interactions at GO-1 are mostly derived from
occupied MOs from both A and B.

The extended Hüeckel calculations were also
used to obtain the canonical molecular orbitals for

FIGURE 5 Contour maps of PIO orbitals of the interacting system C at molecular orientation GO-1, (a) PIO-1(1), (b) PIO-1(2) the cross
section perpendicular to that in (a); (c) PIO-2(1), (d) PIO-2(2) the cross section perpendicular to that in (c).
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the combined interacting system C at GO-2. Twelve
pairs of localized orbitals were obtained. In each
orbital pair, one orbital belongs to fragment A and
the other to fragment B. The eigenvalues on pairwise
transformation indicate that two pairs of PIO orbitals
namely PIO-1 and PIO-2 within the 12 pairs made
63.9 and 28.2% of contribution, respectively, in the
intermolecular orbital interaction at GO-2 [18].
Further PIO analysis will focus solely on PIO-1 and
PIO-2 orbitals due to too low contribution from the
other 10 PIO orbitals in the interaction. The contour
maps of PIO-1 and PIO-2 of the interacting system C
at the intermolecular orientation GO-2 are shown in
Fig. 6. PIO-1 still shows out-of-phase molecular
orbital interaction at GO-2, which is consistent with
their negative overlap populations. However, PIO-2
shows in-phase molecular orbital interaction indi-
cating favorable electron delocalization at GO-2.
Moreover, PIO-2 shows a positive electron overlap
population. These PIO molecular orbital evidences
demonstrated that there exists favorable electronic
delocalization in-between the intermolecular frontier
area that could be observed at GO-2. Furthermore,
the delocalized electrons are situated at the inter-
molecular frontier area just in-between the carbon
atoms of ethylene and the double-bonded oxygen
atoms in chromic acid, where electron delocalization
should favor the forthcoming formation of new
bonding in the intermediate as shown in Scheme 2
[14,15,19]. The PIO calculation results of GO-2 for the
expressions of PIO-1 and PIO-2 in terms of LCAO
and LCMO are shown in Eqs. (9) – (12) and
Eqs. (13)–(16), respectively, neglecting those minor
contributions.

PIO-1ðAÞ ¼ 20:414Oð2Þ2Py 2 0:414Oð3Þ2Py

2 0:370Crð1Þ4Py 2 0:297Crð1Þ4S

2 0:242Oð2Þ2S 2 0:242Oð3Þ2S

þ 0:185Crð1Þ3Dx22y2 . . . ð9Þ

PIO-1ðBÞ ¼ 20:5Cð8Þ2Py 2 0:5Cð9Þ2Py

þ 0:14Cð8Þ2S þ 0:14Cð9Þ2S. . . ð10Þ

PIO-2ðAÞ ¼ 20:673Oð2Þ2Py þ 0:673Oð3Þ2Py

2 0:190Oð2Þ2S þ 0:190Oð3Þ2S

2 0:135Crð1Þ3Dxy. . . ð11Þ

PIO-2ðBÞ ¼ 0:694Cð8Þ2Py 20:694Cð9Þ2Py

þ0:129Cð8Þ2Px þ0:129Cð9Þ2Px. . . ð12Þ

PIO-1ðAÞ¼20:663 HOMOð29ÞA

20:566 HOMOð213ÞA

þ0:344 HOMOð215ÞA

20:239 LUMOðþ9ÞA

20:238 HOMOð25ÞA... ð13Þ

PIO-1ðBÞ¼20:798 HOMOBþ0:564 HOMOð25ÞB

20:163 LUMOðþ4ÞB

20:138 HOMOð21ÞB ð14Þ

PIO-2ðAÞ¼20:645 HOMOð23ÞAþ0:64 HOMOA

þ0:359 HOMOð212ÞA

20:198 HOMOð26ÞA... ð15Þ

PIO-2ðBÞ¼0:836 LUMOB20:529 HOMOð24ÞB

þ0:12 LUMOðþ5ÞB

20:077 LUMOðþ2ÞB ð16Þ

The main components of atomic orbitals for
PIO-1 at GO-2 can be observed to be O(2, 3)2Py and
C(8, 9)2Py AOs corresponding to HOMO(29)A

HOMO(213)A HOMOB HOMO(25)B MOs, which
are mainly occupied orbitals from both A and B
indicative of unfavorable repulsive intermolecular
interaction. However, as for PIO-2, the situation
seems completely different. The main orbital

FIGURE 6 Contour maps of PIO orbitals of the interacting system C at molecular orientation GO-2, (a) PIO-1(1), (b) PIO-1(2) the cross
section perpendicular to that in (a); (c) PIO-2(1), (d) PIO-2(2) the cross section perpendicular to that in (c).
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components for PIO-2 at GO-2 composed of
Oð2; 3Þ2Py and C(8, 9)2Py AOs corresponding to
HOMO(23)A, HOMOA, LUMOB MOs, which are
mainly intermolecular orbital interaction between
the occupied orbitals from A (containing a large
contribution from HOMOA) and the unoccupied
orbitals from B (mostly from LUMOB) indicative of
favorable extractive intermolecular interaction.
In particular, such electron delocalization from
PIO-2 at GO-2 not only favors the new bonding
formation in-between the carbon atoms C(8) and
O(2) or C(9) and O(3), but also assists the
partial splitting of the CvC bond due to the anti-
bonding feature of the LUMOB [18]. It was
further confirmed that no PIO orbitals at GO-3,
GO-4, GO-5 and GO-6 show such favorable
extractive intermolecular interaction between A and
B. In summary, the orbital interaction in terms of
PIO-2 at GO-2 might be the initial driving force for
the reduction of monochromate species by ethylene.
The repulsive interaction from the PIO-1 might push
the gradual opening of the OvCrvO bond angle,
and this might in return decrease the repulsion force
and promote further reaction between the two
molecules [14,18,19]. Further calculations concerning
the specific energy barriers for the reactions shown in
Scheme 2 and using better model compound of the
silica surface are still in progress.

CONCLUSIONS

It has been demonstrated that a theoretical under-
standing of the driving force for the preferential
intermolecular orientation between a model of
monochromate site and ethylene mimicking the
first stage of activation reaction of Phillips catalyst
has been obtained through the combination of PIO
method with DFT calculations. Firstly, the DFT
calculation indicated that much stronger coulombic
repulsive interaction from two single-bonded
oxygen atoms O(4) or O(5) to the p electrons
(HOMO) of ethylene might play the most important
role in the preferential orientation of ethylene in
approaching the two upper double-bonded oxo-
atoms O(2) or O(3) with much lower negative
charges. This was further confirmed by PIO
calculations based on the optimized equilibrium
structures from DFT method. The much lower
intermolecular repulsive interaction in terms of
much lower energy increase at GO-1 and GO-2
orientations is consistent with the electrostatic
potential distribution. Further PIO analysis of
intermolecular orbital interaction at GO-1 and GO-2
in terms of LCAO and LCMO expressions elucidated
the atomic and molecular orbital origins of the
interactions and illustrated that only PIO-2 at GO-2
shows favorable extractive intermolecular

interaction between A and B with respect to electron
delocalization in-between the intermolecular frontier
region. Such electron delocalization, which may not
only favor the new bonding formation but also assist
the partial splitting of the CvC bond, might be one
of the driving forces in the early stage of reduction of
monochromate site by ethylene on Phillips catalyst
as implied from experimental work.
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