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Abstract: Despite intensive research over the last 50 years, many questions concer-
ning ethylene polymerization by supported chromium oxide are still unanswered.
Hence, the very fundamental issues of this polymerization are discussed in this
paper. It is shown that a charge percolation mechanism (CPM) of olefin polymeri-
zation by Ziegler—Natta transition metal complexes, recently proposed by us, can
give the answers in this case, too.
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INTRODUCTION

Ethylene polymerization by silica supported chromium oxide was discovered
some fifty years ago and has attracted a great deal of academic and industrial
research.l It is generally believed that the insertion mechanism23 of Ziegler-Natta
(ZN) polymerization can also be applied in this case. Despite the very extensive
research, however, there are still many open questions:1:4-8

1. What is the oxidation state and structure of the active center?

2. What is the mechanism of initiation?

3. What is the mechanism of polymerization?

4. What is the physico—chemical state of the Cr species at the silica?

5. How to explain the polymerization kinetics, particularly the occasional ap-
pearance of an induction period?

6. How to explain the origin of the structure and very broad molecular weight
distribution (MWD) of PEHD?

7. What is the role of silica and how to correlate its properties with the results
of polymerization?
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The same questions have been asked since the 1950s, when Hogan and
Banks claimed that the Phillips catalysts “is one of the most studied and yet con-
troversial system”. In 1985, McDaniel8 stated, “we seem to be debating the same
guestions posed over thirty years ago, being no nearer to a common view”. Now-
adays, in a review# published in 2005, it is stated that “it is interesting to
underline that although in the last two decades a lot of progress has been made,
no unifying picture has yet been achieved.”

Fifty years — the same open questions, the same “Whats” and “Hows”!

Hence, at the beginning of this article, the fundamental facts and the pre-
sumptions trying to find out what is wrong will be re-examined. Then, a recently-
proposed charge percolation mechanism (CPM) of olefin polymerization in pre-
sence of transition metal compounds®~13 will be applied. The aim of this work
was to show that the CPM also can be applied to explain ethylene polymerization
by CrOy supported on SiO, or some other supports. In a subsequent articlel4 of
this series, the most important and well-known empirical facts will be presented
and explained by the CPM.

EMPIRICAL FACTS AND CONTROVERSIES OF CURRENT EXPLANATION

To find a way out of the deadlock it is necessary to return to the very begin-
ning and to analyze the process in the most fundamental manner. There is no
doubt that the Phillips process includes three basis participants, i.e., monomer
(ethylene) molecules, active centers (based on chromium) and the support
(silica). The crucial question is: Why each participant (ethylene, chromium and
support) enters into the process?

Ethylene polymerizability

Concerning ethylene, there is an excess of free energy stored in the dynamic
movement of n-electrons, i.e., four electrons are squeezed between two carbon
atoms separated by 0.133 nm. (Hence, the ethylene molecule has a quadrupole
moment, i.e., the C—H bonds are partially polarized. The dipole moment of the
C-H bond is 3.5x10730 C m, i.e., 1.05 D.15 The partially positive charges are on
the H atoms, while the partially negative charges are on and between the C
atoms.) The second issue is the completely restricted rotation around the C=C
bond. There is a thermodynamic tendency to liberate the free energy by poly-
merization, i.e., to transform the double bonds into the single o-bonds, which
contain the only two electrons between the two more separated carbon atoms
(0.154 nm). Simultaneously, rotation around the C—C bonds would be enabled.
The negative change of enthalpy (AH =—92.7 kJ mol-1),16 i.e, the heat evolved
in that process, is the thermodynamic “driving force” of the polymerization. To
achieve this, however, it is necessary to sacrifice the relatively free movement of
the ethylene molecules and to replace it by the segmental motion of the macro-
molecular chain. Hence, there is a large negative change of entropy of polymerization
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(AS =—0.14 k) mol-1 K). Despite this, the change in free energy even at atmos-
pheric pressure and 500 K is negative, i.e., AG = AH—TAS =-22.9 kJ mol-1,
Hence, the high negative entropy change of polymerization is not a “limiting for-
ce” of the polymerization from the thermodynamic but from the kinetics stand-
point.16 Hence, it is necessary to achieve such polymerization conditions which
enable both a negative change of free energy (AG = AH — TAS < 0) and a less ne-
gative change of entropy. Ethylene alone can satisfy these requirements and can
polymerize by the free radical mechanism only at extremely high pressures. Other-
wise, it cannot polymerize without the aid of transition metal active centers and
the help of a support which provides the conditions necessary for polymerization.1?

Oxidation states of chromium active centers

But, why does chromium enter into the process and how does it help the
ethylene molecules to polymerize? Let us consider the current explanation using
the insertion mechanism.1=3 Even the initiation reaction is not fully understood;
it is believed that initially some alkylated chromium active centers are formed,
i.e., initial Cr—R species have to be formed. Whatever is the oxidation state of the
active chromium centers, there is at least one empty d-orbital ((1) on an alkylated
chromium atom (CICr-R). The chromium has a necessity to fill the empty orbital
with electrons. According to the current explanation, propagation of the polymer
chain consists of two steps. In the first one, an ethylene molecule (Et) is coordi-
nated to a chromium atom supplying n-electrons to the empty orbital (Et---Cr-R).
It seems that the chromium atom has filled the empty orbital. In the second step,
however, it is proposed that the coordinated ethylene molecule escapes from the
just filled chromium orbital and inserts itself into the Cr—R bond making the
chromium orbital empty again (COCr—Et Cr-R). It is believed that these two steps
are repeated again and again, several thousands times. It is evident that the chro-
mium active center is circumvented and deceived, again and again, several thou-
sands times! Each time an ethylene molecule has fulfilled its tendency to poly-
merize, but the chromium active center has never filled the orbital! A similar in-
sertion mechanism and quite similar open questions exist in the interpretation of
the Phillips process, such as in the case of ZN polymerization of olefins.

In addition to the empty orbital, Cr atoms have a diversity of oxidation state.
Various chromium compounds are used as precursors for the preparation of chro-
mium active centers: oxides, acids, sulfates, acetates, etc. In the most cases, ini-
tially almost all Cr atoms of some precursor are in the same oxidation state, i.e.,
Cr(111) or Cr(V1), sometimes Cr(ll). After impregnation onto a support, the ther-
mal treatment and activation in the presence of oxygen or an inert medium, and
possible reduction by hydrogen or carbon monoxide, a diversity of Cr oxidation
state is achieved. A typical Phillips catalyst with 1 wt. % Cr supported by silica,
after calcination in dry air, shows the existence of mixed oxidation states: 70.4 %



1158 STOILIKOVIC et al.

Cr(VI) and 29.6 % Cr(111).6 Further changes in the Cr oxidation states occur on
addition of ethylene, i.e., Cr(ll), Cr(l11), Cr(IV), Cr(V) and Cr(VI) oxidation sta-
tes have been found.#6:7.18-29 nitially formaldehyde and ethylene oligomers are
produced.46:7 According to the proposed mechanism’ (Fig. 1), some of the Cr(VI)
atoms are transformed into the unstable transient Cr(1V), then reduced to Cr(ll)
species (steps 1 through 4, producing the species A, B, C, D and E). Starting
from 70.4 % Cr(VI) and 29.6 % Cr(lll), after ethylene addition, it was found that
the fraction of Cr(VI) decreased to 47.8 %, while the fractions of Cr(l11) and Cr(Il)
increased to 39.3 % and 12.9 %, respectively. It is believed that the increase of
Cr(111) species is due to the interaction between Cr(Il) and Cr(\V1) species (step 5,
producing F). It has been confirmed that surface Cr species in the oxidation states
Cr(111) and Cr(V) showed no direct relationship with the polymerization activity
and thus could be ruled out as the active Cr precursor.2>
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Fig. 1. Plausible mechanism of the reactions occurring on the CrO,/SiO, catalyst engaged in the
induction period through interaction with ethylene.”

In a case of Cr precursor treatment with CO, most of Cr atoms are reduced to
the oxidation state Cr(11).4:8:18-24 |n the presence of ethylene, the oxidative addi-
tion of one, two or three ethylene molecules to Cr(Il) species gradually converts
them into various alkylated Cr(1V) species (Fig. 2).4:26.28.29
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Fig. 2. Initiation mechanisms proposed for CO reduced Cr/SiO, precursors.*

Generally, starting from a relatively homogeneous oxidation state of Cr ato-
ms in some precursor, a significant diversification of the oxidation state is achie-
ved by the processes of impregnation, thermal treatment, activation and by the
initial interaction with ethylene. The catalysts consist of Cr atoms which are he-
terogeneous in respect to their oxidation state. There is a tendency of chromium
to re-homogenize its oxidation state and to stabilize itself to the oxidation state
Cr(111). This happens by ethylene polymerization. The initially formed unstable Cr(I1)
and Cr(IV) species are transformed to the more stable Cr(l11) species by simulta-
neous polymerization of ethylene to a macromolecular chain. Hence, during ethy-
lene polymerization by Cr(ll) precursors, the fraction of Cr(ll) decreases while
the fraction of Cr(lll) increases.4 Chromium active centers are deactivated, i.e.,
stabilized, simultaneously with ethylene polymerization. Deactivation of the acti-
ve centers and ethylene polymerization are mutually interdependent acts. Both of
them are possible, however, only in the presence of some support (carrier).

Relaxation of silica surface strain by chromium and ethylene

“Usually the carrier does play an essential role, because without it such (chro-
mium) compounds rarely exhibit any activity... In fact, neither (chromium) spe-
cies is very active for ethylene polymerization until it has been supported on a
carrier”.® The catalyst support not only acts as a dispersing agent for the active
Cr centers, but its properties have also a dramatic effect on the polymer charac-
teristics. The most important factors are pore volume, pore size and surface area.
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The crucial question is: Why a support enters into the process? During the
thermal treatment and the calcination, silica dehydroxylation occurs, resulting in
the formation of surface strained siloxane groups.# It has been explained that the
hydroxyl and siloxane concentrations change with the thermal treatments and that
they influence the silica surface strain. It has been noted that the grafting of Cr(ll)
ions decreases the silica surface strain. The role of surface strain in the Cr(I1)/SiO»
system activated at high temperature in influencing the activity is not completely
clarified, even if the more recent information suggests that the effect is not negli-
gible.# In any case, it is evident that Cr precursors reacting with hydroxyl groups
help silica to reduce the strain.

The ethylene adsorption has a quite similar effect: “We have to consider that
the adsorption of molecules is always associated with a surface relaxation phe-
nomenon”.4 It was confirmed experimentally that the surface of the support and
the pore volume were decreased significantly by ethylene adsorption.30

Importance of ethylene adsorption for polymerization

It is well know that ethylene and CO, as well as some other compounds are
adsorbed on silica even in the absence of chromium or any other transition metal.
Newalker et al.31 reported the adsorption of light hydrocarbons on HMS type
mesoporous silica (980 m2 g-1, the pore size distribution was centered at about
20 nm) at pressures up to 1000 mm Hg (at 30 and 50 °C, respectively): ethane
0.5055 and 0.3366 mmol g~1; ethylene 0.7531 and 0.5091 mmol g-1; propane
1.316 and 0.8214 mmol g-1; propylene: 1.9819 and 1.3757 mmol g-1; acetylene
1.4241 and 0.9429 mmol g~1; carbon monoxide 0.0667 mmol g~ at 30 °C; ni-
trogen 0.0484 mmol g-1 at 30 °C. Padin and Yang32 reported the adsorption of
ethylene at 1 atm and 70 °C: 0.53 mmol g1 at silica (670 m2 g-1, pore volume
0.46 cm3 g-1), and 0.32 mmol g1 at silica (398 m2 g-1). Ethylene adsorption on
silica was up to 1.6 mmol g=1 at 0 °C and 800 mm Hg.33 Data on ethylene adsorp-
tion on silica at temperatures 0, 25, 40, 142, 175 and 226 °C have also been repor-
ted.33 (These empirical facts have been almost completely neglected by polymer
scientists who have made efforts to identify the active sites in the Cr/SiO, system.)

Although chromium is fully attached at 300 °C during the thermal treatment
of silica with a Cr precursor, the subsequent polymerizing activity of CrO,/SiO»
continues to increase right up to the point of silica sintering at a high tempera-
ture.8 Silica sintering is a consequence of stress and strain relaxation. Sintering
destroys the surface area and the porosity of the silica. Hence, the ability of silica
to adsorb ethylene should decrease. Consequently, the polymerization activity in-
creases with increasing calcination temperature up to a maximum at around 925 °C,
and then declines.8 (A similar result was obtained in the case of propylene ad-
sorption and polymerization by classical supported ZN titanium catalysts.34 The
adsorptivities of various supports, without a titanium precursor, were determined
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after calcination at different temperatures in the range of 100-1000 °C. It was
found that the maximum values of adsorptivities were obtained after heat treat-
ment of the support at 300-400 °C. Also, supports previously loaded with tita-
nium precursor were calcinated separately in the same temperature range 100-1000 °C.
So-prepared catalysts were used for propylene polymerization. It was found that
supports calcinated at 300—400 °C exhibited the maximum polymerization acti-
vities. It was concluded that there was a parallelism of support adsorptivity and
its catalytic activity, i.e., the maximum adsorptivity of an unloaded support cor-
responded to a maximum polymerizability of a titanium loaded support.)34

But, why does ethylene adsorbs on silica? The answer is: silica helps ethy-
lene to partially deliberate its free energy as heat of adsorption, the value of
which decreases from 32 to 16 kJ mol=1 with increasing coverage.3! A nuclear
magnetic resonance study confirmed that there are deformations in the electronic
and geometric structure of ethylene adsorbed on zeolite, as well as the orientation
of ethylene molecule due to neighboring molecules.3> More recent data confir-
med that there are several chemisorbed species of ethylene adsorbed on all the
studied surfaces.36-39 Physically adsorbed and ordered di-c-bonded ethylene
with a molecular plane parallel to a platinum surface was formed at low coverage.
With increasing coverage, chemisorbed n-bonded ethylene intrudes into di-r-bonded
ethylene layer onto the surface. The n-bonded ethylene is concluded to have its
molecular plane tilted while the C=C bond remains parallel to the surface of
platinum and silver.38 In other words, the n-electrons are partially localized on
the C atoms, the double bond is extended thus enabling a higher mobility of the
CHa groups, but the movement of the ethylene molecule as a whole is restricted.
(Very similar changes were noticed in the case of propylene adsorption, i.e., che-
misorption of the first monolayer induces the rehybridization of the double bond
in propylene towards a significant single character.40 The C=C bond length of
propylene in the gas phase is 0.133 nm, but that of chemisorbed propylene is
0.148 nm, thus approaching the single C—-C bond length of 0.154 nm, with a
concomitant significant reduction of the double bond character.4! The extension
of chemical bonds of adsorbed molecules is a typical phenomenon observed in
adsorption processes).36

There is a great negative change of entropy if the free ethylene molecules
have to be polymerized. This is the “limiting force” of the polymerization kine-
tics. The support also aids ethylene to partially solve this problem. Typically, a
dependence of heat of adsorption with coverage is usually observed to display
three regions, namely the adsorbent-adsorbate interaction, followed by the adsor-
bate—adsorbate interaction and finally by condensation.31 Consequently, the en-
tropy of adsorbed ethylene decreases with the coverage, (¢), approaching a mini-
mum value when a monomer monolayer is completed, i.e., at the coverage 6 = 1.33
Low entropy means that the ethylene molecules are organized at the surface of
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the support. Such organized molecules have less to lose if they should polymeri-
ze. Hence, the entropy of polymerization of organized monomers should have a
small negative value and the “limiting force” could be overcome. The molecular
distortion, the reduced mobility and the self-assembling of the ethylene molecu-
les are prerequisites for ethylene polymerization and they are achieved with the
help of the support.17 (The same prerequisites can be achieved by compression of
ethylene gas. In this case, polymerization by the free radical mechanism is
possible, but only under low entropy conditions in which different supra-
molecular ethylene species are present.)10,42-44

The importance of monomer adsorption for its polymerization was recogni-
zed immediately after the discovery of ZN catalysts and was discussed extensi-
vely.17,4546 According to our knowledge, there was no thorough research of mo-
nomer adsorption on the surface of supports that are used in ZN and Phillips
polymerizations in order to explain their mechanism, since very soon after their
discovery, the insertion mechanism was proposed and generally accepted. On the
other hand, there are many investigations on olefin (ethylene, propylene, butyl-
ene-1, butylene-2, 1,4-pentadiene) adsorption on the various supports (metals,
metal oxides, silica, aluminum oxide, aluminosilicates, etc.) important for olefin
hydrogenation, oxidation, isomerization and other reactions.4’

Today, the surface science of adsorption has advanced and approached many
rules, findings and statements.36 They are also of a great value for the interpret-
tation of olefin polymerization, since according to the CPM that will be presented
here, it is necessary to have monomer molecules adsorbed on the surface of a
support. When the surface of some support is exposed to adsorption of some
molecules, a surface film of adsorbate is formed. Two types of interactions con-
tribute to the formation of a surface film: 1) the interactions (electronical and
geometrical) between the support and molecule of adsorbate and 2) the lateral
interactions between the adsorbed molecules. The evolution of a film depends on
the coverage and time. The structure of the film and the orientation of the adsor-
bed molecules depend on the type of the dominating interactions and on the sur-
face area available to each adsorbing molecule. If the coverage is low and the
available area per adsorbing molecule is large, a disordered two-dimensional ga-
seous phase is formed. Each molecule of adsorbate is oriented to the surface
occupying a relatively high surface area. The gas possesses neither short-range
nor long-range order and there is little interaction between the adsorbed mole-
cules. As the coverage increases, the available area decreases and a phase transi-
tion occurs into a two-dimensional liquid-like phase. Liquids exhibit short-range
but no a long-range order. Further adsorption reduces the available area of the
support and transforms the adsorbate film into a solid-like phase. The molecules
stand up straight toward the surface because thus they occupy a minimum space
on the surface. The types of condensed adsorbed phases which can be formed de-
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pend greatly on the intermolecular interactions adsorbate—adsorbent and within
the film, i.e., lateral interactions between the adsorbate molecules. The lateral in-
teractions are responsible for the formation of a two-dimensional ordered solid
phase. The degree of ordering depends on the coverage, exposure time and the
strength of the intermolecular interactions. The adsorbate undergoes self-assem-
bling, i.e., phase transition from a disordered phase into an ordered phase. If the
adsorbate is appropriate and if sufficient time is given, the system locks into a
final structure which is well-ordered. The self-assembling is enhanced by the
presence of some nucleation centers, i.e., surface defects or some nucleating age-
nts (e.g., metal ions). Once the ordered phase is formed, it does not spontane-
ously revert to a disordered phase.

Thus, it can be realized how olefins are adsorbed on a support. The gradual for-
mation of a monomer monolayer is realized by a simultaneous change in the orien-
tation of the molecules and degree of order, as was demonstrated for many other
substances.36 The role of support is to deform the monomer molecules as well as
to concentrate and to orient them properly, thus facilitating their polymerization.

THE CHARGE PERCOLATION MECHANISM (CPM)

Based on the theory of the polymerization of organized monomers proposed
by Semenov, Kargin and Kabanov,4546 which was applied to explain free radical
polymerization of compressed ethylene gas'0.42-44 and liquid methyl methacry-
late,#8 and based on an analysis similar to that presented in the previous section,
the charge percolation mechanism (CPM) was suggested and applied it to explain
olefin polymerization in ZN systems.%~13 Here the CPM is adopted to explain
ethylene polymerization in the presence of the Cr/SiO, system.

Starting from Cr(VI) precursors, after immobilization on silica, thermal
treatment and addition of ethylene (or CO), immobilized Cr(ll) species are pro-
duced (Figs. 1 and 2). After the oxidative addition of ethylene to the Cr(ll) spe-
cies, the various Cr(1V) species are formed. Both species, i.e., Cr(Il) and Cr(1V),
exist simultaneously on the support.

The species Cr(IV) and Cr(ll) are unstable. There is a tendency to equalize
their oxidation states to Cr(lll) by charge transfer from Cr(Il) to Cr(I1V), but it
cannot be done since they are immobilized and highly separated on the support.
However, the monomer molecules can help. It is well known that ethylene mole-
cules are gradually adsorbed on silica, producing a layer of adsorbate even in the
absence of Cr or any other transition metal.31-33 The immobilized Cr(ll) to Cr(1V)
species on the support are gradually surrounded by an adsorbed monomer film. A
cluster of monomer, with overlapped =-bonds, connects two immobilized Cr spe-
cies (Fig. 3, top). Once the bridge is completed (the moment of percolation), a
charge transfer occurs. The terminal monomer molecules, adjacent to Cr(IV) and
Cr(Il), are inserted into their vacancies, making m-complexes with them, if the
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shape and size of the monomer molecule are in accordance with the vacant spa-
ces of the active centers. Thus, monomer molecules form a bridge consisting of a
n-electron cloud between the Cr(IV) and Cr(ll). The whole m-electron cloud in
the monomer cluster will be pulled toward Cr(IV), since it has a more positive
charge than Cr(I1). Thus, the monomer cluster is excited, i.e., the n-electrons are
displaced toward Cr(IV), producing a partially negative charge toward Cr(IV)
side. This displacement of m-electrons attracts a proton from the alkyl group of
Cr(IV) to terminal monomer molecule, leaving an electron pair on the alkyl
group. Simultaneously, a partially positive charge is formed on the terminal mo-
nomer molecule coordinated to Cr(Il), a proton from the terminal monomer mo-
lecule is repelled to Cr(Il). The electron pair on the left terminal monomer mole-
cule enables the simultaneous polymerization of all monomer molecules belong-
ing to the bridge between Cr(1l) and Cr(IV). Both Cr species equalize their oxida-
tion states simultaneously with the polymerization of monomer (Fig. 3, bottom).
The polymer chain is removed from the support making its surface free for sub-
sequent monomer adsorption. The whole process is repeated by the oxidation—re-
duction of some other Cr(11)-Cr(IV) ensembles immobilized on the support.
H H-CH-CH,
| /N

CrCH, = CHCH, = CHy(CH; = CH,)“CH, = CH, ot

/ \ (Adsorbed ethylene on SiO,) / \
0O O 0O O
] | | |
Support
Cr?H  CH,= CH-CHy-CHy-(CHy-CHy)m-CH,-CHs Cr-CH=CH,
/ N\ / \
o o 0O o
| | | ]
Support

Fig. 3. An elementary step of the charge percolation mechanism.

Any of the Cr(Il) and Cr(IV) species presented in Figs. 1 and 2 could be the
active center. After charge percolation, various alkylated Cr(l11) species could be
formed, depending on the type of the alkyl group.

As the results of the process, unstable species Cr(ll) and Cr(IV) are deacti-
vated since they are transformed to the more stable green Cr(l1l) species, as was
experimentally confirmed.4.749.50 Monomer adsorption and its polymerization is
a device for charge percolation between Cr(Il) and Cr(IV), whereby the oxidation
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state of the Cr atoms is homogenized. The polymerization is not possible without
this kind of deactivation and this type of deactivation is not possible without the
polymerization of the monomer. Both processes, i.e., homogenization of the oxi-
dation state of Cr and ethylene polymerization, are mutually interdependent acts,
neither possible without the other.

The support plays a very important role. It offers the sites to bring both com-
ponents together, by immobilization of Cr and by adsorption of monomer.
Thanks to the support, it is possible that both reactions (the oxidation—reduction
of Cr and the polymerization of monomer) are merged and performed at the same
location, simultaneously, in a common process. Simultaneously, strain relaxation
and fragmentation of the support occur due to the heat evolved in these process-
ses. Furthermore, once both reactions are completed, a part of the support beco-
mes free for subsequent monomer adsorption.

SIMILARITY OF THE CPM WITH SOME EXISTING EXPLANATIONS

Estimating the situation in the 1970s in his famous book “Ziegler—Natta
Catalysts and Polymerizations” Boor stated: “Each worker has examined some
aspect of the problem and has given his view of what is happening. The findings
are similar to pieces of a puzzle which are coupled to form the whole picture;
only here, some critical pieces are still missing”.51 In the previous section, it has
been shown that the CPM gives the critical pieces asked for by Boor.

It seems that the CPM is something quite new and not known in current
chemistry. This is not true.

A quite similar mechanism, however, was proposed very soon after the dis-
covery of ZN and Phillips polymerizations. Friedlander and Oita®2 and Kargin
and Kabanov46 suggested that propagation occurs by the addition of adsorbed
olefin molecules to an active center (Fig. 4). They also proposed that the polymer
chains are detached from the support, thus making some adsorption sites free for
subsequent monomer adsorption. They believed, however, that a polymer chain
propagates by a radical or ion—radical mechanism. Since the presence of radicals
was not confirmed, this mechanism was rejected, together with the proposal that
the adsorbed monomer molecules were enchained.

It was proposed by Rebenstorf and Larsson®3 that the initiation reaction for
the polymerization of ethylene could be the addition of one ethylene molecule to
one dinuclear surface chromium complex by the formation of a Cr—CHo—CH»—Cr
bridge. More recent theoretical calculations showed that there was a slight bias
toward Cr(I1)—Cr(1V) over the Cr(111)—Cr(I11) ensembles as active centers.>* This
is very similar to the proposal made by the CPM.

Similar electron transfer reactions between two transition metal atoms by a
ligand bridge, which includes a transition metal oxidation—reduction and a che-
mical transformation of the ligand bridge, are described in inorganic chemistry as
mutually interdependent acts.>® In the case of olefin polymerization by the CPM,
the bridging group is a monomer cluster between two Cr active centers.
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Fig. 4. Replica polymerization mechanism pro-
posed by Friedlander and Oita®2 (a - cross sec-
(b) tion; b — surface view).

Also, the proposed CPM is quite similar to reactions catalyzed by enzymes,
which are also highly entropy dependant. An enzyme usually contains an acid
and some base residues. The high effectiveness of the action of an enzyme is of-
ten explained by the simultaneous action of these groups by the transfer of a pro-
ton from an acid group to a reacting substrate and a proton from the substrate to
the base group (“push-pull” mechanism).56 The mechanism of natural polymer
synthesis, i.e., proteins and DNA replication performed by enzymes are quite si-
milar to the CPM of synthetic polymer synthesis by a supported transition metal
complexes and a self-assembling adsorbed monomer.

CONCLUSIONS

The CPM includes three basic participants, i.e., ethylene, chromium precur-
sors and supports, in three mutually interdependent acts, i.e., ethylene polymeri-
zation, chromium deactivation by oxidation—reduction and silica strain relaxa-
tion. The CPM is in good agreement with the experimental data on the polymeri-
zation of ethylene by supported CrOy systems. It gives reasonable answers on all
open questions mentioned in the introduction: (1) the active centers are Cr(ll) and
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Cr(IV) ensembles; (2) the mechanism of initiation includes the coordination of
ethylene molecules with CrOy species and the reduction of Cr(VI) to Cr(IV) and
to Cr(ll) (Fig. 1); (3) the polymerization is performed by the charge percolation
mechanism proposed for supported CrOy as well as for other Ziegler—Natta poly-
merizations by transition metals (Fig. 3); (4) the diversity of the Cr oxidation sta-
te (Figs. 1 and 2) and the tendency to stabilize them to Cr(l1) is the “driving for-
ce” for polymerization.

The answers on the other open questions listed in the introduction, i.e., 5., 6.
and 7., as well as more evidence of the validity of the CPM will be given in a
subsequent article (Part V11 of this work).14

U3BO A

MEXAHU3AM ITOJIMMEPU3AIIUJE ITEPKOJIALIMJOM HAEJIEKTPUCABA U
CUMVIJIALIMJA TTUTJIEP-HATA INOJIMMEPU3ALIMJE. JEO 6. MEXAHU3AM
TIOJIMMEPU3AIINIE ETUJIEHA IIOMOBY OKCHUJIA XPOMA HA HOCAUYY

JIPATOCJIAB CTOMWBKOBURY, BPAHKA IAJINRY, MULIA BYJIAJUR,
HEBOJIIIA BYPACOBIE? 1t HUKOJIA] OCTPOBCKI®

YTexnonouku paxyaimieims, Yrnusepsuisiein y Hosom Cady, Byaesap Llapa Jlasapa 1, 21000 Hosu Cao,
2XHTI-eitipoxenuja, 26000 Maneso u *XHITOJ, 25250 Ouayu

Vipkoc 06GMMHUM HCTpaXHBambUMa y IpoTekinx 50 roauHa, ocraia cy 6e3 oAroBopa MHOra
[MTaka O MONMMEPU3ALMjU eTHICHa MoMolly OKcHaa xpoma Ha Hocady. Ctora ce y OBOM pamy
pa3MaTpajy OCHOBHE IOCTaBKe OBe mosnmmepusanuje. [loka3aHo je na ce 1 y OBOM Cliydajy MOry
Hahu oxroeopu momolly MexaHH3Ma IEPKOJALHMje HAaeAeKTpUCamba, KOjer CMO HEZABHO MPELIO-
XKUITH 32 noJmMepu3anyjy oneduna npumeHom Lurnep—Hara koMIIekca npeasHux MeTana.

(ITpumsseno 27. okroOpa 2006, peBuaupano 13. jyna 2007)
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