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Polymer growth mode on the heterogeneous Ziegler—Natta catalyst:
active sites at the bottom of the growing polymer layer
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By alternating the supply of propylene and ethylene monomers, dternating polypropylene and polyethylene films were produced on
one model Ziegler—Natta catalyst. This way, we could show that the active polymerization sites remain under the growing polymer films
and thus the monomer molecules must transport through the growing polymer to the active sites.
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1. Introduction

Does a polymer chain grow out of an active site attached
to the catalyst with monomer molecules being inserted at
the bottom of the polymer chain? Or does the polymer
chain detach the active site from the catalyst and grow by
insertion of monomer molecules at the moving active site on
top of the polymer chain? For high-surface-area heteroge-
neous Ziegler—Natta polymerization catalysts, the location
of the active sites and the growth of polymer layer have
been studied using mostly kinetics studies [1-8] and elec-
tron microscopic techniques [9-13]. The kinetics studies
are an indirect approach where the average polymerization
rates, measured under various reaction conditions, are fit-
ted with a kinetic model based on reasonable assumptions.
The electron microscopic techniques provide topographic
images of polymer particles grown at an initial stage of
polymerization and attempt to interpet the particle shapes
in terms of polymer growth mode. But, these techniquesre-
quire special sample treatments, such as chemical staining,
conductive coating, or carbon replication, that may influ-
ence the topography of the nascent particles. In this paper
we present a direct evidence that the polymer grows out of
the active catalyst sites that remain anchored to the solid
substrate.

Using laser reflection interferometry (LRI) and X-ray
photoel ectron spectroscopy (XPS), we monitored the poly-
merization of propylene and ethylene monomers that were
reacted with a model catalyst film in sequence. The model
catalyst film was fabricated by chemical vapor deposition
of Mg and TiCl, on aflat Au substrate [14-17]. As propy-
lene was introduced first into the reaction chamber, a thin
film of polypropylene grew covering the catalyst surface.
When ethylene was introduced second after the removal
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of the propylene monomer, the polyethylene grew under-
neath the polypropylene. Polymerization occurred by the
diffusion of monomers through the growing polymer film.
In addition, our model study proved that once the catalyst
is activated with the triethylaluminum (AlEts) co-catalyst,
aluminum-containing species are not involved in the poly-
merization process at the active sites and excess AlEt; is
removed from the activated catalyst surface by the growing
polymer molecules.

2. Experimental

The ultrahigh vacuum (UHV) chamber used in this study
has been described in detail elsewhere [16]. Briefly, the
apparatus consisted of a preparation chamber, an analysis
chamber, and a polymerization reaction cell. The prepa-
ration chamber was equipped with an Ar ion sputter gun
for sample cleaning, a magnesium source (Knudsen cell),
an electron gun, and leak valves for gas introduction. The
analysis chamber housed a PHI 5400 ESCA system for
XPS measurement. The reaction cell was equipped with
a temperature-controlled diode laser (A = 675 nm) and
a photodetector for in situ LRI measurements of polymer
film growth. The model catalyst sample under study was
transferred from one section of the apparatus to the others
without exposure to air.

The TiCl,./MgCl, model catalyst film was fabricated by
co-deposition of TiCl4 and Mg on an Au foil (1 cm?) at
300 K in the preparation chamber. The details have been
published elsewhere [14,15,17]. Its chemical composition
was confirmed with XPS. Then, the TiCl,/MgCl, model
catalyst film was transferred into the reaction cell (heated
to 340 K) and activated by exposure to 5 Torr of AlEts.
Polymerization was carried with 900 Torr of ethylene or
propylene.
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The polymer film growth on the model catalyst during
polymerization was monitored with LRI [16]. The thick-
ness of the polymer film at time ¢, d,,(t.,,), was calculated
from the interference oscillation of the reflected laser beam
using the following equation:

m/\zcos 01 , 1)
n1

where m is the number of periods of oscillation, A =
675 nm, 0, is the laser beam propagation angle (10°) with
respect to the surface normal, and n; is the refractive in-
dex of the polymer film. Given typical refractive indices
of polyethylene and polypropylene of n, = 1.50-1.55[18],
one full cycle of oscillation between adjacent maximum
corresponded to ~222 nm.

The composition of the polymer films grown on the
model catalyst film was measured with XPS. The X-ray
source was Al K., radiation (1486.6 eV). The pass energy
of the XPS electron energy analyzer was 178.95 eV for a
survey scan and 35.75 eV for a high-resolution scan. The
C 1speak (284.6 eV) was used as areference for the energy
scale.

d’f}'L (t’UL) =

3. Results and discussion

A priori, the polymer growth mode could be one or
a combination of the following possibilities, depending
on the location of the active sites during the polymeriza-
tion:

(8) The active sites remain at the interface of the polymer
and the catalyst phase and the polymer grows over the
active sites [6-8]. Since the active sites are covered by
the growing polymer layer, the polymer layer will act
as a kinetic barrier for monomer transport to the active
sites buried under the polymer layer.

(b) The active sites are separated from the catalyst surface
and migrate to the interface of the polymer and the gas
phase, and the polymer grows under the active sites. In
this case, regardless of polymer thickness, there would
be no kinetic barrier for monomer transport to the active
sites [1,3].

(c) The catalyst phase undergoes significant fragmentation
as polymerization occurs [9-13] and fresh active sites
are newly produced available to the gas-phase monomer
molecules.

In order to distinguish these possibilities, sequential
polymerization of ethylene and propylene was carried out
on a TiCl,/MgCl, catalyst film deposited on an Au film
and the surface composition of the polymer film was ana-
lyzed with valence-band XPS. If mode (a) were the case,
the first-polymerized layer would be located on top of the
second-polymerized layer. If mode (b) were the case, the
first-polymerized layer would be found under the second-
polymerized layer. If the catalyst phase fragments as in
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Figure 1. Polymer film growth monitored with LRI during sequentia
polymerization of propylene and ethylene on a TiCl./MgCl, catalyst film
(note the change in the time scale). The model catayst was activated by
exposure to 5 Torr of AlEts. Polymerization was performed without the
AlEt; co-catalyst in the gas phase. The monomer pressure was 900 Torr
for both propylene and ethylene. The polymerization temperature was
340 K. The thicknesses of polypropylene and polyethylene, calculated
from the LRI data, were ~230 and ~780 nm, respectively.

mode (c), the surface composition of the sequentially poly-
merized film would have both polymer components depend-
ing on the degree of the catalyst fragmentation. The mixed
surface composition of two polymers can also originate
from a dynamic operation of both mode (a) and mode (b).
The following paragraphs describe our experimental obser-
vations supporting mode (a) only.

Thin layers of polypropylene (PP) and polyethylene (PE)
were sequentialy grown on a TiCl,/MgCl, catalyst film.
Figure 1 shows the LRI signal changes as a function of
time during the sequential polymerization of (1) ~230 nm
thick PP film and (2) ~780 nm thick PE film on the cata-
lyst film pre-activated with AlEt;. The monomer pressures
were 900 Torr in both polymerization processes and no
AlEt; was present in the gas phase. At the first maxi-
mum of the LRI signal corresponding to ~222 nm thick
PP film, the LRI signa intensity of the polymer-covered
catalyst was almost the same as that of the catalyst film
prior to exposure to propylene. This implied that the PP
film surface was very smooth and there was no (or negli-
gible) fragmentation of the catalyst film [16], ruling out
mode (c). When propylene was pumped out, the poly-
merization process stopped immediately. Upon introduc-
tion of ethylene, the polymerization resumed immediately.
A shorter periodicity in the LRI signal oscillation resulted
from a faster polymerization rate of ethylene, compared to
propylene [16].

In figure 2, the valence-band XPS of the sequentialy
polymerized film (PP first then PE second, figure 1) is com-
pared with those of pure PP and PE films grown separately.
The PE film had two C 2s peaks at ~14 and 18.3 eV that
corresponded to the antibonding and bonding orbitals of
the carbon in the —CH,— backbone, respectively [19,20].
The PP film had an additional C 2s peak at 16 eV of the
carbon in the —CH3 group. In the case of the sequentially
polymerized film, the C 2s spectrum showed three peaks
characteristic of the PP film and no contribution from the
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Figure 2. Valence band XPS spectrum of the sequentially grown polymer
film (figure 1) and comparison with those of pure polyethylene and poly-
propylene films grown separately. The pesks at ~13 and ~19 €V result
from the C 2s antibonding and bonding orbitals of —CH,— in the polymer
backbone, respectively. The peak at 16 eV comes from the C 2s orbital
of the CH3 group. The photoelectrons from the C 2p orbitals appear at
around 7 eV. (Pass energy of XPS measurements = 35.75 eV.)
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PE film. This result indicated that the first-polymerized PP
layer was at the film surface and the second-polymerized
PE layer was under the PP layer. Therefore, it could be
concluded that mode (@) is the case, i.e., the active sites for
polymerization remain at the polymer/substrate interface.
Scheme 1 illustrates mode (a) where the active sites are
present at the bottom of the growing polymer layer and the
monomer molecules are transported through the polymer
layer to the active sites.

In a separate experiment, a PE film of ~10 um thick-
ness was grown on a TiCl,/MgCl, model catalyst in the
presence of excess AlEt; (5 Torr) in the gas phase. Af-
ter polymerization, the PE film was peeled off from the Au
substratein air, placed into the UHV chamber, and analyzed
with XPS. Figure 3 represents the survey spectra of the top
and bottom of the peeled-off film. The catalyst components
(Mg, Ti, and Cl) were detected only in the bottom spec-
trum. This result aso supported mode (@) where the active
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Figure 3. XPS of the (a) top and (b) bottom of the peeled-off poly-

ethylene film grown on a TiCl,/MgCl; catadyst film. The thickness of

the polyethylene film was ~10 pum and the film was peeled off in air.

Polymerization was performed with 900 Torr of ethylene in the presence

of 5 Torr of AlEt3 in the gas phase. The catalyst temperature was 340 K.
(Pass energy of XPS measurement = 178.95 €V.)

sites remain at the polymer/substrate interface during the
polymerization on the TiCl,./MgCl, film.

It also should be noted in figure 3 that the Al 2s and 2p
peaks were not detected at the bottom spectrum of the poly-
mer, while they were observable in the top spectrum due
to the presence of excess AlEt; in the gas phase. Thisim-
plied that the aluminum-containing species, by-products of
the catalyst activation by AlEts, are not attached to the acti-
vated catalyst surface and removed by the growing polymer
molecules, ruling out a bimetallic active site model [2,21].
Furthermore, this result indicated that once the polymer film
covers the catalyst surface, there is no additional effect of
excess AlEt; on the polymerization kinetics of the active
sites under the polymer film.

An additional supporting evidence for monomer diffu-
sion through the polymer film, asin mode (@), was observed
in the LRI experiments. Figure 4 reports the LRI signa
changes due to the presence of the gas-phase molecules
over a polypropylenefilm (~650 nm thick) at 70°C. When
propylene (monomer) was filled in the reaction cell, the
LRI intensity increased nonlinearly over time (figure 4 (left
side)). When propylene was pumped out from the cell, the
signal decreased slowly in a nonlinear manner. This behav-
ior was in contrast to the insensitivity of the LRI intensity
to the presence of an inert gas (argon) shown in figure 4
(right side). The effect of propylene on the LRI intensity
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Figure 4. Changes in the LRI signal due to the presence of C3Hg (l€eft side) and Ar (right side) in the gas phase over a propylene film (thickness =
650 nm). Note that a dight shift in the base line due to the gas-phase refractive index change has been subtracted. The polymer and gas temperature
was 340 K.

could be attributed to the high solubility and slow diffusion
rate of the monomer gas in the polymer [22,23]. As the
monomer gas dissolved and diffused into the polymer film,
the polymer film swelled accordingly, changing its refrac-
tive index (n) as well as its thickness (d). Upon pumping,
the monomer molecules dissolved in the polymer desorbed
slowly into the vacuum, the desorption rate being limited
by the monomer diffusion rate in the polymer. By contrast,
the presence of argon in the gas phase changed neither the
polymer refractive index nor the film thickness because its
solubility in the polymer was negligible.

Active site encapsulation and monomer diffusion in the
growing polymer layer will play an important role in cata-
lyst deactivation kinetics. It is a well known phenomenon
that the polymerization activity of the supported Ziegler—
Natta catalyst decreases as the polymerization continues.
In many cases, the decay of the polymerization rate has
been explained with simple kinetic models such as first-
order decay processes of two different active sites [24,25],
bimolecular decay processes via coupling of two adjacent
sites [2,26], destructive reactions of the active sites with
excess AlEts [27]. However, scheme 1 rejects these simple
models that consider only chemical aspects of the alteration
of active sites and not the physical aspects of the monomer
transport trough the polymer layer. As the polymer film
grows thicker, the diffusion barrier for monomer transport
to the active sites will increase, lowering the polymeriza-
tion rate. It should aso be noted that the morphology of
the polymer film changes in a complex way as polymer-
ization proceeds [10-13,16], affecting the monomer trans-
port kinetics. These changes in the polymer thickness and
morphology should be considered in kinetic modeling and
theoretical simulations of polymerization processes [6-8]
in order to understand the nature of deactivation in the het-
erogeneous Ziegler—Natta polymerization system.

It is also known for the heterogeneous Ziegler—Natta
catalysts that co-polymerization of ethylene with «-olefins
increases the polymerization rate for ethylene, compared to

ethylene homo-polymerization [23,28]. This enhancement
effect of the ethylene polymerization rate can be explained
by the monomer transport through the growing polymer
as in scheme 1. When ethylene is co-polymerized with
a-olefins, the growing polymer layer covering the active
sites will contain more amorphous phase. Compared to the
pure polyethylene layers containing more crystalline phase,
the amorphous phase in the co-polymer layer will permit
enhanced monomer transport to the active sites [22], en-
hancing the concentration of monomers available for poly-
merization at the active sites under the growing polymer

layer.

4. Conclusions

The location and composition of the active sites during
the polymerization were experimentally proved by utiliza-
tion of a TiCl,/MgCl, catalyst film and in situ analysis
of the polymer film, produced on it, using laser reflection
interferometry and X-ray photoelectron spectrometry. The
active sites were always present at the interface of the cat-
alyst and the growing polymer and polymerization at the
active sites occurred by the diffusion of monomers through
the growing polymer layer. The aluminum-containing prod-
ucts from the catalyst activation reaction with AlEt; were
not involved in the polymerization process at the active sites
and these species, as well as excess AlEts, were removed
from the active sites by the growing polymer molecules.
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