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Abstract

An active model for a Ziegler–Natta ethylene polymerization catalyst has been prepared by spin-coating of a MgCl2 solution in ethanol on a flat
silicon (100) substrate covered by amorphous silica. The flat model approach facilitates characterization of the catalyst using surface spectroscopy
and microscopy techniques. This model catalyst features a Ti/Mg atomic ratio of 0.15 and a primary MgCl2 crystal size of about 15 nm. The
flat model is active for ethylene polymerization, producing smooth polymer films. Scanning electron microscopy of these films reveals pillary
polymer growth, in the direction perpendicular to the flat support surface.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Ziegler–Natta catalytic systems are widely used in industrial
olefin polymerization processes. They consist of a MgCl2 sup-
port, TiCl4, and an internal electron donor and are used in com-
bination with an aluminum alkyl co-catalyst AlR3 [1]. Lewis
bases (external electron donors) are added in polymerization
to produce highly isotactic polypropylene. One function of the
internal electron donor—typically a monoester, diester or di-
ether incorporated in the catalyst preparation—is to control the
amount and distribution of TiCl4 on the support surface. Gian-
nini [2] has indicated that on the lateral cleavage surfaces of
the MgCl2 crystallites making up the support, the magnesium
atoms are coordinated with 4 or 5 chlorine atoms, as opposed
to 6 chlorine atoms in the bulk of the crystal. These tetracoordi-
nated and pentacoordinated Mg atoms are present on the (110)
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and (100) lateral cuts of MgCl2. Treatment with TiCl4 will lead
to adsorbed TiCl4 species on one or both of the (100) and (110)
cuts. On reaction with the co-catalyst (AlR3), Ti4+ is reduced
to Ti3+, and a Ti–C bond is introduced that is necessary for the
insertion of the monomer.

Despite numerous efforts, questions regarding which MgCl2
surface plane is the most preferred cut for TiCl4 fixation, as
well as what is the precise structure of the titanium active
centers formed by treatment of the catalyst with the alkylalu-
minum co-catalyst, have still not been answered definitively.
It has been suggested [3,4] that dimeric species (Ti2Cl8) epi-
tactically coordinated to the (100) lateral cut could lead to the
formation of stereospecific active sites. However, recent spec-
troscopic studies using FT-Raman have provided evidence for
strong adsorption of TiCl4 on the (110) lateral cut of MgCl2,
giving a monomeric species with octahedrally coordinated tita-
nium, which can be the precursor for active and stereospecific
sites [5,6]. Various attempts to characterize the active species
in Ziegler–Natta catalysts have involved the use of advanced
surface science techniques and model catalysts. Somorjai et
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al. have published a series of papers describing two synthetic
routes to Ziegler–Natta model catalysts under UHV conditions.
Ultra-thin films of MgCl2 were prepared via sublimation onto
a gold foil, followed by gas-phase deposition of TiCl4, whereas
TiCl4/TiCl2 films were obtained by TiCl4 and Mg co-deposition
on MgCl2 and Au [7–12]. X-ray photoelectron spectroscopy
(XPS) analysis revealed the presence of TiCl2Et species on the
catalyst surface after exposure to the co-catalyst, AlEt3. Pro-
longed reaction with AlEt3 produced further reduced species
with possible stoichiometry TiClEtn (n = 1 and/or 2). No ev-
idence was found for TiCl3 formation. It was suggested that
TiCl4 reduction and alkylation could not be separated under
these experimental conditions [7–11]. The same group of au-
thors reported the reduction of MgCl2 by AlEt3 in the presence
of Au, forming Mg clusters or islands; a large fraction of the
resulting support surface was capable of TiCl4 chemisorption
[13]. These systems were active for ethylene and propylene
polymerization. The polymers produced were characterized by
means of surface science techniques, atomic force microscopy,
and vibrational spectroscopies and it was shown that polypropy-
lene films had a high degree of isotacticity [14–16]. By alternat-
ing the supply of propylene and ethylene monomers, alternating
polypropylene and polyethylene films were produced on one
model Ziegler–Natta catalyst [17]. By means of this approach,
it was shown that the active sites were present at the interface of
the catalyst and the growing polymer and polymerization at the
active sites occurred by the diffusion of monomers through the
growing polymer layer. In the same framework, using the above
models, temperature-programmed desorption (TPD) was used
with physisorbed mesitylene as nondestructive surface probe to
distinguish the surface adsorption sites of model Ziegler–Natta
polymerization catalysts [18–20].

Following the work of Somorjai et al., Pilling et al. [21] re-
ported the use of reflection absorption infrared spectroscopy
(RAIRS) and XPS for a study of the interaction of TiCl4
with metallic Mg films grown on an Au surface. Siokou and
Ntais [22,23] introduced a surface science model of Ti-based
Ziegler–Natta catalysts supported on SiO2/Si(100) and pre-
pared by spin-coating THF solutions of TiCl4·(THF)2 and
MgCl2/TiCl4·(THF)2. The surface composition was character-
ized by XPS. Following the same approach, TiCl4·(THF)2 was
impregnated by spin-coating on a Si(100) wafer covered with a
thin SiOx layer and on a polycrystalline Au foil [24]. Atomic
force microscopy (AFM) measurements revealed a homoge-
neous distribution of nanosized TiOx clusters of semiellipsoid
shape and increased contact area with the underlying silica. Fre-
gonese et al. [25] reported XPS studies of Ziegler–Natta cata-
lysts prepared by exposure of δ-MgCl2 to TiCl4 and co-catalyst
(AlEt3) under UHV conditions, whereas Freund et al. [26] in-
troduced a model system of a Pd(111) substrate covered by a
MgCl2 film onto which TiCl4 was anchored and applied elec-
tron spin resonance to study intermediately formed radicals in
Ziegler–Natta polymerization of ethylene. In addition, in more
recent studies, Kaushik et al. [27] applied XPS to show that the
productivity of a catalyst can be correlated to the dispersion of
titanium atoms on the MgCl2 support.
Following previous studies on surface science characteriza-
tion of chromium species on flat silicon wafers [28–30], we
aimed to develop a realistic flat model system for Ziegler–Natta
catalysts that involves spin-coating of MgCl2 from ethanol so-
lution onto a silica wafer, followed by contact with TiCl4 in
toluene at room temperature. In this way we attempt to mimic
an industrial catalyst preparation in which supports formed by
cooling emulsions of molten MgCl2·nEtOH adducts in paraf-
fin oil are reacted with TiCl4 [1]. In this respect, we circumvent
catalyst preparation under the UHV conditions used previously
by other groups, which is often far removed from the nature of
real industrial catalysts [22,25]. We used surface science and
microscopy techniques, such as XPS, atomic force microscopy
(AFM), and scanning electron microscopy (SEM), to study the
surface chemistry and morphology of the support, catalyst and
polymer. In this feasibility study, we demonstrate the construc-
tion of a realistic flat model of a Ziegler–Natta catalyst active
for ethylene polymerization.

2. Experimental

2.1. Materials

Anhydrous magnesium chloride (beads, 99.9%), absolute
ethanol (99.9%), titanium tetrachloride (99.9%), and triethyl
aluminum (25 wt% in toluene) were purchased from Aldrich
and used as received. HPLC-grade toluene was taken from an
argon-flushed column packed with aluminum oxide and stored
over 4 Å molecular sieves. Ethylene was supplied by Praxair
(3.5).

2.2. Catalyst preparation and ethylene polymerization

The catalyst preparation is summarized in Scheme 1. All
manipulations of air or water sensitive compounds were car-
ried out using standard Schlenk or glovebox techniques. The
SiO2/Si(100) wafer was prepared as described elsewhere (cal-
cination at 750 ◦C, followed by etching with H2O2/NH3) [28]
to obtain an amorphous silica layer (20 nm) on a silicon (100)
wafer. The wafer was partially dehydroxylated at 500 ◦C in
air for 16 h. A small amount of surface hydroxyl groups was
retained to facilitate a homogeneous MgCl2·nEtOH film forma-
tion. The wafer was then spin-coated with different concentra-
tions of MgCl2 in ethanol (2, 42, and 105 mmol/L). Spinning at
2800 rpm ejected most of the liquid from the flat silica surface,
leaving behind a thin film of solution. The remaining solvent
evaporated, and the solute precipitated on the support surface.
The wafer was then dried under nitrogen and used for XPS
and/or AFM analysis.

Grafting of TiCl4 onto the MgCl2·nEtOH support was done
by treatment with a 10% (v/v) TiCl4 solution in toluene at
room temperature. After washing with toluene to remove the
physisorbed TiCl4, the model catalyst was dried under nitrogen.
Thus, the flat silica wafer containing the immobilized catalytic
components could be used for either ethylene polymerization
or XPS analysis. Both the TiCl4 treatment and the washing step
took 30 min unless stated otherwise.
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Scheme 1. Schematic representation of sample preparation for Ziegler–Natta catalyst on flat silica surface.
Ethylene polymerization was carried out at room tem-
perature in a glass reactor equipped with a magnetic stir-
rer. The silica wafer after deposition of MgCl2·nEtOH and
treatment with TiCl4 was dipped into about 20 mL of a 1-
mg/mL solution of the co-catalyst, AlEt3, in toluene, inside
the glass reactor. The reactor was pressurized with 2 bar of
ethylene, and polymerization was allowed to run for the de-
sired time. After polymerization, the wafer was washed with
toluene.

2.3. Analytical techniques

AFM measurements were performed inside a glove box with
Solver P47 base with SMENA head. The cantilever of choice
was a noncontact gold-coated NSG11 (long end), manufac-
tured by Micromasch. A typical tip force was 5.5 N/m, and
a typical resonance frequency was 164 kHz. The measurements
were performed in noncontact mode. The thickness of the cata-
lyst support, MgCl2·nEtOH, was determined using the height
difference between the Si substrate and MgCl2 surface after
scratching the layer with a scalpel.
The amounts of Mg in solution and on silica wafer were
determined by an inductively coupled plasma optical emis-
sion spectrometry (ICP-OES) technique using a Spectro Circos
CCD spectrometer. All solutions and the MgCl2 of the spin-
coated wafers were dissolved in HClaq (0.1 M).

XPS measurements were performed with a VG Escalab 200
using a standard aluminum anode (AlKα 1486.3 eV) operating
at 300 W. Spectra were recorded at normal emission back-
ground pressure, 1 × 10−9 mbar. Binding energies were cali-
brated to a C 1s peak at 285 eV.

SEM was performed using a Philips environmental scan-
ning electron microscope (XL-30 ESEM FEG; Philips, The
Netherlands, now Fei Co.) in high-vacuum mode using a low
accelerating voltage (low-voltage SEM) and a secondary detec-
tor.

Molecular weight and molecular weight distribution of the
resulting polyethylene were determined by high-temperature
gel permeation chromatography (GPC) in 1,2,4-trichloroben-
zene at 140 ◦C using a PL 220 instrument and a calibration with
polystyrene standards.
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3. Results

3.1. Quantification of MgCl2·nEtOH/SiO2/Si(100)

The spin-coating of magnesium chloride as a solution in
ethanol resulted in the formation of adducts of type MgCl2·
nEtOH on the surface of the silica wafer. The residual ethanol
content depends on the conditions under which the wafer is
dried after spin-coating, because MgCl2·nEtOH adducts can
be at least partially dealcoholized under relatively mild condi-
tions [31]. The amounts of MgCl2 on silica wafers were quan-
tified with ICP. The amount of Mg on silica was scaled almost
linearly with the concentration of the spin-coating solutions as
the loading increased. Our standard catalyst used for ethylene
polymerization was prepared from a 42 mmol/L solution, re-
sulting in a Mg loading of 200 atoms/nm2.

3.2. XPS analysis

The evolution of the MgCl2·nEtOH film on the flat silica
support was followed with XPS. On increasing the MgCl2·
nEtOH loading from 50 Mg atom/nm2 to 200 and 400 Mg
atom/nm2, respectively, the corresponding signals Mg 2p, 2s
and Cl 2p, 2s also increased in the overview spectra (Fig. 1a).
The silica contributions Si 2p, 2s (Figs. 1a and 1b) dimin-
ished with increasing loading. As the Si peak became invisible,
C 1s and O 1s remained significant in the spectra, likely due
to the presence of residual ethanol in the spin-coated adduct
MgCl2·nEtOH. Unfortunately, however, the possible presence
of adsorbed water and/or hydrocarbons (the latter present in
the atmosphere of the glove box) prevented reliable quantifi-
cation of the amount of residual ethanol (i.e., the value of n
in MgCl2·nEtOH). Angle-resolved XPS revealed that carbon
and oxygen were present largely on top of the spin-coated film,
whereas this would not be the case if the C and O were attribut-
able solely to ethanol.

The Si 2s/Mg 2s ratio for our standard catalyst (200 Mg
atoms/nm2) was 0.17. This corresponds to a film thickness of
about 11 ± 2 nm, assuming a flat homogeneous MgCl2·nEtOH
film over a large area [32,33]. The Mg/Cl ratio (1.00:1.96)
closely resembled that of anhydrous MgCl2, indicating that
MgCl2·nEtOH was deposited without any significant hydrol-
ysis.

Treatment with TiCl4 was carried out on a silica wafer with
a loading of 200 Mg atoms/nm2. The wafer was contacted for
30 min with a 10% (v/v) TiCl4 solution in toluene, followed
by a 30-min extraction with toluene to remove weakly bound
TiCl4. Fig. 2 displays overview spectra before and after the sup-
port was contacted with TiCl4. The spectra show the Mg 2s and
Si 2s peaks before and after the TiCl4 treatment, together with
the Ti 2p peak after the contact with TiCl4. The Si/Mg ratio did
not change on treatment with TiCl4, indicating that the film re-
mained largely intact and the film thickness remained constant.
The Mg 2s and Mg 2p emissions showed maxima at BE 90.7 eV
and 51.8 eV, whereas Cl 2p3/2 appeared at 199.5 eV. The maxi-
mum of the Ti 2p3/2 emission was at 459.3 eV, typical for Ti4+.
The Ti 2p/Mg 2s ratio of the TiCl4/MgCl2·nEtOH/SiO2/Si(100)
system corresponds to a Ti/Mg atomic ratio of 0.15 [34]. This
ratio remained constant when the take-off angle for the pho-
toelectrons was changed from 0◦ to 60◦ relative to the sur-
face, indicating a homogeneous distribution of the Ti in the
MgCl2·nEtOH film.
Fig. 1. (a) Wide scan of XPS spectra upon increasing the loading of MgCl2·nEtOH on silica (from bottom to top the loading increases successively, i.e., 50, 200 and
400 atoms/nm2); (b) XPS spectra of the same system recorded in the regions of Mg 2s and Si 2s for the same loadings.
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Fig. 2. Wide scan of XPS spectra before and after the MgCl2·nEtOH/SiO2/
Si(100) model support was treated with TiCl4. The inserted spectra represent
the Ti 2p peak after treatment with TiCl4 and the Mg 2s and Si 2s peaks before
and after treatment with TiCl4.

The Ti 2p3/2 peak appeared slightly broader after contact
with AlEt3. The FWHM was 4.1 eV, compared with 3.0 eV
before alkylation. The increased width of the Ti 2p3/2 peak
after reaction with the co-catalyst indicates some reduction
to oxidation states lower than 4+, although a well-resolved
peak for titanium atoms in lower oxidation state was not evi-
dent.

3.3. AFM analysis

The morphology of the MgCl2·nEtOH support with a MgCl2
loading of 200 atoms/nm2 was probed with AFM before and
after treatment with TiCl4. The spin-coated MgCl2 (in ethanol)
yielded a smooth film with a surface roughness of 1–3 nm
(Fig. 3). At high magnification, the AFM image indicated a
granular structure. The grain size varied between 10 and 40 nm.
Fig. 4a represents the scratching of a typical MgCl2·nEtOH film
(200 Mg atoms/nm2) with the corresponding height profile.
The film thickness was proportional to the loading of the Mg on
silica (Fig. 4b). Our standard loading (200 atoms/nm2) corre-
sponded to a film thickness of 12±2 nm, in excellent agreement
with the XPS results.

Treatment of the MgCl2·nEtOH film with TiCl4 for 30 min
induced minor changes in morphology (Fig. 5a). The film
thickness remained constant after the TiCl4 treatment. AFM
(Fig. 5a) showed a homogeneous film with some small holes
with a penetration depth of several nm. These holes possibly
could have resulted from detachment of small grains of magne-
sium chloride from the wafer surface, as shown in the higher-
resolution image in Fig. 3. This effect is more pronounced
at longer treatments with TiCl4 (e.g., 18 h). Fig. 5b shows
the formation of larger holes with a penetration depth up to
±12 nm.

3.4. Ethylene polymerization

The model catalyst prepared as described above proved to
be active for ethylene polymerization at 2 bar ethylene pressure
and room temperature. PE is formed, in milligram quantities,
as a thin film on the silica surface (3 × 3 cm2). No polymer
formation was observed in the solution. SEM indicated a poly-
mer film thickness of 4 µm after 30 min of polymerization and
100 µm after 16 h of polymerization. This corresponds to a
polymer yield of 3.5 kg PE/g MgCl2 after 16 h. In the SEM im-
ages (Fig. 6), the polymer films appear to consist of a mass of
spherical particles when viewed from the top; however, a lateral
view clearly reveals that the polymer films consist of closely
packed pillars aligned perpendicular to the surface of the sup-
port, indicating a vertical growth of the polyethylene film. The
polymer obtained after 16 h of polymerization had an Mw of
2.5 × 106 g/mol and a molecular weight distribution (Mw/Mn)
of 4.4.

4. Discussion

A flat model catalyst prepared by spin-coating of MgCl2·
nEtOH from ethanol solution onto a flat silicon wafer and
subsequent treatment with TiCl4 was studied by XPS, AFM,
and SEM, with the aim of characterizing and visualizing the
Ziegler–Natta catalyst as well as the polymer produced. Our
model resembles industrial counterparts in several aspects.
AFM in combination with XPS showed that the thickness of the
MgCl2·nEtOH film can be tuned by varying the loading of Mg
on Si. The spin-coating of MgCl2·nEtOH yielded smooth films
consisting of grains ranging in size from 10 to 40 nm, not very
different from the size of primary particles in industrial Ziegler–
Natta catalysts [35–37]. The density of the MgCl2·nEtOH film
prepared at our standard loading was ∼14 atoms/nm3, close to
the density of anhydrous MgCl2 (∼15 atoms/nm3).

On treatment of the MgCl2·nEtOH/SiO2/Si(100) model sup-
port with TiCl4, the spin-coated film remained largely intact.
AFM revealed only minor effects on morphology and no change
in the layer thickness. The Ti/Mg ratio was ∼0.15 accord-
ing to XPS analysis. Ti was distributed homogeneously in the
film. In earlier work, Magni and Somorjai [7] reported a Ti/Mg
ratio of ∼0.2–0.8 with increasing exposure of their model
MgCl2 film to TiCl4, whereas Kaushik et al. [27] reported a
Ti/Mg ratio of ∼0.12–0.29 for Ziegler–Natta catalysts. Ti/Mg
ratios of around 0.04–0.15 are typical for Ziegler–Natta cata-
lysts used for polypropylene [38]. The chemical state of the
TiCl4 in our model catalyst remains ambiguous. The binding
energy of 459.3 eV is typical for Ti4+ and is close to that of
TiO2. During the reaction of the spin-coated support precursor
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Fig. 3. (Left) AFM height images of MgCl2·nEtOH film for loading of 200 atoms/nm2 on silica; (right) the corresponding cross-sectional height scans.
(MgCl2·nEtOH) with TiCl4, compounds of type TiCl4−n(OEt)n
are formed. Removal and replacement of such species by TiCl4
is relatively difficult [35] and they likely are present in this
model system despite the large excess of TiCl4 in the catalyst
preparation.

The MgCl2·nEtOH/SiO2/Si(100) model catalyst polymer-
ized ethylene in the presence of AlEt3 after treatment with
TiCl4. We were able to produce a polyethylene layer 10,000
times thicker than the spin-coated support layer (100 µm thick
PE, as opposed to the 12 ± 2 nm of support MgCl2). SEM
indicated the formation of a 4-µm layer of polyethylene after
30 min and a 100-µm layer after 16 h. The final polyethylene
yield after 16 h was 3.5 kg/g MgCl2. This was obtained un-
der very mild conditions (i.e., room temperature, 2 bar eth-
ylene pressure). Magni and Somorjai [9,11] reported that ti-
tanium chloride systems formed by both electron irradiation-
induced and metallic Mg-induced chemical vapor deposition
on thin films of Au and MgCl2 were active for ethylene poly-
merization under UHV conditions with a nominal monomer
insertion rate of 1.3 C2H4 molecules/(Ti atom) s at 760 Torr
and 300–350 K. Our system has a nominal insertion rate of
1.4 C2H4 molecules/(Ti atom) s at 2 bar and room tempera-
ture.

5. Conclusion

Model Ziegler–Natta catalysts, active in ethylene polymer-
ization, can be prepared by the spin-coating of MgCl2·nEtOH
from ethanol solution onto a flat silica wafer, followed by con-
tact with TiCl4. The flat model approach is beneficial in many
ways. It allows a surface chemistry and morphologic study of
the catalyst and nascent polymer at the nanometer scale at each
stage of catalyst preparation and polymerization, using electron
and scanning probe microscopy as well as surface science tech-
niques such as XPS.

The catalyst preparation method is relevant for industrial
Ziegler–Natta catalysts and produces MgCl2·nEtOH grains,
which, according to AFM observations, range in size from
10 to a few tens of nm. Treatment of MgCl2·nEtOH with
TiCl4 results in a homogeneous distribution of Ti and Ti/Mg
ratios similar to those in industrial catalysts. The model cat-
alyst, together with AlEt3 as a co-catalyst, shows reasonable
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Fig. 4. (a) MgCl2·nEtOH film on Si after scratching and the corresponding
cross-sectional height scan (200 Mg atoms/nm2); (b) thickness of MgCl2 films
vs the loading of Mg.

activity in ethylene polymerization, with polymer growth oc-
curring perpendicular to the flat support surface. We are cur-
rently extending this approach to the preparation and charac-
terization of well-defined crystallites of MgCl2 on flat silicon
wafers, including an investigation of how the formation of
different crystallite faces of MgCl2 is affected by the Lewis
Fig. 5. (a) AFM height image after treatment of MgCl2·nEtOH film (200 Mg
atoms/nm2) with TiCl4 for 30 min, with the corresponding cross-sectional
height scans; (b) AFM images after treatment of a similar film with TiCl4 for
18 h, with the corresponding cross-sectional height scans.

bases used as internal donors in Ziegler–Natta catalysts for
polypropylene. We also plan to apply in situ ATR-infrared spec-
troscopy to gain further insight into the MgCl2·nEtOH support
composition and the effect of TiCl4 and donor adsorption on
the support on stereoselectivity during propylene polymeriza-
tion.
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Fig. 6. SEM image of polyethylene obtained after 16 h polymerization: (a) top
view, (b) and (c) side view on silica wafer.
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