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Abstract A sensitive method is presented for the inves-
tigation of planar Ziegler-Natta model catalysts by means
of attenuated total internal reflection Fourier transform
infrared spectroscopy. A solution of MgCl, in ethanol,
optionally containing an internal donor, was spin-coated
directly onto a planar ZnSe ATR crystal. Ethylene and
propylene polymerization was monitored in situ and ex-
situ, respectively, and interaction of a diester internal donor
with MgCl, and TiCl, was investigated. The isotacticity of
the polypropylene produced in the presence and absence of
donor was estimated based on characteristic peaks in the
infrared spectra.
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1 Introduction

Ziegler-Natta catalysts (ZNC) play a dominant role in
polyolefin production. The annual production of polypro-
pylene (PP) now exceeds 40 million tonnes and most PP is
produced using MgCl,-supported catalysts of type MgCl,/
TiCly/Lewis base. The Lewis base, typically an ester or
ether present in the solid catalyst, is generally referred to as
the internal donor and is a major factor determining the
stereospecificity of the catalyst [1-3]. Internal donors bind
strongly to the MgCl, support [4-7]. It is believed that the
internal donor blocks particular sites on the MgCl, surface
which otherwise, upon coordination with TiCl,, would
generate precursors of non-stereospecific active sites [4, 8,
9]. On the other hand, as previously indicated [10-12],
there is strong evidence for the presence of a donor in the
vicinity of isospecific active species. Ziegler-Natta cata-
lysts for PP are used in combination with an aluminum
alkyl cocatalyst such as AlEt; or AliBujz and an additional
Lewis base, termed the external donor, is generally added
in polymerization.

In our previous work, we have described the prepara-
tion and characterization of a model Ziegler-Natta cata-
lyst, starting from the spin-coating of a MgCl, solution
(with or without donor) in ethanol on a flat silicon wafer
[13, 14]. Treatment with TiCl, and AlEt; resulted in an
active catalyst for ethylene and propylene polymerization.
Next, we developed a preparation method by which the
spin-coated support precursor could be converted by
controlled crystal growth into well-formed crystallites
[15]. Incorporation of different internal donors such as a
diether and esters in the crystal growth process generated
large crystallites and provided strong evidence that the
dependence of the distribution of the active species in
ZNC for polypropylene on the nature of internal donor is
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related to the ability of the donor to steer the formation of
a particular MgCl, crystallite face during catalyst prepa-
ration [16].

Infrared (IR) spectroscopy is one of the most useful
research tools for the study of surface species in solid
catalysts. It can be applied to probe the state of carbonyl
groups in ester internal donors, since the vc—o absorption
band is very sensitive to coordination with a Lewis acid. IR
spectroscopy has been extensively applied to Ziegler-Natta
catalysts [17]. With regard to propylene polymerization
catalysts, most of the work has focused on the spectral
changes in the vc_g of the internal aromatic ester in various
stages of catalyst preparation [17-31].

Analogous to our previous approach, we are now using
a ZnSe crystal to deposit the MgCl, (with or without
donor) from ethanol solution via spin coating, aiming to
investigate the ZN catalysts by means of a new technique
in the field: attenuated total reflectance (ATR) infrared
spectroscopy. To this end, the wafer has now been replaced
by an internal reflection element such as ZnSe, which
allows application of ATR-FTIR spectroscopy. The
advantage of ATR-Fourier transform infrared (FTIR) is
that the sensitivity is enhanced because the absorbance is
proportional to the number of reflections in the ATR
crystal [32].

In this work, we introduce a complete experimental set
up for in situ and ex-situ ATR-FTIR studies. Two experi-
mental studies are included to demonstrate the use and to
document the performance of the set-up: (1) the interaction
of MgCl, with donor, followed by an estimation of the
isotacticity of polypropylene prepared in systems with and
without donor and (2) in situ ethylene polymerization as a
proof of principle.

2 Experimental Section
2.1 Instrumentation

The FTIR spectra were collected using a Nicolet Protege
460 Fourier transform infrared spectrometer equipped
with a heated HATR flow cell for Spectra-Tech ARK
with a ZnSe 45° crystal. A schematic representation of the
trapezoidal ZnSe ATR crystal with bevels at an angle of
45° (Harrick Scientific Prod. Inc.) is given in Fig. 1. The
cut-off of the ZnSe crystal is at 700 cm~'. The data
points of the collected spectra were the average of four
scans at a spectral resolution of 4 cm™' for all measure-
ments and the spectra were automatically collected. ZnSe
was used as a background for FTIR measurements on
spin-coated MgCl,-donor-nEtOH and its reaction product
with TiCly, as well as for a TiCly/donor complex (not
spin-coated but deposited as powder). The FTIR
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Fig. 1 Schematic representation of the ZnSe ATR crystal coated with
MgCl,-nEtOH

measurement of donor in solution was carried out using
ZnSe with the appropriate solvent as background. In this
manner the solvent was masked, enhancing the visibility
of donor signals. For the polypropylene (ex-situ) mea-
surements, ZnSe was used as background. All the spectra
were measured in transmittance mode unless otherwise
stated.

2.2 ATR-FTIR Set Up

For the study of the flat model catalyst for in situ ethylene
polymerization, an ATR-IR flow cell set up has been
constructed. This set-up includes solution containers, a
reactor and the flow cell, all of which can be connected to
gas supplies with a pressure up to ten bars and a vacuum
system (Fig. 2). A solution (e.g., AlEt; in anhydrous
benzene) can be introduced to the reactor, where the
solution will be saturated with ethylene at a desired
pressure. The ethylene-saturated solution is introduced
into the ATR cell under the ethylene pressure in a flow
mode with the speed controlled by a flow meter. Both the
reactor and the ATR cell can be set to a desired temper-
ature up to 150 °C. As polymer grows on the ZnSe
crystal, infrared spectra are recorded to monitor the
polymerization.

2.3 Materials

Anhydrous magnesium chloride (beads, 99.9%), absolute
ethanol (99.9%), titanium tetrachloride (99.9%), triethyl-
aluminum (25 wt.% in toluene) and benzene (99.8%) were
purchased from Aldrich Chemicals and used as received.
HPLC-grade toluene was taken from an argon-flushed
column packed with alumina and stored over 4 A molec-
ular sieves. Diisobutyl phthalate (>98%) was provided by
Aldrich and used as received. Propylene was supplied by
Linden (3.5). Ethylene was supplied by Praxair (3.5).

2.4 Catalyst/Sample Preparation, Ethylene
and Propylene Polymerization

All manipulations of air- or water-sensitive compounds
were carried out using glove box techniques. Spin coating
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Fig. 2 Schematic
representation of the ATR-IR
flow cell set up for in situ

Ethylene
- Ar
Vacuum

ethylene polymerization i
(courtesy of W. Han [33])

Flow

'y

Flow
control
<« | Y
Waste —
ATR flow Cell

-

of MgCl, from solution in ethanol was carried out as
described previously [13]. When a donor (diisobutyl
phthalate) was present, the donor/MgCl, molar ratio was
0.1. After this step, reaction of TiCl, with the MgCl,/
donor-nEtOH or MgCl,-nEtOH was carried out by treat-
ment with a 10% v/v TiCl, solution in toluene at room
temperature for 30 min. After washing with toluene to
remove physisorbed TiCly, the model catalyst was dried
under nitrogen.

In the case of ethylene polymerizations (in situ) the
ZnSe crystal (after deposition of MgCl,/EtOH and treat-
ment with TiCly) was assembled into a flow cell under
glove box conditions then closed/sealed and transferred to
the ATR-FTIR set up. The time-resolved ATR-FTIR
polymerization experiment at room temperature was per-
formed as follows. Anhydrous benzene was introduced into
the flow cell and a FTIR spectrum was collected for ref-
erence. In the meantime, a AlEt; solution in benzene
(1 mg mL™") had been saturated with ethylene under a
2 bar pressure in a reactor. The ethylene-saturated AlEt;
solution was then allowed to flow to the ATR flow cell at a
rate of 20 g h™' [33].

Propylene polymerization (ex-situ) was carried out at
room temperature in a glass reactor equipped with a
magnetic stirrer. The ZnSe crystal, with the model cata-
lyst, was dipped into about 20 mL of a 1 mg mL™'
solution of the co-catalyst, AlEts, in toluene, inside the
glass reactor. The reactor was pressurized with 3 bar of
propylene and polymerization was allowed to run for the
desired time. The thickness of the polymer films grown
on ZnSe was determined using a Tencor P-10
profilometer.
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3 Results and Discussion

3.1 ATR-FTIR of MgCl,/DIBP-nEtOH, MgCl,/
DIBP-nEtOH/TiCl, and TiCly/Donor

Coordination of the diester donor onto MgCl, support
along with the treatment with TiCl, was studied by ATR-
FTIR. A 0.1 M ratio donor/MgCl, was applied, comparable
to that present in a typical Ziegler-Natta catalyst [34]. It is
well established that the coordination of donors such as
esters onto MgCl, supports (ethyl benzoate/MgCl, com-
plexes have been extensively studied) occurs via the car-
bonyl group [17-20, 24, 26, 28-31].

Overview FTIR spectra of neat DIBP, DIBP in ethanol
and DIBP/MgCl, complexes in the region of C=0O and
C—C-0 bands are shown in Fig. 3. The C=0 band of DIBP
upon complexation with MgCl, undergoes a shift to lower
wavenumbers, i.e., 1,695 cm ™! (Fig. 3, left panel, spec-
trum c¢ and d). This result is in agreement with previous
reported data [31]. IR spectra of carbonyl groups (C=0 in
phthalates) of internal donors adsorbed on MgCl, can be
best described as a superposition of several overlapping
vibration bands from a variety of surface complexes as
previously reported by Potapov et al. [31]. The aromatic
ring modes maintain their position upon coordination to
MgCl, (Fig. 3, left panel, spectrum a, b, ¢ and d). Upon
increasing the concentration of DIBP in the MgCl,/ethanol
solution, the DIBP signals become stronger as observed in
spectrum d of Fig. 3 (left panel).

It is observed from the FTIR spectra of the DIBP/MgCl,
complexes that ratios of 0.1 and 0.4 give similar shifts of
the C=0 band to lower stretching frequency. A donor/
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Fig. 3 Left panel a, Neat DIBP donor; b, DIBP in ethanol
(15 mmol L™h; ¢, spin coated layer of DIBP/MgCl, from ethanol
(DIBP/MgCl, ~0.1); d, spin coated layer of DIBP/MgCl, from
ethanol (DIBP/MgCl, ~0.4). The inserted spectra represent C=0
band and aromatic ring modes of DIBP before (solid line) and after

MgCl, ratio as high as 0.4:1 is not compatible with a
support structure comprising, for example, hexagonal
crystallites of MgCl, with coordination of the donor on
surface sites, as such sites represent only a small fraction of
the total Mg present. It is more likely that, at high donor/
MgCl, ratios, the product has a chain-type structure, taking
into account the fact that 2:1 adducts of (monodentate)
Lewis bases and MgCl, comprise MgCl, chains with two
molecules of Lewis base (LB) coordinated to each mag-
nesium atom [35]. Another observation in Fig. 3 (left
panel) is the shift to higher wavenumbers, i.e.,
~1,320 cm ™" of the C—C—O band (spectrum ¢ and d) upon
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(dashed line) complexation with MgCl,. Right panel a, DIBP donor
coordinated to MgCl, (DIBP/MgCl, = 0.1); b, TiCl,/DIBP complex
(1:1). The inserted spectra represent spin coated DIBP/MgCl, (0.1
molar ratio) before (solid line) and after (dashed line) treatment with
TiCly

complex formation with MgCl,. This upshift has been
reported for EB/MgCl, complexes and attributed to the so
called resonance strengthening effect [24, 29].

The next step involved treatment with TiCl,. Figure 3
(right panel) shows the spectra of DIBP/MgCl, and TiCl,/
DIBP complexes (spectra a and b, respectively). The C=0
band of the TiCly/DIBP complex has shifted further
downward, generating a peak splitting in the region 1,640-
1,581 cm™'. Comparable results have been reported pre-
viously [21, 22]. The TiCl,/DIBP complex formation
resulted in a yellowish solid product. Lastly, treatment of
DIBP/MgCl, film with TiCl, induced a minor downshift in
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the vibrational frequency of the functional group, i.e., C=0
band. The inserted spectra in Fig. 3 (right panel) show the
C=0 bands of a DIBP/MgCl, complex, along with aro-
matic ring modes, before (solid line) and after (dashed line)
treatment with TiCly. The spectrum after treatment with
TiCl, indicates that only a minor shift to lower wave-
numbers of the C=0 band has occurred. The latter suggests
that DIBP remains strongly coordinated to the MgCl,
support after TiCl, treatment.

3.2 Ex-situ ATR-FTIR of Propylene Polymerization

The propylene polymerization was carried out over a model
catalyst under glove box conditions similar to those on a Si
wafer [13]. Polymerization was carried out in a Schlenk
reactor in a solution of the cocatalyst for 24 h at room
temperature and 3 bar pressure. The thickness of the PP
layer was less than 1 um [14]. When the DIBP donor was
incorporated (DIBP/MgCl, ~0.1), propylene polymeriza-
tion was run under the same conditions but for 20 h. The
thickness of the PP layer on ZnSe was about 20-25 pm.
This corresponds to a polymer yield of 0.3 kg PP g™'
MgCl,. We previously reported yields up to 1 kg PP g~
MgCl, after 24 h propylene polymerization in presence of a
diether as internal donor [14]. The lower yield of PP in the
presence of DIBP as internal donor, as opposed to a diether
donor, is to be expected taking into account that esters are to
a large extent removed from the support by alkylation and
complexation reactions with the cocatalyst (AlEt3) [36].

Figure 4a shows overview spectra of polypropylene
obtained when no internal donor was incorporated (24 h
polymerization) and polypropylene obtained when DIBP
donor was incorporated (2 h polymerization). Both spectra
reveal features characteristic of those of an IR spectrum of
isotactic polypropylene [37]. The band located at 997 cm ™!,
originating from isotactic helices of polypropylene, is
present in both spectra [37]. It is reported that the volume
fraction of long isotactic sequences is reflected by the
intensity of this band [38]. The intensity of this band is
sensitive not only to the helical configuration but also to the
long-range lateral packing.

The band of solid isotactic polypropylene at 974 cm™" is
reported to be due to the hybridized vibrations of the
methyl rocking mode (asymmetric with respect to the H-
C-methyl plane) and the asymmetric stretching mode of
the main chain CH-CH, bonds (axial and equatorial) [38].
The bands at 1,458-1,376 cm ™! may arise from CH,
scissoring [39], whereas the bands in the region 2,949-—
2,838 cm ™! are attributed to asymmetric and symmetric
CH, stretch.

The ratio of absorption intensities Agg7/Ag74 has been
reported to be a measure of the tacticity [38, 40—42]. Fig-
ure 4b again displays infrared spectra of polypropylene

1
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obtained without and with DIBP donor present during
polymerization, showing the absorption band at 997 cm ™"
due to isotactic helices and the absorption band at
974 cm™". In an attempt to estimate the isotacticity index
of the PP, based on the Agg7/Ag74 ratio (I.I. = Agg7/Ag74 X
100) as previously reported [40, 41], we found that the
isotacticity index for PP prepared with no donor was
around 60%, as opposed to ~75% for the PP prepared in
the presence of DIBP as internal donor. '*C NMR, which is
a more reliable indicator of tacticity, revealed mmmm
pentad contents of 57 and 63%, respectively, for the
polymers prepared in the absence and presence of DIBP.

Kim and Somorjai [43] reported the formation of iso-
tactic PP with model donor-free heterogeneous catalysts
prepared under ultra-high vacuum techniques. Our results
are in line with reported values for PP produced with
MgCl,/TiCl4/AIR5 (I.I. = 40-60%) and that produced with
MgCl,/TiCl,/DIBP/AIR; in the absence of any external
donor [1].

3.3 In Situ ATR-FTIR of Ethylene Polymerization

The new ATR-FTIR set up was tested for the in situ eth-
ylene polymerization. Kinetic investigations of ethylene
polymerization using supported catalysts are usually carried
out by measuring the consumption of ethylene gas [44, 45].
It is of interest to quantitatively monitor in real time the
formation of the polyethylene inside the reactor. To this end
the ZnSe crystal, after deposition of MgCl,, was treated
with TiCl, and then polymerizations were allowed to run in
the ATR-FTIR flow cell. Application of ATR-FTIR to
monitor the vibrational bands of the PE offers the possi-
bility to study the catalyst performance in its working state
and acquire in situ information on the reaction kinetics.

ATR-FTIR results of a polymerization experiment using
the Ziegler-Natta catalyst are shown in Fig. 5. The poly-
merization was carried out in benzene, which has a clear
window in the region 2,800-2,980 cm~!. The model cat-
alyst was initially treated with the solution of cocatalyst in
benzene (carried out in situ in the cell) to remove ethanol/
water present in the system, before starting the polymeri-
zation by introducing a cocatalyst solution saturated with
ethylene (2 bar). Spectra collected during polymerization
in this wavenumber region show the CH, asymmetric
stretching band at 2,917 cm~! and the symmetric stretch-
ing band at 2,849 cm™' of polyethylene (Fig. 5a). These
spectra have been measured at 1 min intervals. The
intensity of the band at 2,917 cm™' is plotted versus
polymerization time in Fig. 5b, where the intensity refers
to the integrated area of the CH, stretching band in
absorbance unit in the ATR-FTIR spectrum. The intensity
of the CH, stretching band (2,917 cm™") of polyethylene
clearly increases with polymerization time.
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Fig. 4 a IR transmittance
spectra of polypropylene
obtained from spin-coated
catalysts prepared in the
presence and absence of internal
donor. b 997 and 974 cm™"
absorption bands of
polypropylene prepared in the
presence and absence of internal
donor
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ATR-FTIR analysis during real time polymerization
demonstrates the future prospective of the method to
determine polymerization kinetics. However, it is not
straightforward to correlate the intensity of the ATR spectra
directly with the polymerization rate. The evanescent ATR
wave decays with distance from the crystal surface [46] and
the intensity does not depend linearly on the thickness of the
polymer layer. In other words, the decay of the evanescent
wave leads to saturated band intensity for thick polymer
films. To obtain kinetic information, a calibration curve of
the dependence of the ATR-FTIR band intensity on the
amount of the PE formed is needed.

The thickness of the polyethylene film reached
~1.5 um after 20 min ethylene polymerization, which

" 1010 1000 990 980 970 960 950 940

PP with no internal donor

Wavenumbers (cm-1)

corresponds to a polymer yield of 0.055 kg PE g~' MgCl,.
The decrease in activity of PE grown in situ on ZnSe
compared with the PE grown ex-situ on Si [13] can be
attributed to minor water contamination in the ATR-IR
cell.

4 Conclusions

Attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR) can be used both for the
investigation of donor/MgCl, interactions in Ziegler-Natta
catalysts and for real-time monitoring of catalyst activity in
olefin polymerization. Coordination of a diester donor on
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Fig. 5 a Series of spectra of polyethylene growing on a flat ZnSe
surface. Spectra are shown in the region of interest (asymmetric and
symmetric band of CH,). b Plot of the intensity of the band at

MgCl, occurs via the C=0O functional group. TiCl, and
electron donors interact strongly with each other, but in the
Ziegler-Natta catalyst the donors coordinate strongly to
the MgCl, support and remain relatively unperturbed by
the presence of TiCly. ATR-FTIR can also be used to
validate/estimate the isotacticity of polypropylene pro-
duced in a model catalytic system. The present work is now
being extended to investigation of in situ coordination of
electron donors onto the surface of the MgCl, support.
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