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ABSTRACT: To unravel the relationship between silylene-bridged metallocene catalyst
structures and polymerization conditions and their effect on the performance in in-
reactor functionalization of polypropylene, the behaviors of rac-Me2Si(2-Me-4-Ph-
Ind)2ZrCl2/MMAO, rac-Me2Si(Ind)2ZrCl2, rac-Me2Si(2-Me-4-Ph-Ind)2HfCl2, and rac-
Me2Si(Ind)2HfCl2 in propylene/aluminum alkyl-passivated 10-undecen-1-ol copolymer-
ization were compared. Kinetic analysis revealed higher catalytic activities for
zirconocenes compared to analogous hafnocenes. Both the zirconocene and hafnocene
with substituted indenyl ligands afforded a higher molecular weight capability, improved
stereo-selectivity, and enhanced ability to incorporate functionalized comonomers
compared to their non-substituted congeners. An in-depth study of polypropylene
functionalization using the best performing catalyst system, rac-Me2Si(2-Me-4-Ph-
Ind)2ZrCl2/MMAO, at temperatures ranging from 40 to 100 °C, revealed a linear
inversely proportional correlation of polymerization temperature with functionalized
comonomer reactivity (↑Tp → ↓ r1), copolymer molecular weight (↑Tp → ↓Mn), and
melting temperature (↑Tp → ↓Tm). While performing well under standard laboratory polymerization conditions, rac-Me2Si(2-Me-4-
Ph-Ind)2ZrCl2/MMAO showed limited molecular weight and stereo-selectivity capabilities under high-temperature (130−150 °C)
solution process conditions. Although immobilization of rac-Me2Si(2-Me-4-Ph-Ind)2ZrCl2 onto silica, allowing it to be used under
industrially relevant slurry and gas-phase conditions, led to an active catalyst, it failed to incorporate any functionalized comonomer.

■ INTRODUCTION

Polyolefins form the cheapest and most abundantly used class
of all polymers. With only a handful of monomers, materials
with a wide variety of properties have been obtained ranging
from elastomers to thermoplastics. Even the structurally simple
linear polyethylene finds use in a wide range of applications
from grocery bags to bullet proof vests or medical implants.
Tuning the polymer’s topology broadens its potential even
more, resulting in, for example, high-temperature-resistant
thermoplastic elastomers and shape memory materials.1−3

However, one feature that all these fantastic materials lack is
functionality: polyolefins are aliphatic hydrocarbons that are
chemically inert and have a very low surface energy.
Combining the polyolefins’ excellent mechanical properties
with the ability to adhere to other materials is of great interest,
and significant effort has been directed toward the develop-
ment of various approaches to produce functionalized
polyolefins.4−6

Besides surface modification of polyolefin devices by, for
example, corona- or flame treatment,7 polyolefins can be
functionalized either by post-reactor or in-reactor functional-
ization processes.8 The post-reactor process typically consists
of reactive extrusion using a polyolefin, a functional group to

be grafted, and typically a radical initiator.9 In-reactor
functionalization is performed on a commercial scale for
producing functionalized polyethylenes using a high-pressure
radical process. Although catalytic in-reactor functionalization
of polyolefins is frequently being reported in scientific
publications and patents,4−6,10,11 no commercial scale process
exists to date.
In-reactor functionalization of polyolefins has been reported

in the literature using various catalytic approaches. For
examples, multi-step processes consisting of (i) coordinative
chain-transfer polymerization followed by selective oxidation of
the metal carbon bond to produce chain-end functionalized
polyolefins,12,13 (ii) copolymerization of olefins with como-
nomers containing latent reactive groups such as substituted
styrenes and their derivatives followed by a post-polymer-
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ization functionalization step,14 (iii) random incorporation of
electrophile-functionalized comonomers such as borane15 and
aluminum16 followed by oxidation, and (iv) direct copoly-
merization of propylene with nucleophile-functionalized
comonomers typically passivated with silyl- or aluminum
alkyl groups.17,18 The latter is the most common route and has
been proven efficient to produce functionalized polyolefins at a
lab scale and provides access to a wider range of products with
different types and amounts of functionality. This approach has
been applied to produce copolymers of ethylene or α-olefins,
with olefin comonomers bearing polar functionalities such as
hydroxyls,19−21 phenols,22,23 carboxylic acids,24−26 (thio)-
esters,27 epoxides,28 and (thio)ethers29 typically using single-
site metallocene catalysts. Recently, unprotected amine- and
anisyl-functionalized monomers have been directly copoly-
merized with ethylene and propylene using group 3−4 single-
site metal-based catalysts to access amine-functionalized
polyolefins.30−33 Nevertheless, the presence of even small
amounts of functionalized comonomers, including the
passivated ones, typically has a negative effect on the catalytic
activity of the highly electrophilic catalysts. The majority of the
studies on functionalized polyolefins are focused on the
catalytic performance in the presence of these (passivated)
functionalized comonomers (catalytic activity and incorpo-
ration ability of functionalized comonomers).34

Since its publication by Spaleck et al. in 1994,35 the
unprecedented activity and isospecificity of rac-Me2Si(2-Me-4-
Ph-Ind)2ZrCl2 (1) in propylene polymerization have inspired
many researchers to investigate the structure−property
relationship of metallocenes and 1 has become a benchmark
catalyst for many olefin (co)polymerization studies.36−38 The
“Spaleck catalyst” (1) has also been used to produce randomly
functionalized polypropylenes.39−41 Most of these publications
described the use of 1 as a catalyst to produce functionalized
polypropylenes, but little is known about its actual catalytic
behavior when used as a catalyst to produce functionalized
polyolefins, especially under industrially relevant conditions.
To be able to evaluate the true commercial potential of this

catalyst in an in-reactor functionalization process, a thorough
study under industrially relevant conditions is required.
Specifically, this implies polymerization temperatures in the
range of 60−90 °C for gas-phase or slurry processes and ≥130
°C for a solution process and polymerization times of >10 min
to an hour, instead of only seconds at room temperature as
performed by Cai and co-workers.41

No data exist on the catalytic performance of other
metallocenes in the copolymerization of propylene and polar
comonomers (i.e., alkenols) under industrially relevant
conditions. Therefore, prior to exploring the potential of 1
for producing functionalized polyolefins under the gas-phase or
solution process conditions, the performance of 1 was

Chart 1. Catalyst Precursors Used for the Copolymerization of Propylene/TiBA-Passivated 10-Undecen-1-ol

Table 1. Results of Propylene Copolymerization with C11
O-AliBu2 Catalyzed by 1−4/MMAO Catalyst Systems at 80 °Ca

run # cat. cat. (μmol) C11
O-AliBu2b (mM) yield (g) activity (kg mmol cat.−1 h−1) Mn

c (kg mol−1) Đc Tm
d (°C) C11OH

e (mol %)

1 1 0.06 0 26.4 1320 80.5 3.0 154.7 0
2 0.06 10 15.6 782 127.4 2.3 152.4 0.2
3 0.06 20 5.4 269 162.6 2.4 150.6 0.4
4 0.06 40 5.0 252 127.5 2.8 141.8 0.8
5 2 0.32 0 21.7 203 12.1 2.3 130.0 0
6 0.32 10 16.0 150 14.3 2.4 129.4 0.1
7 0.32 20 13.3 125 14.8 2.3 129.0 0.2
8 0.32 40 11.5 108 15.8 2.3 126.1 0.5
9 3 1.86 0 9.6 16 40.6 3.3 152.8 0
10 1.86 10 8.2 13 40.7 3.1 148.6 0.2
11 1.86 20 6.9 11 43.8 3.2 146.3 0.4
12 1.86 40 7.5 12 45.8 3.1 140.8 0.8
13 4 1.86 0 14.3 23 69.7 3.2 129.7 0
14 1.86 10 12.0 19 44.9 4.9 129.2 0.1
15 1.86 20 11.6 19 82.9 2.6 129.5 0.3
16 1.86 40 7.4 12 54.5 3.5 125.9 0.6

aConditions: reactions performed in a 600 mL Büchi reactor, 200 mL toluene, propylene pressure = 5 bar, [MMAO]/[cat. 1] ∼ 8300, [MMAO]/
[cat. 2] ∼ 8092, [MMAO]/[cat. 3] ∼ 4284, [MMAO]/[cat. 4] ∼ 4284, TiBA (10 wt % solution in toluene) = 2.1 mmol, reaction time = 20 min.
b10-Undecen-1-ol (C11

OH) premixed with TiBA (10 wt % solution in toluene; [TiBA]/[C11
OH] = 1.1). cDetermined by HT-SEC in TCB at

160 °C. dDetermined by DSC. eDetermined by 1H NMR.
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compared with that of other silylene-bridged zirconium- and
hafnium-based catalysts: rac-Me2Si(Ind)2ZrCl2 (2), rac-Me2Si-
(2-Me-4-Ph-Ind)2HfCl2 (3), and rac-Me2Si(Ind)2HfCl2 (4)
(Chart 1). The comparison was directed to the effect of the
catalyst structure and polymerization conditions on the
catalytic activity, incorporation ability of functionalized
comonomers, molecular weight capability, and isospecificity.

■ MATERIALS AND METHODS
General Considerations. All experiments were performed under

an inert dry nitrogen atmosphere using either standard Schlenk or
glovebox techniques. All chemicals used were purchased from Sigma-
Aldrich, for example, MMAO-12 (7 wt % solution in toluene), 10-
undecene-1-ol, triisobutylaluminum (TiBA, neat), tolueneHPLC
grade, and trityl tetrakis(pentafluorophenyl)borate. Propylene was
purchased from Abdulla Hashim Gas Co. Saudi Arabia. rac-Me2Si(2-
Me-4-Ph-Ind)2ZrCl2 (1), rac-Me2Si(Ind)2ZrCl2 (2), rac-Me2Si(2-Me-
4-Ph-Ind)2HfCl2 (3), and rac-Me2Si(Ind)2HfCl2 (4) pre-catalysts
were purchased from MCAT GmbH, Germany.
Random Copolymerization of Propylene and TiBA-Passi-

vated 10-Undecen-1-ol Using 1−4 as Catalyst Precursors. The
copolymerization reactions of propylene with TiBA-passivated 10-
undecen-1-ol using catalyst precursors 1−4 and MMAO-12 “MMAO”
as a co-catalyst were performed using a premixed solution of TiBA
and C11

OH (molar ratio of C11
OH/TiBA 1:1.1), yielding the

protonolysis product, C11H21OAl
iBu2 (C11

O-AliBu2). The copoly-
merization experiments were carried out in a 0.6 L stainless steel
Büchi reactor system (assembled by Hi-Tech, India) equipped with a
propeller-like stirrer. The reactor was evacuated and heated using an
external oil bath. The reactor vessel was kept under vacuum at a
temperature of 110 °C for 10 min to remove any condensed moisture.
The reactor vessel was then purged with argon and vacuum several
times. After this step, the reactor vessel was cooled to the required
polymerization temperature. For example, as shown in entry 2, Table
1, the total volume of the polymerization medium was kept to approx.
200 mL, and the reactor was charged with the required amounts of
toluene (200 mL)/MMAO-12 (7 wt % solution in toluene, 0.5 mL),
TiBA solution (10 wt % solution in toluene, 2.1 mmol), and the
solution of C11

O-AliBu2 (1 M solution in toluene, 1 mL, 5 mM).
The mixture was then pre-saturated with propylene at a pressure of 5
bar and the required polymerization temperature (80 °C). Finally, the
catalyst precursor solution in toluene (0.06 μmol) was injected into
the reactor vessel applying an overpressure of argon of 0.5 bar. The
polymerization started immediately upon the addition of the catalyst
precursor. The stirring speed was kept at 500 rpm, and the
polymerization was performed for 20 min. The polymerization
temperature was maintained constant during the reaction by
circulating hot oil in the reactor jacket and cooling liquid through a
cooling spiral inside the reactor vessel. SCADA software was used to
control the reaction temperature and pressure of the polymerization
reactor precisely. The propylene consumption was followed using a
mass flow controller to keep the pressure constant. At the end of the
set time, the polymerization was stopped by depressurizing the
reactor. The resulting mixture containing the polymer was then
quenched with acidified methanol (200 mL, 5 mol % HCl), and
subsequently, an acetone solution (5 mL) containing butylated
hydroxytoluene (2,6-tBu2-4-Me-C6H2OH, BHT) (30 g of BHT in 1 L
acetone) was added, and the product mixture was stirred for 3 h. The
polymer was then filtered, washed four times with demineralized
water, filtered, and dried overnight in a vacuum oven at 60 °C to yield
15.2 g of poly(propylene-co-undecenol). The functionality content
was determined by 1H NMR, and a typical 1H NMR of
poly(propylene-co-undecenol) prepared using 1/MMAO is shown
in Figure S4. The relative integrated intensity ratio of the CH2OH
resonances and of methine proton −CH2CH(CH3)− resonances of
propylene repeating units (1.6 ppm) was used to determine the
incorporation of C11

OH.
Slurry Phase Copolymerization of Propylene and TiBA-

Passivated 10-Undecen-1-ol Using Silica Supported 1. A

similar polymerization procedure was applied in propylene copoly-
merization with TiBA-pacified 10-undecen-1-ol catalyzed by the silica-
supported rac-Me2Si(2-Me-4-Ph-Ind)2ZrCl2 catalyst (1).

Gas-Phase Conditions. 50 mg of silica-supported 1 was pre-mixed
with paraffin oil (16.7 wt %) and TiBA (1.0 M solution in hexane, 1
mL) at a propylene pressure = 20 bar and at a reaction time = 60 min.
10-Undecen-1-ol (C11

OH) was pre-mixed with TiBA (1 M solution
in toluene; [TiBA]/[C11

OH] = 1.0).
Slurry-Phase Conditions. 10 mg of silica-supported 1, heptane

(275 mL), and TiBA (1.0 M solution in hexane, 1 mL) were pre-
mixed at a propylene pressure = 5 bar and at a reaction time = 40 min.
10-Undecen-1-ol (C11

OH) was pre-mixed with TiBA (1 M solution
in toluene; [TiBA]/[C11

OH] = 1.0).
The supported catalyst 1/SiO2 was prepared following the

conditions described in ref 42.
Analytical Techniques. High-Temperature Size Exclusion

Chromatography. The molar mass and molar mass distribution of
the polymers were determined using an SEC instrument (PL-GPC
220, Agilent Technologies). The SEC instrument was equipped with
two PLgel Olexis 300 × 7.5 mm columns, and the analysis of polymer
samples was performed at 160 °C. 1,2,4-Trichlorobenzene was used as
the solvent. BHT (0.0125 wt %) was added to 1,2,4-trichlorobenzene
to prevent the degradation of the polymer samples. A sample solution
of approximately 2 mg mL−1 was prepared at 170 °C using a PL-
SP260 sample preparation unit equipped with a heater and shaker. A
sample volume of 100 μL was injected into the SEC columns. The
columns were calibrated using narrow mass distribution polystyrene
standards using the universal calibration method. The chromato-
graphic data were analyzed using the Agilent GPC/SEC software. The
polystyrene-based calibration curve was converted into the universal
one using the Mark−Houwink constants of polystyrene (K =
0.000121 dL g−1 and α = 0.707) and polypropylene (K = 0.000135
dL g−1 and α = 0.750).

Nuclear Magnetic Resonance Spectroscopy. The samples were
dissolved at 130 °C in deuterated tetrachloroethane (TCE-d2)
containing BHT as the stabilizer. The spectra were recorded in 5
mm tubes on a Bruker AVANCE 500 spectrometer equipped with a
cryogenically cooled probe head operating at 125 °C. Chemical shifts
are reported in ppm versus the residual solvent protons.

Differential Scanning Calorimetry. Differential scanning calorim-
etry (DSC) experiments were conducted using a TA DSC Q2000
instrument. The temperature and heat flow of the apparatus were
calibrated with an indium standard. For the DSC analysis, the
specimens were heated in a nitrogen atmosphere (flow rate 50 mL
min−1) at 10 °C min−1. A sample of about 5−10 mg was used for the
experiment, and the Tm values were determined from the second
heating cycle.

■ RESULTS AND DISCUSSION

Copolymerization of Propylene with C11
O-AliBu2

Using Catalysts 1−4/MMAO. The first series of experiments
focused on the optimization of the catalyst loading to operate
under isothermal conditions in propylene polymerization. The
concentration of 1 had to be lowered to 0.3 μM to achieve
well-controlled isothermal propylene polymerization experi-
ments, giving reproducible yields and polymer molecular
weights. Due to the inherent deactivation of early transition-
metal-based catalysts by polar comonomers, 10-undecen-1-ol
(C11

OH) had to be passivated with TiBA, and the catalyst
loading had to be adjusted during propylene/C11

O-AliBu2
copolymerization to produce acceptable amounts of function-
alized polypropylenes (vide infra). The effect of the co-catalyst
type and amount was also investigated, and the optimum
balance between the catalyst activity and product properties
(MW, Tm) was achieved using the MMAO co-catalyst (see the
Supporting Information for details).
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Attempting to understand the effect of the catalyst structure
on its catalytic performance in propylene/C11

O-AliBu2
copolymerization (catalytic activity and copolymer properties),
three additional catalyst precursors have been selected based
on their structural similarities with 1: pre-catalyst 2, which is
the unsubstituted bis(indenyl) congener of 1; complex 3,
which has the same ligand structure as 1 but with hafnium as
the metal; complex 4, which is the unsubstituted bis(indenyl)
analogue of 3. The comparative copolymerizations of
propylene and C11

O-AliBu2 have been conducted at a fixed
polymerization temperature (80 °C) and propylene pressure
(5 bar), and the results are summarized in Table 1.
At a lower C11

O-AliBu2 feed concentration (up to 10
mM), the catalytic activities of the zirconium-based catalysts 1
and 2 are at least an order of magnitude higher than that of the
hafnium-based analogues 3 and 4, respectively (Figure 1A,B).
This observation is in line with literature data, commonly
reporting higher catalytic activities of zirconocenes than
analogous hafnocenes in olefin polymerization.43,44 Increasing
the [C11

O-AliBu2] feed concentration (>10 mM) resulted in
a clear negative effect on catalytic activities for all catalysts 1−
4, irrespective of the catalyst metal center or ligand structure.
This relative drop in catalytic activity seems, however, to be

more pronounced for the zirconium-based catalysts 1 and 2. As
a result of its initial higher catalytic activity, the deactivation of
1 seems the strongest, but even with the highest feed
concentrations of C11

O-AliBu2 (40 mM), the catalytic
activity of 1 is still significantly higher than for 2−4 during
propylene homopolymerization. Comparing the catalytic
activity of the reference polymerization experiments for 1−4
with the average catalytic activity for the three last entries for

each catalyst where [C11
O-AliBu2] ≥ 20 mM shows a

comparable drop in activity for 2 and 4 (40−50%), and the
lowest deactivation was observed using 3 (∼20%). The
comparison of the ligand effect for 1−4 did not show a
distinct trend with overall higher catalytic activities observed
using the zirconium-based catalyst bearing the substituted
indenyl ligand 1 (Figure 1C), and the opposite trend was
observed with hafnium-based catalysts 3 and 4, with a higher
catalytic activity displayed by 4 (Figure 1D).
The ability of 1−4 to incorporate C11

O-AliBu2 was
analyzed by 1H NMR, and a typical 1H NMR of poly-
(propylene-co-undecenol) prepared using 1/MMAO is shown
in Figure S4. The methylene protons of the CH2OH showed a
clear triplet at 3.6 ppm. Plotting the C11

OH content versus
the [C11

O-AliBu2]feed (Figure 2) clearly demonstrates the
effect of the catalyst structure on its ability to incorporate
C11

O-AliBu2. Higher functionality levels were obtained for
the zirconocene and hafnocene bearing the substituted indenyl
ligand (1 vs 2; 3 vs 4). This is in line with the observed higher
α-olefin incorporation during ethylene/α-olefin copolymeriza-
tion using substituted bis(indenyl) catalysts versus their
unsubstituted analogues.43 During ethylene/α-olefin copoly-
merization, hafnocenes typically give a higher α-olefin
incorporation than structurally similar zirconocenes.45 In our
study, the effect of the metal is most clearly visible for the
unsubstituted metallocenes where hafnocene 4 indeed
incorporates C11

O-AliBu2 better than the zirconocene 2.
The difference for 1 and 3 is less clear.
The plot of the melting temperature versus the C11

O-
AliBu2 feed concentration confirms the efficient incorporation
of C11

OH using catalysts 1−4, with functionality levels

Figure 1. Comparison of the catalytic activity against the feed concentration of C11
O-AliBu2 in propylene/C11

O-AliBu2 copolymerization at 80
°C catalyzed by 1−4/MMAO: (A) metal center effect of 1 vs 3; (B) metal center effect of 2 vs 4; (C) ligand effect of 1 vs 2; (D) ligand effect of 3
vs 4.
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increasing linearly with the increase of the C11
O-AliBu2 feed

concentration at a constant propylene concentration, in
agreement with the pseudo-first-order kinetics of a semi-
batch experiment. The effect of the catalyst structure is clearly
demonstrated in Figure 3, where the plots of the melting
temperature against the [C11

O-AliBu2]feed (Figure 3A) and
comonomer content (Figure 3B) obtained using substituted
catalysts 1 and 3 reveal a clear distinction compared to those
obtained using the unsubstituted catalysts 2 and 4. The linear
inverse correlation between the melting temperatures and the
[C11

O-AliBu2]feed is the direct consequence of the first-order
dependence of the incorporation of C11

O-AliBu2 on the
C11

O-AliBu2 feed concentration, while the difference in the
absolute melting temperatures for poly(propylene) and
poly(propylene-co-undecenol) with the same comonomer
(C11

OH) content is caused by the difference in the regio-
and stereo-selectivity of catalysts 1−4. This behavior is clearly
governed by the steric hindrance imposed by the Me- and Ph-
substituents of the indenyl ligand for catalysts 1 and 3 with

melting temperatures of about 20 °C higher compared to the
samples produced under identical conditions using catalysts 2
and 4 using the same C11

O-AliBu2 feed concentration.
The catalyst structure has a clear effect on the polymer

molecular weight and the polydispersity index (D̵). Both
catalysts bearing substituted indenyl ligands provide higher
molecular weights. This is clearly visible when comparing
zirconocenes 1 and 2 with higher molecular weights obtained
with the substituted indenyl zirconocene 1 (Mn > 80 kg/mol
for 1 and Mn < 20 kg/mol for 2). The trend is less pronounced
when comparing hafnocene catalysts 3 and 4 (Figure 4). This
is in line with literature reports using these C2-symmetric
silylene-bridged metallocene catalysts in propylene polymer-
ization and ethylene/propylene copolymerization.36,46 Where-
as the molecular weight is mainly governed by the ligand
structure, the polydispersity is strongly influenced by the
choice of the metal. The zirconocenes clearly show a lower D̵
than the isostructural hafnium catalysts (Figure 4B).
Although Figure 3 provides a qualitative picture of the

relative ability of 1−4 to incorporate C11
O-AliBu2, to

quantify these results, the reactivity ratios have to be
determined. The monomer reactivity ratios in propylene/
C11

O-AliBu2 copolymerizations were calculated based on the
conversions of propylene and C11

OH and their respective
feed concentrations and incorporation in the copolymer
(Chart S1). The results of 4−5 copolymerization experiments
with varying C11

O-AliBu2 feed concentrations were used to
determine the value of the reactivity ratio r1 applying the
following linear methods47,48

r
C conv. (C OH conv. 1)
C conv. (C OH conv. 1)1

3 11

11 3
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−
− (1)
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C O Al Bu
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11 2 feed
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[ ‐ ]
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Figure 2. Plot of C11
OH content (mol %) of poly(propylene-co-

undecenol) copolymers prepared using catalysts 1−4 against the feed
concentration of C11

O-AliBu2 (mM) at 80 °C.

Figure 3. (A) Plot of the melting temperature of poly(propylene-co-undecenol) copolymers prepared using catalysts 1−4 against the feed
concentration of C11

O-AliBu2 at 80 °C. (B) Plot of the melting temperature of poly(propylene-co-undecenol) copolymers prepared using catalysts
1−4 against the incorporation of C11

OH.
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The reactivity ratios calculated using methods 1−3 are listed
in Table 2 and plotted in Figure 5. Interestingly, regardless of

the method employed (Table 2), the r1’s show the following
order: r1 (2) > r1 (4) > r1 (3) ∼ r1 (1). This order clearly
indicates the influence of the ligand structure on the relative
reactivity of propylene and C11

O-AliBu2, with lower reactivity
ratios obtained with the catalysts bearing the substituted
indenyl ligands 1 and 3 as compared to 2 and 4, respectively.

This is in agreement with the behavior of substituted
bis(indenyl) metallocene catalysts in ethylene−α-olefin co-
polymerizations.43 Furthermore, the effect of the catalyst’s
metal center seems to be visible only when comparing the
unsubstituted indenyl complexes 2 and 4 with a higher
comonomer reactivity displayed by the hafnocene catalyst 4.

Copolymerization of Propylene with C11
O-AliBu2

Using 1/MMAO at 40−100 °C. Based on the comparison
of the catalytic performance of 1−4, zirconocene 1 bearing the
substituted 2-Me, 4-Ph indenyl ligand clearly stands out as the
best performing catalyst in propylene−C11

O-AliBu2 copoly-
merization, with a higher catalytic activity, higher molecular
weight capability, and enhanced stereo-selectivity and reactivity
toward the C11

O-AliBu2 comonomer (a lower r1 value).
Hence, the focus of the rest of this study was directed toward
1/MMAO as the catalyst system to evaluate its behavior at
different temperatures and using different C11

O-AliBu2 feed
concentrations. The copolymerization results are presented in
Table 3 and Figure 6. In the range of polymerization
temperatures from 40 to 90 °C, the catalytic activity gradually
increased with increasing temperature. Increasing the temper-
ature further to 100 °C resulted in a drop in the catalytic
activity. Keeping in mind that with an increasing temperature
from 40 to 100 °C at a constant propylene pressure, the
concentration of the dissolved propylene significantly drops
(the ratio [C3

]100°C/[C3
]40°C ≈ 0.4, as determined using the

Peng−Robinson equation of state with property parameters
from Aspen Plus), the actual rate constant of the polymer-
ization will increase approx. with a factor of 2.5 more than the
observed activity obtained under the same propylene pressure.
The observed activity at 100 °C was lower than expected,
which is either the result of mass transfer limitation at this
temperaturemeaning that the propylene consumption rate
exceeds the propylene dissolution rateor the result of
thermal decomposition of the catalyst. For each polymerization
temperature, the catalytic activity is inversely proportional to
the C11

O-AliBu2 feed concentration (Figure 6A). This is in
agreement with the hypothesis that the oxygen of the C11

O-
AliBu2 is still capable to weakly and reversibly coordinate to the
highly electrophilic active center. The thus obtained

Figure 4. (A) Plot of Mn of poly(propylene-co-undecenol) copolymers prepared using catalysts 1−4 against the feed concentration of C11
O-

AliBu2 at 80 °C. (B) Plot of D̵ of poly(propylene-co-undecenol) copolymers prepared using catalysts 1−4 against the feed concentration of TiBA-
C11

OH at 80 °C.

Table 2. Summary of the Reactivity Ratios for Catalysts 1−4
Obtained Using Methods 1−3 in Propylene
Copolymerization with C11

O-AliBu2 at 80 °Ca

average reactivity ratio r1

cat. method 146 method 246 method 347 reactivity ratio r1

1 2.4 ± 0.4 1.8 ± 0.2 1.5

2 6.5 ± 1.7 3.3 ± 0.4 3.3

3 2.3 ± 0.2 1.9 ± 0.2 1.6

4 4.0 ± 0.7 2.6 ± 0.1 2.8

aC11
O-AliBu2 feed concentration used were 10, 20, 30, and 40 mM,

respectively.
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equilibrium of active and dormant catalyst species shifts to the
side of dormant species, with an increasing concentration of
C11

O-AliBu2 in the system.
The synthesized copolymers at different temperatures were

characterized using DSC thermal analysis, high-temperature
size exclusion chromatography (HT-SEC), and 1H NMR

spectroscopy. The DSC data are presented in Table 3 and
plotted in Figure 6B, and the individual DSC thermographs are
presented in Figures S6−S11. The melting temperature
development of poly(propylene-co-undecenol) against the
feed concentration of C11

O-AliBu2 at polymerization temper-
atures ranging from 40 to 100 °C shows a linear inversely

Figure 5. Plot of reactivity ratio r1 in propylene copolymerization with C11
O-AliBu2 obtained at 80 °C with catalysts 1−4/MMAO determined

using methods 1−3. See Table 2 for details.

Table 3. Results of Propylene Copolymerization with C11
O-AliBu2 Using 1/MMAO as the Catalyst System at Variable

Polymerization Temperaturesa

run # C11
O-AliBu2b (mM) T (°C) yield (g) activity (kg mmol cat.−1 h−1) Mn

c (kg mol−1) Đc Tm
d (°C) C11OH

e (mol %)

1 0 40 0.9 48 617.3 2.5 160.2 0
2 10 40 2.5 127 872.5 2.0 157.6 0.10
3 20 40 2.1 105 1121.0 1.8 155.5 0.20
4 30 40 2.4 119 1012.0 1.9 154.5 0.32
5 40 40 1.7 85 1008.0 1.9 151.0 0.50
6 0 60 19.9 993 132.1 3.2 158.3 0
7 10 60 6.8 338 454.4 2.1 156.3 0.10
8 20 60 4.3 216 464.4 2.0 152.8 0.38
9 30 60 3.8 191 443.3 2.1 151.5 0.43
10 40 60 2.7 137 441.4 2.2 147.7 0.90
11 0 70 21.8 1090 98.9 3.4 156.8 0
12 10 70 6.0 298 316.6 2.1 154.8 0.20
13 20 70 6.3 315 273.9 2.2 152.2 0.35
14 30 70 3.5 177 275.4 2.2 148.9 0.65
15 40 70 4.1 203 218.2 2.7 147.0 1.00
16 0 80 26.4 1320 80.5 3.0 154.7 0
17 10 80 15.6 782 127.4 2.3 152.4 0.22
18 20 80 5.4 269 162.6 2.4 150.6 0.36
19 30 80 5.8 289 149.9 2.5 146.6 0.70
20 40 80 5.0 252 127.5 2.8 141.8 0.80
21 0 90 26.8 1340 61.7 2.5 154.0 0
22 10 90 19.6 981 63.5 2.7 150.9 0.25
23 20 90 14.9 747 76.5 2.4 148.0 0.40
24 30 90 7.5 374 78.0 2.4 144.8 0.70
25 40 90 3.8 190 77.3 2.5 141.6 0.85
26 0 100 23.4 1170 36.7 2.6 150.0 0
27 10 100 14.7 733 44.7 2.4 148.0 0.25
28 20 100 10.8 535 44.8 2.5 144.8 0.50
29 30 100 5.1 255 46.8 2.5 141.9 0.70
30 40 100 2.6 130 46.0 2.5 138.0 1.05

aConditions: reaction performed in a 600 mL Büchi reactor, 200 mL toluene, propylene pressure = 5 bar, [MMAO]/[ cat. 1] ∼ 8300, TiBA (10 wt
% solution in toluene) = 2.1 mmol, reaction time = 20 min, cat. 1 = 0.06 μmol. b10-Undecen-1-ol (C11

OH) premixed with TiBA (10 wt %
solution in toluene; [TiBA]/[C11

OH] = 1.1). cDetermined by HT-SEC in TCB at 160 °C. dDetermined by DSC. eDetermined by 1H NMR.
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proportional relationship, which is in line with first-order
kinetics and provides clear evidence of the increased
incorporation of the C11

OH comonomer with an increasing
C11

O-AliBu2 feed concentration. This was confirmed by 1H
NMR analysis showing a linear relationship between C11

OH
incorporation and its initial feed concentration (Table 3 and
Figure 7A). The fact that the C11

O-AliBu2 incorporation
increases with increasing polymerization temperature (Figure
7A) can be explained by the decreasing propylene concen-
tration (higher C11

O-AliBu2/propylene ratio) upon increas-
ing the polymerization temperature while keeping the
propylene pressure constant.
Furthermore, the melting temperatures of poly(propylene-

co-undecenol) copolymers listed in Table 3 were plotted
against the comonomer content determined by 1H NMR
(Figure 7B). The inverse linear correlations (Tm vs C11OH
content) of the samples produced at 60 and 100 °C show a
similar slope (∼−12), which indicates a linear dependency of
the melting temperatures of poly(propylene-co-undecenol) on
the comonomer content irrespective of the polymerization
temperature. The difference in the absolute Tm values for
homopolymers or copolymers containing the same amount of
C11

OH (mol %) produced at 60 and 100 °C of approx. 8 °C

results from the difference in the stereo/region errors
occurring at increasing extents when increasing the polymer-
ization temperature.
The HT-SEC analysis of the copolymers produced at

different temperatures and C11
O-AliBu2 feed concentrations

showed that the amount of C11
O-AliBu2 in the feed has no

effect on the copolymer’s molecular weight, whereas the
increase in polymerization temperature resulted in a significant
drop of poly(propylene-co-undecenol) molecular weight
(Figure 8). The latter can be explained by the decreasing
propylene concentration (at a fixed propylene pressure of 5
bar) and the decreasing ΔEactivation between the chain transfer
and the chain growth with increasing temperature.
To allow a meaningful comparison of the polymerization

data obtained using 1/MMAO at variable temperatures, the
reactivity ratio of propylene and C11

O-AliBu2 was calculated
using methods 1−3 at corrected propylene concentrations
determined using the Peng−Robinson equation of state with
property parameters from Aspen Plus versus the polymer-
ization temperatures (Table 4 and Figure 9). From Figure 9, it
is evident that the polymerization temperature has a significant
effect on the reactivity ratio of propylene/C11

O-AliBu2 with a
steady drop of r1 as a function of polymerization temperature,

Figure 6. Plots of (A) catalytic activities and (B) melting temperatures of poly(propylene-co-undecenol) of 1/MMAO against the feed
concentration of C11

O-AliBu2 (mM) at variable polymerization temperatures.

Figure 7. (A) Plot of C11
OH incorporation (mol %) against the feed concentration of C11

O-AliBu2 (0−40 mM). (B) Plot of the melting
temperatures of poly(propylene-co-undecenol) against the C11

OH content (mol %) in copolymers produced at 60 and 100 °C.
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indicating that catalyst 1 has an increasing reactivity toward the
C11

O-AliBu2 comonomer upon increasing polymerization
temperature. This can be explained by the decreasing
ΔEactivation for the insertion reaction of C11

O-AliBu2 versus
propylene with increasing polymerization temperature, which
is in line with literature reports describing the same behavior of

metallocene catalysts in ethylene/α-olefins43 and ethylene/
alkenol copolymerization.49

To evaluate the potential of 1 in producing hydroxyl-
functionalized polypropylenes under industrially relevant
process conditions, the performance of 1 in propylene
copolymerization with hydroxyl-functionalized α-olefins was
carried out under solution process conditions (130−150 °C)
and under slurry- and gas-phase process conditions (85 °C)
using a silica-supported version of 1. The silica-supported
catalyst 1 was first used in the gas-phase propylene
copolymerization with 10-undecen-1-ol (C11

OH) premixed
with an equimolar amount of TiBA and the corresponding
results are listed in Table S4. Acceptable tolerance to TiBA-
passivated 10-undecen-1-ol can be observed, and high-
molecular-weight products were obtained (Mn > 50 kg/mol).
However, DSC and NMR analyses did not show any evidence
of C11

OH incorporation with melting temperatures com-
parable to the reference polypropylene homopolymer. This
was first accredited to the reduced volatility of TiBA-passivated
C11

OH under the gas-phase reaction conditions; however,
the copolymerization trials conducted using the same silica-
supported catalyst under slurry-phase conditions in propylene/
C11

O-AliBu2 copolymerization resulted in the same outcome.
The lack of affinity or incorporation ability of this silica-
supported catalyst toward TiBA−C11

OH, combined with the
absence of catalyst poisoning, suggests that C11

O-AliBu2 is
too sterically hindered to migrate to the active sites of the
heterogeneous catalyst and/or is effectively adsorbed onto the
catalyst support. Unfortunately, attempts using non-porous
solid MAO (Tosoh Finechem Corporation) as the support did
not lead to better results, and replacing TiBA with trimethyl
aluminum to afford the less sterically hindered C11

O-AlMe2
resulted in catalyst deactivation. To elucidate the exact cause of
the lack of incorporation of C11

O-AliBu2 once silica
supported 1 is applied, an in-depth study requiring dedicated
methods and expertise (surface science, computational
methods, etc.) has to be conducted, which falls outside the
scope of this paper.
Next, the performance of the unsupported catalyst 1/MAO

was evaluated at 130−150 °C in propylene copolymerization
with C11

O-AliBu2. The propylene polymerization conducted
with C3

 pressures of 5 and 15 bar (to compensate for the

Figure 8. Plots of Mn (kg mol−1) of poly(propylene-co-undecenol)
copolymers produced using a 1/MMAO vs C11

O-AliBu2 feed
concentration (mM) at variable polymerization temperatures.

Table 4. Summary of Reactivity Ratios for Catalyst 1/
MMAO Obtained Using Methods 1−3 in Propylene
Copolymerization with C11

O-AliBu2 Using the Corrected
Propylene Concentrations Derived from Aspen Plus at Six
Polymerization Temperatures from 40 to 100 °Ca

average reactivity ratio r1

temperature method 1 method 2 method 3 reactivity ratio r1

40 3.4 ± 0.4 3.2 ± 0.3 2.8
60 2.7 ± 1.3 2.3 ± 0.9 2.7
70 1.9 ± 0.4 1.7 ± 0.3 1.7
80 2.2 ± 0.5 1.7 ± 0.2 1.6
90 2.1 ± 1.0 1.6 ± 0.2 1.5
100 1.8 ± 0.3 1.5 ± 0.1 1.4

a[C11
O-AliBu2]feed = 10, 20, 30 and 40 mM.

Figure 9. Plot of reactivity ratio r1 in propylene/C11
O-AliBu2 copolymerization catalyzed by 1/MMAO obtained with corrected propylene

concentrations at six different temperatures ranging from 40 to 100 °C using methods 1−3.
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lower solubility of propylene at higher temperatures) results
indicate clearly the limited molecular weight capability and
stereo-selectivity of catalyst 1 at elevated temperatures with Mn
≤ 5 kg/mol (5 bar C3

) and ≤20 kg/mol (15 bar C3
) and

Tm’s far below those obtained at 80 °C (Table S5). While
being a suitable catalyst for lab screening, catalyst 1 shows
severe limitations under industrially relevant process con-
ditions.

■ CONCLUSIONS
This study demonstrates the effect of the catalyst structure and
polymerization temperature on the catalytic performance of
C2-symmetric silylene-bridged zirconocenes and hafnocenes
during the copolymerization of propylene and TiBA-passivated
10-undecen-1-ol. The kinetic study revealed a noticeable
influence of the catalyst’s metal center with higher catalytic
activities obtained using the zirconocenes (1 and 2) than
analogous hafnocenes (2 and 4) during propylene/C11

O-
AliBu2 copolymerization. It was found that the substituted
indenyl zirconocene (1) and hafnocene (3) catalysts afford
higher comonomer reactivity and stereo-selectivity compared
to their non-substituted congeners (2 and 4). As expected, a
linear relationship between the polymerization temperature
versus copolymer molecular weight and melting temperature
exists. More importantly, the highly active and iso-selective
zirconocene catalyst 1 exhibited an outstanding ability to
incorporate the hydroxyl-functionalized α-olefin with an
increasing comonomer reactivity upon increasing polymer-
ization temperature, making 1 a catalyst of choice for
producing functionalized polyolefins.
On the other hand, the polypropylene functionalization

study conducted using this outstanding catalyst under
industrially relevant gas-phase and solution process conditions
revealed its limited potential to be used as a catalyst for
producing hydroxyl-functionalized polypropylene applying the
existing polyolefin commercial process technologies with the
lack of functionality under gas-phase conditions and limited
molecular weight capability and stereo-selectivity at elevated
temperatures required in a solution process.
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