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Abstract

Four cationic palladium(Il) o-diimine complexes, [{ArN=C(R)—C(R)=NAr}Pd(Me)(CH3CN)]BAr£ (1, R=H, Ar=2,6-Me,C¢Hj;, BAr£=
B[3,5-CcH3(CF3),]4; 2, R=CH;, Ar=2,6-iPr,CcH;; 3, R=CH;, Ar=2-tBuCc¢H,; 4, R R=An, Ar=2,6-iPr,CsHz) were used for the
copolymerization of ethene with norbornene. The copolymerization behavior of the catalysts and the influence of the polymerization temperature
were investigated. The copolymers were characterized using '>*C NMR spectroscopy, differential scanning calorimetry, and gel permeation
chromatography techniques. Sterically demanding ortho -N-aryl substituents and rigid bulky bridge units increase the copolymer molar masses,
while the incorporation level of norbornene is decreased. Microstructures with isolated norbornene units and alternating sequences are
predominant. Less bulky substituted catalysts yield copolymers with higher norbornene contents and lower molar masses. Norbornene diblock
sequences are dominant which are exclusively racemic connected, indicating that the insertion proceeds under chain end control. Optimal
polymerization results are achieved at temperatures between 10 and 30 °C, while temperatures below 0 °C result in lower polymerization rates and

molar masses. Above 30 °C, activities, molar masses, and norbornene incorporation decreases due to catalyst decomposition.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Copolymers of ethene and norbornene (cyclic olefin
copolymers, COCs) are amorphous thermoplastics of high
commercial and academic interest. The combination of
properties like high transparency, glass transition temperature,
and refractive index, together with an excellent processability,
makes them an alternative for materials like polycarbonate and
polymethyl methacrylate in the field of optical components and
high capacity DVDs and CDs [1,2]. Due to their very low vapor
permeability, excellent bio compatibility, and high resistance
against acids, bases, and aliphatic organic solvents these
polymers are also valuable materials for packing, blister foils,
and medical equipment.

Heterogeneous Ti and V catalysts were developed to homo-
and copolymerize norbornene shortly after the discovery of the
Ziegler—Natta catalysts in the 1950s [3-6], but these catalysts
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possessed many disadvantages like low activity and varying
product qualities. The breakthrough was achieved by our
workgroup in the end of the 1980s with the development of
homogeneous metallocene/methylaluminoxane (MAO) cata-
lyst systems for the copolymerization of ethene and norbornene
[7-10]. With these catalytic systems, it is possible to influence
the product properties by choice of the ligand framework and
the appropriate polymerization conditions. Eventually, this led
to the commercial TOPAS product line of COC materials by
Ticona.

Catalytic systems based on early transition metals are very
sensitive to polar impurities and oxygen containing groups in
the monomer. Due to their less electrophilic behavior and
lower oxidation state, catalysts based on late transition metals
like Ni and Pd show a higher tolerance to polar impurities.
However, late transition metal complexes were not supposed to
produce high molecular weight polymers, since late transition
metal alkyl complexes show a strong tendency to undergo
B-hydride elimination reactions. Therefore, the first application
of late transition metal complexes was in the field of ethene
oligomerization in the Shell higher olefin process (SHOP)
developed by Keim et al. in the early 1970s [11-13]. In this
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process, square planar Ni complexes with anionic PO chelate
ligands were applied. Although these catalysts were later tuned
to give high molar mass products [14—17], a breakthrough was
achieved with the discovery by Brookhart et al. [18-20] that
cationic Ni and Pd complexes with bulky aryl-substituted
a-diimine ligands are very efficient catalysts for the polymer-
ization of ethene and a-olefins.' These catalysts are less
sensitive to polar impurities and functional groups [26-28] and
even allow the suspension polymerization of ethene in aqueous
media [29-33].

In 1998, Goodall et al. reported in two patents about the
ethene/cycloolefin copolymerization with a variety of late
transition metal catalysts [34,35]. Among these were bulky aryl
substituted a-diimine complexes with Pd as the metal center.
We recently reported about the influence of the sterical bulk of
the o-diimine substituents on the copolymerization of ethene
and norbornene in a screening-like procedure [36]. On basis of
these results, we investigated the properties of four well-
defined palladium a-diimine catalysts concerning the copoly-
merization of ethene and norbornene. The catalysts were
synthesized as discrete, polymerization active species. The
influence of the monomer ratio and the polymerization
temperature on the resulting copolymers was investigated.”
In addition, the copolymer microstructure was determined by
'3C NMR techniques.

2. Experimental section
2.1. General

All manipulations were performed using standard Schlenk,
syringe, and drybox techniques unless otherwise noted. Argon
was purchased from Linde and purified by passage through a
Messer Oxisorp cartridge. Solid organometallic compounds
were stored and transferred in an argon filled drybox. Ethene
(Linde) and toluene were purified by passage through columns
with BASF R3-11 catalyst and 3 A molecular sieve.
Norbornene (Acros) was stirred for 48 h with triisobutylalu-
minum at 50 °C and distilled off. A solution in toluene of 6—
7 mol/l was used for polymerizations.

Chemicals for ligand syntheses were purchased from Merck,
Fluka, and Aldrich. Syntheses were performed according to
literature procedures [21-25]. Dichloro(1,5-cyclooctadiene)pal-
ladium(I) was purchased from ABCR. Syntheses of
(1,5-cyclooctadiene)chloromethylpalladium(II) [37], sodium
{tetrakis[3,5-bis(trifluoromethyl)-phenyl]borate } (Na[BArZ])
[38], {[ArN=C(H)-C(H)=NAr]PdMe(CH;CN)}BAr (Ar=
2,6-Me,CeH3) [19], {[ArN=C(CH3)-C(CH3)=NAr]PdMe
(CH;CN)}BAr], (Ar=2,6-(iPr),C¢Hs) [19], {[ArN=C(CH3)—
C(CH3)=NAr]PdMe(CH;CN)}BAr}, (Ar=2-1BuC¢H,) [39],

!'Ni and Pd a-diimine complexes have been intensively investigated before
[21-25].

2 The catalysts 1 and 2 have already been described by us with regard to the
influence of the monomer ratio on activity, norbornene incorporation, and
thermal behavior of the polymer [36]. In order to achieve a better comparison
with the other catalysts, the results are given here as well.

and {[ArN=C(An)-C(An)=NAr|PdMe(CH;CN)}BAr} (Ar=
2,6-(iPr),CgH3) [27] were performed according to literature
procedures. Catalyst solutions in fluorobenzene were freshly
prepared, stored at —28 °C, and used within 2-3 days since slow
decomposition was observed resulting in the formation of Pd’.

2.2. Characterization

"H and '>C NMR spectra were recorded on a Bruker Avance
400 Ultrashield spectrometer. Spectra of organometallic
compounds were recorded at 400.15 MHz and room tempera-
ture. Polymer samples were measured at 100.62 MHz and
100 °C using 200 mg of polymer in 2.3 ml of 1,2,4-
trichorobenzene and 0.5 ml of 1,1,2,2-tetrachloroethane-d,.
Chemical shifts are reported relative to residual CHCl; (0
7.24 ppm for 'H) and to C,D,Cl, (6 74.24 ppm for '*C).
Differential scanning calorimetry curves were recorded on a
Mettler Toledo DSC 821° instrument calibrated with n-heptane
(Tww=—90.6 °C), mercury (T,,= —38.8°C), gallium (T,=
29.8 °C), indium (T, =156.6 °C), and zinc (T,,=419.5 °C).
Results of the second thermal cycle are presented exclusively.
High-temperature gel permeation chromatography (GPC)
measurements were performed in 1,2,4-trichlorobenzene at
140 °C using a Waters GPCV 2000 instrument with HT 10°,
10*, and 10> A columns. The instrument operated with a
combined refractive index and viscosity detector unit, which
allowed the calculation of appropriate Mark—Houwink con-
stants for every single polymer. Calibration was applied using
polystyrene standards (PSS).

2.3. General polymerization procedure

Norbornene homopolymerization runs were performed in a
200 ml glass reactor equipped with a heat jacket and a
magnetic stirrer. All other polymerization runs were performed
in a Biichi BEP 280 laboratory autoclave with a type I glass
pressure vessel, which allowed ethene pressures up to 6 bar.
Temperature was adjusted with a heat jacket connected to a
thermostat allowing adjustment of the polymerization tem-
perature with an accuracy of +0.5 °C. During the polymer-
ization runs, the ethene pressure was kept constant using a
pressure control. The ethene consumption was monitored with
a Brooks 5850 TR mass flow meter and a Westphal WMR 4000
control unit. For a typical polymerization experiment, the
reactor was evacuated at 90 °C for 1 h and then cooled down to
the desired temperature. Subsequently, the reactor was charged
with norbornene, toluene, and ethene up to a volume of 200 or
400 ml at the desired feed composition. The polymerization
was started by injection of the catalyst solution. The reaction
was quenched by addition of 5 ml ethanol.

All polymer solutions were stirred overnight with 100 ml of
diluted hydrochloric acid. After phase separation, the organic
phase was washed three times with water and reduced to 50—
70 ml at the rotary evaporator. The polymer was precipitated
with a 10-fold excess of ethanol, filtered off, washed with
ethanol, and dried in vacuum at 60 °C until the weight
remained constant.
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3. Results and discussion

The catalysts investigated in this study are shown in Fig. 1.

Catalyst 1 carries small methyl group substituents in ortho
position of the N-aryl system and has a non-substituted ethane
diimine bridge unit. This should allow easy coordination of
bulky monomers like norbornene and lead to high incorpor-
ation levels. The catalysts 2 and 4 carry bulky isopropyl ortho-
substituents and bulky 2,3-butane diimine or acenaphthene
diimine bridge units, respectively. Therefore, the incorporation
level should be lower due to the complicated monomer
coordination. Catalyst 3 carries only one ortho substituent
leading to two possible isomers with a cis and trans
conformation of the bulky fert-butyl groups. These isomers
should show different copolymerization behavior.

3.1. Copolymerizations at different monomer ratios

While ethene is supplied continuously via a pressure
control, norbornene is consumed during the course of the
reaction. In order to remain a constant comonomer ratio, the
norbornene turnover has to be kept low, preferably under 10%.
With common early transition metal catalysts like metallo-
cenes this is comparatively facile since norbornene-rich feed
compositions are necessary to achieve higher norbornene
incorporation [40,41]. However, catalysts with Pd(II) as the
metal center show very high incorporation levels even at low
norbornene fractions in the feed [36]. The chosen
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polymerization conditions were a compromise between low
norbornene turnover and yielding sufficient product for full
characterization. Table 1 summarizes the polymerization
conditions and results of the experiments at different
comonomer ratios in the feed are summarized in the Tables
1-4.

3.1.1. Norbornene incorporation

The level of norbornene incorporation as well as the
distribution along the polymer chain and the stereochemical
orientation is of vital importance for the macroscopic proper-
ties of the polymers. The most powerful method to determine
the norbornene incorporation and the microstructure of the
polymer is '>*C NMR spectroscopy. Today it is widely accepted
that norbornene is inserted in an 2,3-cis-exo orientation [7].
The spectra are of high complexity due to the large number of
different monomer sequences including norbornene micro-
blocks of variable lengths. The number of resonances is further
enhanced by the possible stereochemical orientation of
norbornene units in microblocks and alternating structures.
However, an assignment of signal groups to individual carbon
atoms of the norbornene and ethene unit is comparatively
straightforward [7,42]. By this means, the norbornene content
of polymers produced by metallocene/MAO catalysts can be
calculated. The method has to be slightly modified if late
transition metal catalysts are used and is described in a
previous paper [36]. Fig. 2 shows the mole fraction of

QN /N@ B
Pd
N

e NCMe

Fig. 1. Pd(II) a-diimine complexes investigated for the copolymerization of ethene and norbornene.
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Table 1
Copolymerization of ethene and norbornene at different comonomer ratios using catalyst 1
Conditions® Results
e’ (°C) Cmon” (mol 171 npq (mol) tot () Activity! T, (°C) M,, (gmol 1) M./M,
0.00 0.70 16.76 1.0 36 =175 1500 1.4
0.05 0.76 4.19 1.0 161 98 24,000 14
0.10 0.80 4.19 1.0 243 126 39,000 2.0
0.20 0.71 4.19 1.0 120 146 59,000 1.8
0.34 0.71 8.38 1.0 67 169 66,000 1.8
0.40 0.70 16.76 1.0 57 177 60,000 1.8
0.50 0.70 16.76 1.0 50 189 62,000 1.9
0.59 0.70 16.76 1.0 34 216 54,000 1.6
0.80 0.70 16.76 2.0 11 ¢ 40,000 L7
0.90 0.70 33.54 2.0 10 ¢ 20,000 29"
1.00 0.90 33.54 72.0 <1 ¢ & &

Results of polymerizations at 30 °C in toluene.
# Total reaction volume 200 ml (norbornene homopolymerization: 150 ml).
® Mole fraction of norbornene in the feed.

Total monomer concentration.

Activity: kgpor molpg' h™ 1.

¢ Polymer bi- or multimodal. Polymer decomposes.

f Polymer bi- or multimodal.

€ Polymer insoluble in 1,2,4-trichlorobenzene.

c

d

norbornene in the polymer as a function of the mole fraction of
norbornene in the feed (copolymerization diagram).

The four catalysts cover a wide range of norbornene
incorporation levels. It is possible to formulate a relation
between the steric demand of the ligand and the achievable
norbornene incorporation. Catalyst 1, bearing small methyl
groups in ortho position of the N-aryl system and an
unsubstituted ethane diimine bridge unit, has the least blocked
coordination site. Therefore, norbornene coordination and
insertion is comparatively facile. The incorporation of
norbornene is almost independent of the feed composition if
xn exceeds 0.20 and does not surpass Xn=0.62.

incorporation level is much lower though still higher than
with most of the early transition metal catalysts. At
norbornene poor conditions both catalysts show the behavior
of an almost ideal copolymerization, i.e. the norbornene
incorporation reflects the feed composition. The higher
steric demand of the butane diimine bridge of catalyst 2
compared to the aromatic acenaphthene diimine bridge of 4,
leads to an even lower norbornene incorporation. Catalyst 3
carries only one bulky substituent in ortho position of the
N-aryl system. The relatively open structure of the
coordination site allows facile norbornene coordination and
insertion. The incorporation level lies between those of

The bulky isopropyl ortho-substituents of catalyst 2 and catalysts with methyl and isopropyl ortho- N-aryl
4 hinder the coordination of the norbornene. The substituents.
Table 2
Copolymerization of ethene and norbornene at different comonomer ratios using catalyst 2
Conditions® Results
e’ (°C) Cmon’ (MOL1™Y)  npg (umol) tpot () Activity! T, (°C) M,, (gmol ™" M,/M,
0.00 0.69 7.77 1.0 185 —67 142,000 2.0
0.10 0.70 7.77 1.0 75 —28 134,000 1.9
0.20 0.70 7.77 1.0 63 10 123,000 1.8
0.34 0.71 7.77 1.0 53 48 106,000 1.7
0.40 0.70 7.77 1.0 57 63 101,000 1.8
0.50 0.71 7.82 1.0 48 82 820,00 1.5
0.60 0.70 7.82 1.0 37 97 490,00 1.8
0.81 0.87 7.82 2.0 8 120 170,00 1.9‘
0.90 1.69 26.22 2.0 € 190,00 2.0
1.00 0.75 15.65 72.0 <1 ¢ 8 8

Results of polymerizations at 30 °C in toluene.
# Total reaction volume 200 ml (norbornene homopolymerization: 188 ml).
® Mole fraction of norbornene in the feed.

Total monomer concentration..

Activity: kgpor molpg' h™ .

¢ Polymer bi- or multimodal. Polymer decomposes.

Polymer bi- or multimodal.

Polymer insoluble in 1,2,4-trichlorobenzene.

c

d
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Table 3

Copolymerization of ethene and norbornene at different comonomer ratios using catalyst 3

Conditions® Results

w’ (°C) Cmon® (MOI17) 1y (umol) tpot () Activity T, (°C) M, (gmol™") MM,
0.00 0.71 33.47 1.0 21 —43 7400 1.7
0.05 0.75 27.76 1.0 27 —1 21,000 1.8
0.10 0.80 26.88 1.0 36 44 51,000 1.8
0.20 0.89 26.88 1.0 55 83 111,000 1.9
0.25 0.95 13.39 1.0 84 91 140,000 1.7
0.30 1.02 26.69 1.0 70 104 167,000 1.3
0.34 1.08 26.69 1.0 83 108 162,000 1.8
0.40 1.19 26.69 1.0 83 123 161,000 1.8
0.50 1.18 19.94 1.0 79 125 168,000 1.8
0.60 1.16 26.69 1.0 71 136 191,000 1.6
0.80 1.03 33.36 1.0 26 151 94,000 1.7°¢
1.00 2.37 33.47 1.5 36 f e €

Results of polymerizations at 30 °C in toluene.
 Total reaction volume 400 ml (norbornene homopolymerization: 100 ml).
® Mole fraction of norbornene in the feed.
¢ Total monomer concentration.
4 Activity: kgpol molpg' h™".
¢ Polymer bi- or multimodal. Polymer bi- or multimodal.
' Polymer decomposes.
€ Polymer insoluble in 1,2,4-trichlorobenzene.

Mole fractions of norbornene in the feed of more than xy=
0.60 do not lead to an increase in the incorporation level.
Polymers produced under these conditions cannot be charac-
terized faultlessly by means of '*C NMR spectroscopy, due to
the drastic broadening of the signals. Partially insoluble
polymers are formed, that contain at least to some extend
polynorbornene. Only catalyst 2 produced a polymer at xy=
0.80 that could be investigated by '*C NMR spectroscopy and
even in this case no further increase in the norbornene content
was observed.

3.1.2. Microstructures

Despite the complexity of the '*C NMR spectra of
ethene/norbornene copolymers, an almost complete assign-
ment of the signals was achieved over the past years mainly by
Arndt-Rosenau et al. [41,43], Fink et al. [44—48] and Tritto
et al. [49-53], as well as others research groups [54-56]. All
assignments were performed using copolymers made by group
IV metallocene and constraint geometry catalysts. In con-
formity with results by Benedikt et al. [57] it is possible to
apply these assignments also for products synthesized by late
transition metals catalysts.

Table 4

Copolymerization of ethene and norbornene at different comonomer ratios using catalyst 4

Conditions™ Results

el (°C) Cmon (MOL1™Y)  npy (umol) tpot (1) Activity! T, (°C) M,, (gmol 1) M,/M,
0.00 0.73 23.14 2.0 40 —64 17,000 1.8
0.05 0.76 12.01 1.0 57 —-29 27,000 1.8
0.10 0.81 24.03 1.0 57 10 52,000 1.7
0.20 0.90 24.03 1.0 65 53 66,000 2.0
0.25 0.96 23.61 1.0 74 65 87,000 1.5
0.30 1.03 23.61 1.0 68 81 93,000 1.4
0.35 1.08 24.44 1.0 66 88 109,000 1.6
0.40 1.19 24.03 1.0 62 98 159,000 1.2
0.50 1.19 23.14 1.0 56 100 145,000 2.1
0.59 1.17 24.44 1.0 36 104 71,000 1.7
0.80 0.85 21.84 L0 7 ¢ f f
1.00 2.37 27.30 120 € € & &

Results of polymerizations at 30 °C in toluene.
# Total reaction volume 400 ml (norbornene homopolymerization: 100 ml).
Mole fraction of norbornene in the feed.
Total monomer concentration.
Activity: kgpol molpg' h™ .
¢ Polymer bi- or multimodal. Polymer decomposes.
f Polymer insoluble in 1,2,4-trichlorobenzene.
€ Catalyst inactive under these conditions.

o

c

d
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Fig. 2. Copolymerization diagrams. Copolymerization of ethene with norbornene performed by the catalysts 1-4 at 30 °C in toluene.
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Fig. 3. '*C NMR spectra of ethene/norbornene copolymers with different norbornene incorporations prepared by catalyst 1. Assignments of chosen signals to carbon
atoms of rac-norbornene diblock structures.
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Fig. 3 shows '*C NMR spectra of a series of ethene/
norbornene copolymers with different norbornene fractions in
the polymer prepared using catalyst 1.

All copolymers produced by catalyst 1 show resonances of
rac-connected norbornene diblock structures. The chemical
shifts of the marked peaks are almost identical with resonances
observed by Arndt-Rosenau [43] for metallocene/MAO
catalyzed copolymers. Resonances that identify meso-con-
nected norbornene diblocks (49.4, 42.7, 33.5, 32.0, 28.5 ppm
for C2, C3, C1, C4, C7, C6, and C5 [43]) were not detected in
any polymer. The exclusive observation of rac-norbornene
diblocks indicates that the incorporation of norbornene follows
a chain end control mechanism, since the achiral coordination
site of 1 allows no influence on the molecular orientation
during insertion. As expected, the signal areas of rac-
norbornene diblock resonances increase with the norbornene
incorporation.

Surprisingly, no discrete resonances are observed in
regions that would clearly identify norbornene triblock
structures (56.0-51.5, 47.0-43.0, 29.5-28.0 ppm) [46,48].
The sterical interaction of the ligand framework and the
bulky polymer chain after the insertion of two consecutive
norbornene units strongly favors the insertion of ethene as
the next monomer. As a consequence, no norbornene mole
fractions in the polymer higher than Xy=0.62 are detected.
At very high norbornene concentrations, a partial displace-
ment of the neutral a-diimine against norbornene is possible
which would lead to the formation of in-reactor blends of
norbornene homo- and copolymers [35]. The vast increase in
signal line width and the increasing insolubility of products
formed under these conditions might be attributed to this
displacement.

(d)
X, = 0.81
X, = 0.40 ML /i

Fig. 4 shows a series of >*C NMR spectra of ethene/
norbornene copolymers made by catalyst 2.

The ligand in 2 carries bulky isopropyl ortho substituents
and a voluminous butane diimine bridge. The crowded
coordination site is blocked already after the insertion of one
norbornene unit in a way that only ethene insertion is possible.
Almost no norbornene block structures are detectable even if
norbornene-rich feed compositions are applied (Fig. 4(d)). As a
consequence, mole fractions of norbornene in the polymer
higher than Xn=0.50 are not observed. Resonances of
alternating structures are dominant (48.00 and 47.45 ppm for
C2/C3; 42.16 and 41.71 ppm for C1/C4; 33.20 and 33.13 ppm
for C7; 30.53 ppm for C5/C6) [43,53]. The polymers are
practically atactic with only a slight excess of the syndiotactic
alternating sequences.

The fraction of alternating structures decreases as the
amount of norbornene in the feed is lowered and resonances of
isolated norbornene units become dominant (Fig. 4(a):
47.29 ppm for C2/C3; 41.74 ppm for C1/C4; 33.07 ppm for
C7; 30.49 ppm for C5/C6). Palladium based catalysts are
known to undergo chain isomerization reactions between two
insertion steps (chain walking) [18]. At norbornene poor
conditions, signals typical for branched ethene sequences are,
therefore, observed together with the norbornene resonances. A
comparison with results published by Galland et al. [58] about
the structure of branched polyethenes synthesized using Ni(II)
a-diimine catalysts shows that methyl (19.95 ppm), ethyl
(11.18 ppm), propyl (14.63 ppm), as well as butyl and longer
branches (14.10 ppm) are formed. The resonances of branching
points and methylene carbon atoms in branches overlap with
norbornene signals of C5/C6 and C7. At higher norbornene
fractions in the feed the vacant coordination site necessary for

(c)
A B JL

© 0.20
xy = 0.
Xy =0.16 .AA/{ J__WW L A A A

X, =0.10
X, = 0.09 J

60 55 50 45 40

30 25 20 15 10

«~—38"C/ppm

Fig. 4. ">C NMR spectra of ethene/norbornene copolymers with different norbornene incorporations prepared by catalyst 2.
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the chain walking process is blocked by norbornene and the
intensity of branching signals decreases.

The microstructures of copolymers produced by catalyst 4
are almost identical with the ones produced by 2. Again
alternating structures and sequences with isolated norbornene
units are dominant. Differences result from the higher level of
norbornene incorporation. The signal areas of branched ethene
sequences are smaller. Resonances of norbornene diblock
structures were detected for copolymers produced using
norbornene rich feed compositions though the amount is still
much lower than with catalyst 1. These diblock structures are
again exclusively rac-connected. Catalyst 3 carries only one
ortho substituent which leads to a trans and cis isomer, formed
in a 9:1 ratio during synthesis. The polymerization should,
therefore, be performed mainly by the trans isomer. However,
no influence of the chiral nature of the coordination site was
observed and the microstructures are similar to the ones of
copolymers produced with 2 and 4. In conformity with the
higher norbornene content, the amount of rac-norbornene
diblocks is again higher than with catalyst 4.

3.1.3. Catalytic activities and turnover frequencies

Tempel et al. investigated the influence of the ligand
structure on the migratory insertion rate of the (o-diimine)P-
d(Il) catalyzed ethene polymerization using low temperature
"H NMR spectroscopic measurements of model compounds
[39]. Increased sterical bulk of the ortho- N-aryl substituents
and of the bridge unit was assumed to raise the ground-state
energy of the corresponding alkyl ethene complex, resulting in

7000 l

5000 ~

4000 ~

TOF (h™")

3000 A

2000 A

3309

a lower activation barrier for the migratory insertion. If these
results are transferred to the copolymerization of ethene and
norbornene it has to be considered that palladium based
complexes show a preference for the coordination of the
electron richer and softer monomer norbornene. On the other
hand, norbornene coordination is complicated by the sterical
interactions between the o-diimine ligand and bulky monomer.

For the comparison of the catalysts it is advantageous to use
the turnover frequency (TOF), i.e. the number of moles of
monomers converted to polymer per mole of catalyst (npq) per
unit of time (#,1), instead of the activities as listed in the Tables
1-4. The activities do not consider the different norbornene
incorporation levels of the individual polymers. Since the
molar mass of norbornene (Mny=94.16 g mol ~ 1) is somewhat
higher than of ethene (Mg =28.05 g mol l), a norbornene rich
copolymer will always show a higher activity than an ethene
rich polymer even if the rate of insertions is equal. The use of
TOF’s, calculated from the polymer yield mp, and the weight
fraction of norbornene in the polymer Wy using Eq. (1), avoids
this problem.

{msto}:VN} + |:mp015\14;WN):|
TOF =

ey
npplpol

Fig. 5 shows the TOF’s as a function of the mole fraction of
norbornene in the feed.

Consistent with the results by Tempel et al., catalyst 2 shows
the highest overall insertion rate in the homopolymerization of
ethene. If norbornene is added to the reaction mixture, the
insertion rate decreases since the active site is blocked already

o e 0O »
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Fig. 5. Turnover frequencies TOF as a function of the mole fraction of norbornene in the polymer Xn. Ethene norbornene copolymerizations using catalysts 1-4 at

30 °C in toluene.
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after one norbornene insertion and only ethene can be inserted
as the next monomer. The smaller ethene concentration at
increasing mole fractions of norbornene causes a further
reduction of the insertion rate.

Compared to 2, catalyst 1 shows a much lower TOF in the
ethene homopolymerization. The relative open structure of the
active site allows facile norbornene coordination and insertion
and the polymerization rate is increasing rapidly. Norbornene
diblock structures are formed instantly. At norbornene
fractions in the feed higher than xy=0.10, catalyst 1 shows
the same decrease in the TOF’s like 2, due to the blockage of
the active site after two consecutive norbornene insertions.

The catalysts 3 and 4 again show a behavior between the
extremes of 1 und 2. The catalytic performance of 4 resembles
the one of 2, yet without the high insertion rates in ethene
homopolymerization. At norbornene rich feed compositions
between xy=0.3 and 0.6, 3 shows the highest TOF’s of all
catalysts. Like in 1, the active site allows facile norbornene
coordination, due to the presence of only one though bulky
ortho substituent at the N-aryl ring. In addition, 3 is the only
catalyst that is active in the homopolymerization of
norbornene. This behavior is assumed to result from catalyst
decomposition reactions and, therefore, the presence of ‘naked’
palladium in the reaction mixture.

3.1.4. Molar masses and polydispersities

In order to obtain high molar mass polymers, the rate of
chain transfer reactions has to be reduced relative to the rate of
chain propagation. According to combined DFT and molecular

250 1

Tg(°C)

mechanic calculations by Ziegler et al. for the ethene
polymerization with Ni(Il) a-diimines [59,60], chain transfer
proceeds in a concerted process in which a B-hydrogen is
directly transferred to the coordinated monomer without an
olefin hydride intermediate. The transition state in this process
occupies both axial positions of the square planar complex.
Bulky ortho substituents and rigid bridge units force the N-aryl
rings to project in an axial position of the metal center and,
therefore, complicate chain transfer. The transition state of the
migratory insertion only occupies the equatorial coordination
sides and is, therefore, far less affected by the ortho
substituents.

The weight averages of the molar masses are listed in Tables
1-4. The ethene homopolymers produced by catalysts 1-4 are
in conformity with these investigations, but some deviations
are observed when norbornene is added to the reaction mixture.
As expected, catalyst 1 produces copolymers with the lowest
molar mass and the highest norbornene contents. When
regarding low norbornene incorporation levels, catalyst 2
produces the highest molecular weights. Surprisingly, catalyst
3 and 4 produce copolymers with comparatively high
norbornene contents together with high molar masses. Catalyst
4 was expected to show a behavior comparable to that of
catalyst 2.

Most of the polymers produced by the catalysts 1-4 are
monomodal. Bi- or multimodal polymers are observed if high
norbornene fractions in the feed of more than xx=0.60 are
applied. Again this can be attributed to a partial ligand
displacement and, therefore, the generation of different active
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Fig. 6. Glass transition temperatures 7y, as a function of the mole fraction of norbornene in the polymer Xy. Ethene norbornene copolymerizations using catalysts 1-4

at 30 °C in toluene.
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sites. The polydispersities M,/M,, of monomodal copolymers
are generally lower than 2. Although the observed values are
low compared to group IV metallocene/methylaluminoxane
catalysts, chain transfer is assumed to be significant under the
chosen conditions. This behavior is in accordance with results
found by Brookhart et al. on the living homopolymerization of
ethene and o-olefins with palladium(Il) [61] and nickel(IT)
a-diimines [62], respectively. Some of the bi- or multimodal
polymers show polydispersities under M,,/M,=2 since the
component peaks in the GPC curve show very narrow
distributions.

3.1.5. Glass transition temperature

The glass transition temperature T is closely related to the
norbornene contend of the polymer.

Fig. 6 shows a linear dependence of the T,s on the
norbornene content of the copolymers in accordance with
various results reported in literature [40-42,54]. At low
norbornene incorporation levels, deviations from a linear
relationship are caused by the presence of branched structures
along the methylene sequences [63]. Norbornene block
structures lead to an increased stiffness of the polymer
backbone and, therefore, higher T, [55,64,65]. Considering
the copolymers investigated in this study, these influences
cause minor deviations. Only the copolymers produced by
catalyst 1 show slightly lower glass transition temperatures
than expected, even though they contain larger amounts of
norbornene diblocks. This fact can be attributed to the
generally lower molecular masses of the copolymers. Melting
points were not observed in any thermogram [66].

3.2. Effect of the polymerization temperature

The influence of the polymerization temperature on the
catalyst activity and the properties of the resultant copolymers
was investigated. For this purpose, copolymerizations were
performed at —20, —10, 0, 10, 15, 20, 30, 45, and 60 °C at a
fixed feed composition of x5 =0.33 with all of the catalyst. In

addition, catalyst 1 was used in temperature experiments at a
fixed norbornene fraction in the feed of xx=0.10, where it
showed its highest activity (Fig. 5). The reaction conditions
were again chosen to keep the norbornene conversion low and
at the same time yield sufficient polymer for characterization.
They are summarized together with the results in Tables 5-9.

3.2.1. Norbornene incorporation and glass transition
temperatures

If catalyst carrying bulky isopropyl ligands are applied (2
and 4), the mole fraction of norbornene in the polymer
decreases constantly as the polymerization temperature is
raised. The effect is more distinct for catalyst 4. In case of
catalysts 1, bearing a less blocked coordination site, the
norbornene incorporation level reaches a maximum at 0 °C
(xny=0.10) and at 30 °C (xn=0.33), respectively. As expected,
the overall incorporation level is lower at a feed composition of
xny=0.10. At polymerization temperatures below 0 °C, the
incorporation level decreases rapidly. As a consequence of this
different behavior, at —20 °C catalyst 4 produces polymers
that exhibit the same norbornene incorporation as catalyst 1. At
low temperatures, catalyst 3 shows a behavior comparable to
that of catalyst 1, whereas at temperatures above 10 °C the
norbornene incorporation is more or less constant.

Similar trends are observed for the dependence of the glass
transition temperature on the polymerization temperature. This
behavior confirms the linear relation of the norbornene
incorporation and the glass transition temperatures. Again
deviations are mainly based on differences in the molar masses
of the copolymers.

The microstructures are influenced by the polymerization
temperature only due to the different norbornene incorporation
level. Copolymers that are produced by the same catalyst and
that contain the same mole fraction of norbornene show
identical '>*C NMR spectra even if they produced at different
temperatures.

Table 5

Copolymerization of ethene with norbornene at different polymerization temperatures using catalyst 1

Conditions® Results

Tyo1 (°C) Cmon’ (Mol 17" npg (umol) toor () Activity® X\ T, (°C) M, (gmol™") MM,
—20 2.17 9.77 5.00 16 0.46 134 91,000 1.1
—-10 1.71 4.87 3.75 29 0.50 136 123,000 1.3
0 1.37 4.87 2.50 65 0.52 135 127,000 1.6
10 1.12 391 0.75 131 0.49 135 98,000 1.7
15 1.05 4.87 0.75 208 0.50 132 79,000 1.8
20 0.94 4.87 0.75 239 0.50 129 67,000 1.7
30 0.80 4.19 1.00 243 0.48 126 39,000 2.0
45 0.64 4.87 0.75 84 0.46 112 21,000 1.9
60 0.55 4.87 0.75 39 0.38 100 18,000 1.9°

Results of polymerizations at xx=0.10 in toluene.
* Total reaction volume 400 ml.

Total monomer concentration.

¢ Activity: kgpol molpg' K™

4 Mole fraction of norbornene in the polymer.

Polymer bi- or multimodal.

b

e



3312 J. Kiesewetter et al. / Polymer 47 (2006) 3302-3314

Table 6

Copolymerization of ethene with norbornene at different polymerization temperatures using catalyst 1

Conditions® Results

Tyo1 (°C) Cmon” (MOl 17" npg (umol) tpor () Activity® XN T, (°C) M, (gmol™")  M./M,
—-20 1.25 7.73 4.00 13 0.45 155 65,000 1.1
—10 1.05 4.29 3.00 34 0.51 155 113,000 1.2
0 1.17 429 3.00 93 0.55 166 213,000 1.5
10 1.07 391 2.00 158 0.55 168 173,000 1.8
15 1.14 429 1.00 262 0.56 167 175,000 1.8
20 1.27 391 1.00 228 0.58 172 151,000 2.0
30 0.71 8.38 1.00 67 0.59 169 66,000 1.8
45 0.87 3.87 0.50 61 0.50 153 38,000 1.9¢
60 0.74 4.29 0.50 27 0.39 140 19,000 1.6°

Results of polymerizations at xx =0.33 in toluene.
# Total reaction volume 400 ml.
" Total monomer concentration.
© Activity: kgpo molpg' h™ .

Mole fraction of norbornene in the polymer.

¢ Polymer bi- or multimodal.

3.2.2. Activities and turnover frequencies

All catalysts show maximum TOF’s at temperatures
between 15 and 30 °C. The polymerization rate is reduced
significantly when lower polymerization temperatures are
applied. Longer polymerization times are required in order to
yield sufficient polymer for characterization. Under these
conditions, an almost constant consumption of ethene is
observed during the course of the reaction. Fast decomposition
of the catalysts is observed at temperatures above 30 °C,
usually within 15-30 min. As expected, catalyst 1 shows the
highest overall incorporation rate. The sharp maximum at
15 °C is shifted to a broader maximum at 30 °C when the
amount of norbornene in the feed is reduced from xny=0.33 to
0.10. This result indicates that higher norbornene concen-
trations play a key role in catalyst decomposition. A similar
dependence on the polymerization temperature is observed for
catalyst 2, though on a generally lower level. The maximum
activity is observed at 20 °C. Catalysts 3 and 4 show an almost
identical behavior with broader maxima at 30 °C.

Table 7

3.2.3. Molar masses and polydispersities

As expected, the molar masses decrease strongly when the
polymerization temperature surpasses 30°C. At elevated
temperatures, differences in the activation energies of chain
termination reactions and chain propagation reactions are of
decreasing importance, leading to lower molar masses. This
trend is intensified by the progressing decay of the catalysts.
Polymers produced at temperatures above 30 °C are often bi-
or multimodal. Nevertheless, the overall polydispersities of
these polymers are again low with values around or under
M, /M,=2 due to the very narrow distribution of the
individual component peaks. The molar masses decrease
also at low temperatures mainly due to the significantly
lower polymerization rate. Catalyst 1, which showed the
highest activities over the whole temperature area, produced
the highest molar mass polymers at 0 °C independent of the
mole fraction of norbornene in the feed. The maximum is
shifted to higher temperatures for the other, less active
catalysts (20 °C for 2, 30 °C for 3 and 4).

Copolymerization of ethene with norbornene at different polymerization temperatures using catalyst 2

Conditions® Results

Ty (°C) Cmon’ (mol 17 1) npq (umol) tot (h) Activity® XN T, (°C) M, (gmol™ ") M /M,
—20 1.26 15.55 4.0 5 0.31 97 52,000 1.8
—10 1.42 15.55 3.0 7 0.30 79 25,000 1.1
0 1.52 7.5 3.0 21 0.31 72 69,000 12
10 1.56 7.5 1.0 68 0.28 67 128,000 12
15 1.05 7.79 1.0 79 0.28 61 110,000 12
20 1.28 7.5 1.0 106 0.29 58 131,000 1.5
30 0.71 7.77 1.0 53 0.26 48 106,000 1.7
45 0.87 7.75 1.0 28 0.26 45 63,000 1.8
60 0.74 7.5 0.5 24 0.23 34 36,000 1.6°

Results of polymerizations at xx=0.33 in toluene.
# Total reaction volume 200 ml.
® Total monomer concentration.
¢ Activity: kgpor molpg' h™ 1.
4 Mole fraction of norbornene in the polymer.
¢ Polymer bi- or multimodal.
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Table 8

Copolymerization of ethene with norbornene at different polymerization temperatures using catalyst 3

Conditions® Results

Tyo1 (°C) Cmon” (mol 171 npq (mol) tpor () Activity® XN T, (°C) M, (gmol ™" My/M,
—20 1.27 16.59 5.0 5 0.31 104 39,000 14
—10 0.96 17.54 3.0 9 0.33 115 40,000 1.3
0 0.87 26.78 2.0 14 0.37 114 62,000 1.5
10 1.14 6.18 2.0 38 0.42 119 100,000 1.5
15 0.87 26.78 1.0 49 0.40 107 101,000 1.5
20 0.83 8.30 1.0 61 0.42 110 106,000 1.7
30 1.08 26.69 1.0 83 0.40 108 162,000 1.8
45 0.86 17.54 1.0 28 0.41 105 103,000 2.0°
60 0.74 26.78 1.0 12 0.38 103 46,000 1.5°

Results of polymerizations at xx=0.33 in toluene.
# Total reaction volume 400 ml.

Total monomer concentration.

© Activity: kgpo molpg' h™ .

Mole fraction of norbornene in the polymer.

Polymer bi- or multimodal.

b

e

According to the results published by Brookhart et al. [61]
on the living polymerization of ethene with palladium
a-diimine catalysts, a constant decrease in the polydispersities
is expected at decreasing polymerization temperatures. The
investigated catalysts generally follow this trend though some
deviations are observed.

4. Summary and conclusions

The investigated cationic palladium a-diimine complexes
are efficient catalysts for the copolymerization of ethene and
norbornene. It is possible to deduce relations between the steric
demand of the a-diimine ligand and the properties of the
resulting copolymers. The incorporation of norbornene in the
polymer is usually very high with up to Xx=0.62 and
adjustable by choice of the catalyst and appropriate polymer-
ization conditions. The high glass transition temperatures
correspond to these high norbornene contents. Copolymers
with low mole fractions of norbornene show alternating
microstructures or isolated norbornene units along the polymer

chain. If the incorporation level exceeds Xn=0.45, racemic
connected norbornene diblock structures are observed. The
formation of block structures is chain end controlled while
alternating structures are practically atactic. Higher norbornene
blocks are not identified. Molar masses of the copolymers
range from oligomeric levels to high polymers. When
norbornene fractions in the feed of more than xx=0.60 are
applied, partially or totally insoluble polymers are formed. This
observation is assumed to originate in a partial ligand
displacement through norbornene and, therefore, the formation
of polynorbornene. Polymers produced under these conditions
are bi- or multimodal. The polydispersities of monomodal
copolymers are generally below 2.

The catalysts deactivate rapidly at polymerization tempera-
tures above 30 °C. In addition, the incorporation of norbornene
and the molar masses decreases. Polymerization temperatures
below 10 °C result in a reduction of the polymerization rate and
the molar masses. The low temperature behavior concerning
the norbornene incorporation differs for the investigated
catalysts. Catalysts that carry bulky isopropyl ortho-

Table 9

Copolymerization of ethene with norbornene at different polymerization temperatures using catalyst 4

Conditions® Results

Tyo1 (°C) Cmon” (MOl 17" npy (umol) tot (h) Activity® X\ T, (°C) M, (gmol ™"y MM,
—20 1.54 33.11 5.0 3 0.43 118 26,000 1.3
—10 1.26 33.11 4.0 5 0.43 112 41,000 1.4
0 1.01 23.11 2.1 16 0.41 104 56,000 1.5
10 0.86 22.49 1.0 36 0.39 101 83,000 1.2
15 0.86 22.49 1.0 48 0.36 94 92,000 14
20 0.86 22.49 1.0 59 0.36 90 74,000 1.3
30 1.08 24.44 1.0 66 0.35 88 110,000 1.6
45 0.86 22.49 1.0 29 0.32 77 47,000 1.7°
60 0.72 21.85 1.0 12 0.27 62 24,000 1.5¢

Results of polymerizations at xy=0.33 in toluene.
# Total reaction volume 400 ml.
® Total monomer concentration.
Activity: kgpo molpg' h™ "
4 Mole fraction of norbornene in the polymer.
Polymer bi- or multimodal.

c
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substituents show a constant decrease in the norbornene
content as the polymerization temperature is raised, while a
maximum incorporation is observed between 0 and 30 °C for
the other catalysts.
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