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Abstract: Sixteen palladium(��) �-di-
imine catalysts were investigated in a
screening-like procedure for the copoly-
merization of ethene with norbornene.
The resulting copolymers were charac-
terized by 13C NMR spectroscopy, differ-
ential scanning calorimetry, gel perme-
ation chromatography, and viscosimetry.
The degree of incorporation of norbor-
nene in the polymer chain is very high

for most of the catalysts. To validate the
results achieved in the screening, two
catalysts, [{ArN�CHCH�NAr}Pd(Me)-
(CH3CN)]BArf4 (1b�; Ar� 2,6-Me2C6H3,
BArf4�B[3,5-C6H3(CF3)2]4) and

[{ArN�C(CH3)C(CH3)�NAr}Pd(Me)-
(CH3CN)]BArf4 (2c�; Ar� 2,6-iPr2C6H3),
were synthesized as discrete catalytically
active species, and their copolymeriza-
tion behavior was investigated in detail.
In agreement with the screening results,
1b� incorporates norbornene much bet-
ter in the polymer chain than ethene, a
property that has no analogue in metal-
locene catalysts.
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Introduction

The discovery of the metallocene/methylaluminoxane-
(MAO)-catalyzed copolymerization of ethene with norbor-
nene in 1991 opened a new field of interest in polyolefin
chemistry.[1] Since then, these cyclic olefin copolymers
(COCs) have been the focus of academic and industrial
research. Due to the rigidity of the bicyclic norbornene units,
ethene/norbornene copolymers are usually amorphous and
show excellent transparency and high refractive index, which
make them suitable for optical applications. In addition, their
glass transition temperatures Tg are high, and their densities
low. In many applications, they have better mechanical
properties than comparable amorphous thermoplastics, and
they are processible by all conventional methods. Ethene/
norbornene copolymers are proving valuable as materials for
high-capacity CDs and DVDs, lenses, blister foils, medical
equipment, capacitors, and packaging.[2]

The copolymer properties depend on different parameters,
such as comonomer content and distribution in the polymer
chain, as well as the conformational orientation of the
comonomer units. The microstructure of the copolymer can
be controlled by appropriate choice of the reaction conditions
and the catalyst structure. The most powerful method to
determine the copolymer microstructure is 13C NMR spectro-

scopy. In the past few years, much progress has been achieved
in peak assignment for COCs.[3]

The major disadvantage of metallocene/MAO-based cata-
lyst systems is their high sensitivity to polar impurities. The
incorporation of norbornene in the polymer chain is generally
low, and high molar fractions of norbornene in the feed are
required to cover all technically interesting degrees of
incorporation. Since Brookhart et al. discovered that cationic
nickel and palladium complexes with bulky �-diimine ligands
can produce high molar mass polymers,[4] catalysts based on
late transition metals became an interesting alternative.[5] In
1998, Goodall et al. reported on ethene/norbornene copoly-
merization with a variety of late transition metal catalysts.[6] In
contrast to their nickel analogues, �-diimine/palladium(��)
systems can copolymerize ethene with norbornene. These
catalysts are relatively insensitive to polar impurities.[7]

Another interesting feature of these catalyst systems is that
they generate highly branched or even hyperbranched (i.e.,
branches on branches) products when applied in ethene
polymerization.[8] Ethene/norbornene copolymers with low
norbornene contents also show these hyperbranches. The
mechanical properties of these branched polymers are
assumed to differ from those of the metallocene/MAO-based
COCs.

The synthesis of palladium(��) �-diimine catalysts is com-
paratively easy and fast. This makes them a candidate for
combinatorial chemistry. Symyx Technologies recently re-
ported combinatorial syntheses of large libraries of NiII and
PdII �-diimine complexes and investigated their polymer-
ization behavior towards ethene by high-throughput screen-
ing.[9]
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Here we present the results of ethene/norbornene copoly-
merizations performed by catalysts based on a library of 16 �-
diimine ligands. To obtain representative results, the screening
conditions were optimized and standardized. Two catalysts
with interesting performance were synthesized as discrete
cationic species, and their properties with regard to the
copolymerization of ethene with norbornene were investi-
gated in detail. The results of
screening and discrete-species
polymerizations are compared
in order to check the reliability
of the screening results under
the chosen reaction conditions.

Results and Discussion

Ligand screening : The investi-
gated ligand library (Scheme 1)
for the copolymerization of
ethene with norbornene con-
tains 16 symmetric �-diimines,
which represent the possible
combinations of four �-dike-
tones (glyoxal (1), 2,3-butane-
dione (2), acenaphthenequinone (3), and 1,2-cyclohexane-
dione (4)) and four anilines with different substitution
patterns (2,4-dimethylaniline (a), 2,6-dimethylaniline (b),
2,6-diisopropylaniline (c), and 2-tert-butylaniline (d)).

The ligands were synthesized serially by acid-catalyzed
condensation of an �-diketone with two equivalents of an

aniline. Metalation and activation were performed directly in
the polymerization reactor just before the polymerization.
Palladium(��) acetate was used as Pd precursor, and the
resulting complex was alkylated with triethylaluminum
(TEA). To generate the cationic active catalysts species, the
alkylated complex was treated with of tris(pentafluoro-
phenyl)borane (Scheme 2).[6]

The conditions of the screening experiments are pres-
ented in Table 1 and are based on previous results of our
group.[10] To ensure complete turnover of the metal precursor,
a sixfold excess of the ligand, a threefold excess of TEA, and a
1.8-fold excess of tris(pentafluorophenyl)borane were re-
quired.
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Scheme 1. Ligand library investigated for the copolymerization of ethene with norbornene.

Scheme 2. Generation of the catalytically active species by alkylation with triethylaluminum (TEA) and alkyl
group abstraction with tris(pentafluorophenyl)borane.
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The polymerization sequence was optimized and stand-
ardized to guarantee identical conditions for each polymer-
ization run (Figure 1). The polymerization sequence of the
screening experiments is described in the Experimental
Section. The results of the screening experiments are sum-
marized in Table 2.

The activities range from 8 kg(Pol)mol(Pd)�1h�1 for 1a to
105 kg(Pol)mol(Pd)�1h�1 for 2d. Considering the high de-
grees of incorporation of norbornene, the activities are about
one order of magnitude lower than for typical metallocene/
MAO catalyst systems. Bulky and rigid bridges, as well as
bulky substituents in the ortho positions of the N-aryl rings,
yield higher activities. An exception is catalyst 1b, which has
higher activity than expected.

The norbornene contents were calculated from the
13C NMR spectra of the ethene/norbornene copolymers. For
the calculation, the 13C NMR spectra were separated into four
peak areas (Figure 2, Scheme 3, Table 3).

In the case of the metallocene/MAO-catalyzed copolymer-
ization of ethene with norbornene, the norbornene content
can be calculated by Equation (1).

XN�
�I�C2�C3� � I�C1�C4���5

�I�C5�C6� � I�C��C��C��C����2
� I�A� � I�B� � I�C�

2�5 I�D� (1)
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Figure 1. Standardized polymerization sequence applied in screening experiments.

Table 1. Polymerization conditions in screening experiments.

Condition Screening Excess rel. to [Pd]

[Pd] (1.8 ± 2.1)� 10�4 molL�1 1
[diimine] (1.12 ± 1.17)� 10�3 molL�1 5.5 ± 6.0
[TEA] 5.71� 10�4 molL�1 2.9 ± 3.2
[borane] (3.48 ± 3.52)� 10�4 molL�1 1.7 ± 1.9
pressure (ethene) 6 bar
[ethene] 0.7 molL�1

[norbornene] 0.35 molL�1

polymerization temp. 30 �C
solvent toluene
reaction volume 200 mL
reaction time 30 min

Table 2. Results of ligand screening. Polymerization of ethene with
norbornene at 30 �C in toluene.

Ligand A[a] XN
[b] Tg

[c] M�
[d] Mw/Mn

[e]

[�C] [gmol�1]

1a 8 ±[f] 215 6000 2.4[g]

1b 73 0.65 168 48000 1.8
1c 9 0.37 145 25000 1.7
1d 29 ±[f] 194 9000 2.3[g]

2a 30 0.42 156 16000 1.5
2b 49 0.48 112 209000 1.3
2c 94 0.25 51 293000 1.7
2d 105 0.42 93 146000 1.6
3a 43 0.69 168 37000 1.7
3b 71 0.46 129 181000 1.4
3c 70 0.36 67 195000 1.3
3d 100 0.47 133 128000 1.5
4a 25 0.48 141 12000 1.3
4b 39 0.39 101 93000 1.3
4c 52 0.21 41 158000 1.6
4d 30 0.41 107 65000 1.3

[a] Activity (A): kg(Pol)mol(Pd)�1h�1. [b] Molar fraction of norbornene in
the polymer determined by 13C NMR spectroscopy. [c] Determined by
differential scanning calorimetry. [d] Determined by viscosimetry. [e] De-
termined by gel permeation chromatography, relative to polystyrene
standards. [f] Not evaluable by 13C NMR spectroscopy. [g] Polymer is bi-
or multimodal.
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The presence of branches and hyperbranches in the
methylene chain in the case of Pd-based catalysts impedes
calculation by Equation (1), since signals of branching points
(33 ± 40 ppm), methylene groups adjacent to branching points
(31 ± 38 ppm), other methylene groups in branches (20 ±
37 ppm), and of methyl groups in branches (10 ± 20 ppm) also
appear in signal areas B, C, and D. Therefore, the norbornene
content was calculated from signals above 46 ppm (area A in
Figure 2), which can be assigned exclusively to norbornene
[Eq. (2)].[10]

XN�
I�A�

I�B� � I�C� � I�D� � 1�5 I�A� (2)

The molar fractions of norbornene in the polymer chain XN

(see Table 2) are very high. They range from XN� 0.21 for 4c
to XN� 0.69 for 3a. Most catalysts incorporate norbornene
better in the polymer chain than ethene. This result has no
counterpart in the case of catalysts based on early transition
metals. Bulky substituents in the ortho positions of the N-aryl
rings, such as isopropyl, favor the coordination of the steri-

cally less hindered ethene,
which leads to lower degrees
of incorporation of norbor-
nene. The bulk and rigidity of
the bridging unit intensifies this
trend. Ligands with small or no
substituents in the ortho posi-
tion of the N-aryl rings, such as
methyl, show very high values
of XN since norbornene can
easily be coordinated. For the
ethanediimine-bridged cata-
lysts 1a and 1d, both of which
bear only one ortho substitu-
ent, partial displacement of the
ligand by norbornene is as-
sumed. The resulting copoly-

mers were bi- or multimodal, and the formation of poly-
norbornene is likely, which indicates the presence of ™naked∫,
ligand-free palladium. The determination of the norbornene
content by 13C NMR spectroscopy is aggravated by the
presence of polynorbornene, since it leads to a strong increase
of signal linewidth due to the heterogeneous nature of the
NMR sample. Nevertheless, some polynorbornenes produced
by late transition metal catalysts have good solubility.

Generally, the degree of incorporation of norbornene
corresponds to the activity. Catalysts that incorporate nor-
bornene well are less active. Again a significant exception is
1b, which is highly active and produces copolymers with a
high norbornene content.

The microstructure of the copolymers is closely related to
the molar fraction of norbornene in the polymer. Figure 3
shows a series of 13C NMR spectra of copolymers with
increasing norbornene contents. At low degrees of incorpo-
ration, the copolymer shows signals of isolated norbornene
units together with the typical signals of branches and
hyperbranches in the methylene chain. At higher XN, signals
of smaller norbornene blocks coexist with signals of alternat-
ing sequences and branching. Copolymers with a norbornene
content of greater than XN� 0.5 show signals of longer
norbornene blocks, and no branching signals are observed.
Copolymers containing more than 70 mol% of norbornene
are not evaluable, probably due to the presence of poly-
norbornene.

The molar masses M� , determined by viscosimetry, are
summarized in Table 2. They range from oligomeric to high
molar mass products. Most of the molar masses are in a
technically interesting range and are comparable to those of
polymers produced by metallocene/MAO catalysts. The
molar masses are directly influenced by the ligand structure.
To obtain high molar mass polymers, the rate of chain transfer
reactions must be slowed relative to chain propagation. This is
the case when the ligand bears bulky substituents in the ortho
position of the N-aryl ring and when a rigid and bulky bridge
is present. The bulky substituents and the rigid bridge force
the N-aryl rings into an axial position of the square-planar
complex. Brookhart et al. assumed that the chain termination
proceeds by a �-hydride elimination to yield an olefin hydride
complex, followed by an associative displacement of the
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Figure 2. 13C NMR spectrum of an ethene/norbornene copolymer with a content of norbornene of XN� 0.25,
produced by 2c at 30 �C in toluene. Separation into the peak regions A to D for calculating the norbornene
content of the polymer.

Scheme 3. Denomination of a 2,3-cis-exo-orientated norbornene unit and
the neighboring methylene carbon atoms in an ethene/norbornene polymer
chain.

Table 3. 13C NMR assignments of ethene/norbornene copolymers in four
seperate peak regions.

Signal area �(13C) [ppm] Assignments

A 56 ± 44.8 C2, C3
B 44.8 ± 36.8 C1, C4
C 36.8 ± 32.8 C7
D 32.8 ± 10 C5, C6, C�, C�, C�, C�
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olefin.[4] The latter process is disfavored, since the bulky
substituents block the axial approach of olefins. According to
DFT calculations by Ziegler et al. on ethene polymerization
with NiII �-diimines,[11] chain transfer does not involve an
olefin hydride complex but occurs by a concerted process
involving direct �-hydrogen transfer to the coordinated
monomer. Despite the different mechanism, this reaction is
also slowed by bulky substituents in the axial position. In
conformity with these results, 1a produces the copolymer with
the lowest molar mass, and 2c that with the highest. Again
catalyst 1b does not follow this trend. The molar mass of the
produced copolymer is higher than expected.

Molar mass distributions (Table 2) were determined by gel
permeation chromatography (GPC). Most of the catalysts
produce monomodal polymers with polydispersitiesMw/Mn of
less than 2, which indicates that the polymerization is likely to
show ™living∫ character. This behavior is consistent with
results recently published by Brookhart et al. on the living
polymerization of ethene with PdII �-diimine catalysts.[12]

Under appropriate polymerization conditions (low temper-
ature, low concentration of active centers), it should be
possible to produce copolymers with even smaller polydis-
persities. Catalysts 1a and 1d produce bi- or even multimodal
polymers, probably due to partial ligand displacement by
norbornene during polymerization. For catalysts bearing only
one ortho substituent, the formation of C2 and Cs symmetric
isomers due to the relative orientation of the aryl rings might
lead to bimodal polymers, though bimodality is exclusively
observed for 1a and 1d.

Glass transition temperatures Tg were determined by
differential scanning calorimetry (DSC). The Tg values of
the copolymers are correlated with the norbornene contents
XN. The bicyclic nature of norbornene leads to higher rigidity
of the polymer chain and therefore higher Tg. Catalysts with

bulky substituents produce copolymers with high norbornene
contents and high Tg. In accordance with the norbornene
content, 4c produces the polymer with the lowest Tg of 41 �C,
while 1b and 3a produce those with the highest Tg of 168 �C.
The polymers synthesized with 1a and 1d have Tg values of
194 and 215 �C, respectively. Since the polymers are multi-
modal and the presence of polynorbornene is assumed, these
data are not reliable. None of the copolymers showed
crystallinity, although in the literature semicrystalline, stereo-
regular, alternating ethene/norbornene copolymers were
described for metallocene/MAO and constrained-geometry
catalysts.[13]

Discrete cationic catalysts. Based on the results of the ligand
screening, two catalysts showing interesting performance
were synthesized as discrete cationic species and investigated
in detail (Scheme 4).

Catalyst 1b� was selected since its behavior deviates from
the general trends. Catalyst 2c� showed a balanced perform-
ance, that is, high activity and high molar mass polymer
together with moderate degrees of norbornene incorporation.
The results of the polymerizations with the two catalysts are
summarized in Table 4.

The copolymerization diagrams are presented in Figure 4.
It shows the molar fraction of norbornene in the polymer XN

as a function of the molar fraction of norbornene in the feed xN.
The two catalysts show a notably different polymerization

behavior. As predicted in the ligand screening, 1b� incorpo-
rates norbornene much better in the polymer chain than
ethene. Even at very low molar fractions of norbornene in the
feed (e.g., xN� 0.05), the incorporation of norbornene is
about XN� 0.44. When metallocene/MAO catalyst systems
are applied, it is necessary to polymerize at feed compositions
of up to xN� 0.90 to incorporate norbornene to the same
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Figure 3. 13C NMR spectra of ethene/norbornene copolymers produced with the catalysts 4c (I, XN� 0.21), 3d (II, XN� 0.47), 1b (III, XN� 0.65), and 1d
(IV, XN� not evaluable).
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extent. At higher molar fractions of norbornene in the feed,
the incorporation is nearly independent of xN and reaches a
plateau of about XN� 0.60. Polymerizations carried out at xN
of more than 0.70 yielded partially insoluble polymers. Again
the formation of polynorbornene is assumed, and indicates
that to some extent the ligand is displaced by norbornene. The
13C NMR spectra of these polymers were not evaluable.

In contrast, 2c� shows almost ideal copolymerization
behavior at low to moderate values of xN, that is, the
norbornene content of the polymer reflects the feed compo-
sition. The degree of incorporation is low compared to 1b�,
but still higher than for most metallocene/MAO catalysts. The
norbornene content does not surpass XN� 0.40. No norbor-
nene block structures could be observed in the 13C NMR
spectra, and even at higher xN sequences with isolated
norbornene units are formed exclusively. The coordination
site is blocked by the isopropyl substituents, and the ligand is
inflexible because of the 2,3-butanediimine bridge. The steric
bulk of the growing polymer chain when norbornene is the

last inserted unit aggravates the coordination of norbornene.
The formation of norbornene block sequences is therefore
improbable. The coordination of ethene and hence the
formation of copolymers with isolated norbornene units, is
much more likely. The steric bulk of the methyl groups in 1b�
is much lower, and the 1,2-ethanediimine bridge is more
flexible than 2,3-butanediimine. The coordination site is
therefore less blocked in 1b�, and norbornene block sequen-
ces are more likely. At molar fractions of norbornene in the
feed of less than 10%, alternating structures are dominant.

The molar fractions of norbornene in the polymer at xN�
0.33 are interesting for comparison with the values achieved in
ligand screening. For 2c� the value of XN� 0.26 fully confirms
the screening value of XN� 0.25. For 1b�, the screening value
of XN� 0.65 is higher than the degree of incorporation of
XN� 0.59 achieved with the discrete catalyst, although it is of
the right magnitude. Therefore, the screening can be said to
give representative results for the degree of incorporation of
norbornene.

The copolymerization behavior also influences the activity.
Figure 5 shows the activity as a function of the molar fraction
of norbornene in the feed.

As could be predicted from the copolymerization diagram,
1b� shows the course of a distinct comonomer effect, that is an
increase in the polymerization rate in the presence of a
comonomer. The activity in the homopolymerization of
ethene is comparatively low, but even small amounts of
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Scheme 4. Discrete cationic catalysts investigated for the copolymerization of ethene with norbornene.

Table 4. Ethene/norbornene copolymerization with the catalysts 1b� and 2c�.
Results of polymerizations at 30 �C in toluene.

Reaction conditions Results
Cat. xN[a] cE cN ncat A[b] XN

[c] Tg
[d] M�

[e] Mw/Mn
[f]

[molL�1] [molL�1] [�mol] [�C] [gmol�1]

1b� 0.00 0.70 ± 16.76 36 0.00 � 75 1500[g] 1.4
1b� 0.05 0.72 0.04 4.19 161 0.44 98 13000 1.4
1b� 0.10 0.72 0.08 4.19 243 0.48 126 36000 1.5
1b� 0.20 0.57 0.14 4.19 120 0.54 146 40000 1.7
1b� 0.34 0.47 0.24 8.38 67 0.59 169 55000 1.9
1b� 0.40 0.42 0.28 16.76 57 0.60 177 54000 1.8
1b� 0.50 0.35 0.35 16.76 50 0.62 189 36000 1.7
1b� 0.59 0.29 0.41 16.76 34 0.62 216 18000 1.7
1b� 0.80 0.14 0.56 16.76 11 ±[h] ±[i] 12000 1.7
1b� 0.90 0.07 0.63 33.54 10 ±[h] ±[i] 7000 2.7[j]

1b� 1.00 ± 0.88 33.54 � 1 1.00 ±[i] ±[k] ±[k]

2c� 0.00 0.69 ± 7.77 185 0.00 � 67 73000 1.1
2c� 0.10 0.63 0.07 7.77 75 0.09 � 28 502000 1.7
2c� 0.20 0.55 0.14 7.77 63 0.16 10 358000 1.7
2c� 0.34 0.47 0.24 7.77 53 0.26 48 287000 1.7
2c� 0.40 0.42 0.28 7.77 57 0.29 63 248000 1.6
2c� 0.49 0.36 0.35 7.82 48 0.34 83 231000 1.5
2c� 0.59 0.29 0.42 7.82 37 0.40 97 157000 2.7
2c� 0.81 0.17 0.70 7.82 8 0.40 120 22000 6.3
2c� 0.90 0.17 1.52 15.65 4 ±[h] ±[i] ±[k] ±[k]

2c� 1.00 ± 0.79 26.22 � 1 1.00 ±[i] ±[k] ±[k]

[a] Molar fraction of norbornene in the feed. [b] Activity (A): kg(Pol)mol(Pd)�1h�1.
[c] Molar fraction of norbornene in the polymer determined by 13C NMR
spectroscopy. [d] Determined by differential scanning calorimetry. [e] Determined
by viscosimetry. [f] Determined by gel permeation chromatography, relative to
polystyrene standards. [g] Mw determined by GPC. [h] Not evaluable by 13C NMR
spectroscopy. [i] Polymer decomposes. [j] Polymer is bi- or multimodal. [k] Polymer
not soluble in decahydronaphthalene and 1,2,4-trichlorobenzene.

Figure 4. Copolymerization diagrams. Copolymerizations of ethene with
norbornene performed by the catalysts 1b� and 2c�.
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Figure 5. Copolymerization of ethene with norbornene performed with
1b� and 2c�. Dependence of the catalyst activity on the molar fraction of
norbornene in the feed. A� activity.

norbornene in the polymerization mixture lead to a massive
increase. The maximum of 243 kg(Pol)mol(Pd)�1h�1 is
reached at xN� 0.10. Considering the very high norbornene
content of the resulting polymers, this catalyst can compete
with the activity of metallocenes. At higher molar fractions of
norbornene in the feed, the activity decreases rapidly. The
activity in the homopolymerization of norbornene is low.

In contrast, 2c� shows the highest activity of
185 kg(Pol)mol(Pd)�1h�1 for the homopolymerization of
ethene. The activity decreases with increasing molar fraction
of norbornene. The activities in polymerizations with a high
molar fraction of norbornene in the feed and for the
homopolymerization of norbornene are very low. At xN�
0.33, the activity of 1b� (67 kg(Pol)mol(Pd)�1 h�1) is consistent
with the screening results (73 kg(Pol)mol(Pd)�1h�1). The
activity of 2c� of 53 kg(Pol)mol(Pd)�1 h�1 is lower than the
screening activity of 94 kg(Pol)mol(Pd)�1h�1. Nevertheless,
the activities are of the right order of magnitude, and hence
the screening values are reliable.

The molar masses presented in Tables 2 and 4 show a
general problem. Mark ±Houwink constants of statistical
ethene/norbornene copolymers with branches in the methyl-
ene chain and of block copolymers are not described in the
literature. All values for copolymers were calculated by using
constants for strictly alternating ethene/norbornene copoly-
mers. In the case of polymers produced with 2c�, the vast
increase in the molar mass on going from polyethene
(M�� 73000 gmol�1) to an ethene/norbornene copolymer
produced at a monomer composition of XN� 0.10 (M��
502000 gmol�1) is mainly caused by the change in the
Mark ±Houwink constants. Polymers for which the applied
Mark ±Houwink constants should be suitable nonetheless
give molar masses greater than 200000 gmol�1, indicating that
2c� usually produces high molar masses products. Catalyst 1b�
shows a different behavior. The molar mass is generally lower

than for 2c�. The polyethene produced is oligomeric, and the
molar mass increases with increasing xN. A maximum ofM��
55000 gmol�1 is attained at xN� 0.33. At higher molar ratios
of norbornene molar masses decrease rapidly. The conformity
with the screening results is excellent for both catalysts.

The polydispersities are generally lower than 2, which
indicates that the polymerization mechanism has a ™living-
like∫ character. Polymers produced at high molar fractions of
norbornene in the feed are bi- or multimodal.

As seen in the screening, the degrees of incorporation of
norbornene also influence the glass transition temperatures
Tg. The Tg of copolymers produced with 1b� are very high and
range from 98 to 217 �C. Copolymers produced at xN� 0.80
and above, as well as polynorbornene, show no glass transition
or melting points below 350 �C, and decompose at higher
temperatures. The Tg values of copolymers produced by 2c�
range from �28 to 120 �C due to the lower norbornene
contents. Figure 6 shows Tg as a function of the molar fraction
of norbornene in the polymer XN.

Figure 6. Copolymerization of ethene with norbornene performed by 1b�
and 2c�. Glass transition temperatures as a function of the molar fraction of
norbornene in the polymer.

The linear relationship observed for 2c� indicates that the
Fox correlation[14] is valid in this case. For 1b� a linear
relationship could also be identified, but the deviation is
greater. Generally, deviation from a linear correlation is due
to the presence of branches in the methylene chain[15] and of
norbornene block structures.[16] The much higher molar
masses of the copolymers produced by 2c� compared to those
produced by 1b� leads to a higher Tg, as can be seen in the
linear fits in Figure 6. The Tg of copolymers produced at xN�
0.33 align with the screening results. The deviation for both
catalysts is within the accuracy of the measurement.

Despite the different microstructures, the relationship
between norbornene content and glass transition temperature
for copolymers produced by Group 4 metallocene/MAO
systems is comparable with the relationship obtained for
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palladium catalysts. Deviations are mainly due to differences
in the molar masses of the polymers.

Summary : The copolymerization of ethene with norbornene
is possible with all catalysts tested in the ligand screening. The
performance is strongly dependent on the catalyst structure.
Catalysts bearing bulky substituents in the ortho positions of
the N-aryl rings and rigid �-diimine bridges produce high
molar mass polymers with comparatively high activities.
Degrees of incorporation of norbornene are generally high,
and in most cases norbornene is incorporated better in the
polymer chain than ethene. The generally low polydispersities
indicate that the polymerization mechanism has a ™living-
like∫ character.

Two catalysts were synthesized as discrete cationic species
and investigated in detail. Within the limit of error, the results
achieved in the ligand screening are consistent with those of
the discrete catalysts. Catalyst 1b� is highly active and
incorporates norbornene very well in the polymer chain,
whereas the molar masses of the polymers are quite low. In
accordance with the high molar fractions of norbornene, 1b�
mainly produces blocky copolymers. In contrast, 2c� produces
high molar mass polymers with discrete norbornene units. No
block sequences occur, even with norbornene-rich feed
compositions.

For further validation of the screening results, other
discrete catalysts will be synthesized. The screening itself
should be expanded to different substitution patterns and
bridges. Based on the screening results, predictions can be
made of which substitution patterns are promising and which
are redundant. The mechanical properties of the copolymers
are to be investigated in the near future.

Experimental Section

General : All manipulations were performed by using standard Schlenk,
syringe, and drybox techniques unless otherwise noted. Argon was
purchased from Linde and purified by passage through aMesser-Griesheim
Oxisorp cartridge. Solid organometallic compounds were stored and
transferred in an argon-filled drybox. 13C NMR spectra of polymer samples
were recorded on a Bruker Ultrashield 400 spectrometer at 100.62 MHz
(pulse program: waltz-16, pulse angle: 60�, delay time: 5 s, number of scans:
1000 ± 4000) and 100 �C using 200 ± 300 mg of polymer in 1,2,4-trichoro-
benzene (2.7 mL) and 1,1,2,2-tetrachloro[D2]ethane (0.3 mL). Chemical
shifts are reported relative to C2D2Cl4 (�� 74.24 ppm for 13C). High-
temperature gel-permeation chromatography (GPC) was performed in
1,2,4-trichlorobenzene at 135 �C using a Waters GPCV 2000 instrument
with Ultrastyragel columns. Calibration was against polystyrene standards.
Differential scanning calorimetry curves were recorded on a Mettler
Toledo DSC 821e instrument calibrated with n-heptane (Tm��90.6 �C),
mercury (Tm��38.9 �C), gallium (Tm� 29.8 �C), indium (Tm� 156.6 �C),
and zinc (Tm� 419.5 �C). Results of the second thermal cycle are presented
exclusively. Viscosimetric measurements were performed in decahydro-
naphthalene at 135 �C with an Ubbelohde viscosimeter (0a capillary, K�
0.005 mm2s�2). In case of copolymers with an degree of incorporation of
norbornene of less than 5%, Mark ±Houwink constants of polyethene
(K� 4.34� 10�2 mLg�1, a� 0.724) were applied. For all other copolymers,
molar masses were calculated with Mark ±Houwink constants of a highly
alternating ethene/norbornene copolymer (K� 4.93� 10�2 mLg�1, a�
0.589).

Materials : Ethene (Linde) and toluene were purified by passage through
columns of BASF R3-11 catalyst and 3 ä molecular sieves. Norbornene

(Acros) was stirred for 48 h with triisobutylaluminum at 50 �C and distilled
off. A 6 ± 7 molL�1 solution in toluene was used for polymerizations.
Ligand syntheses were performed according to literature procedures.[17]

Palladium(��) acetate, triethylaluminum, and tris(pentafluorophenyl)bor-
ane were purchased from Aldrich, Schering, and Lancaster, respectively.
sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (Na[BArf4]),[18]

[{ArN�CHCH�NAr}Pd(Me)(CH3CN)]BArf4 (1b�; Ar� 2,6-Me2C6H3),[19]

and [{ArN�C(CH3)C(CH3)�NAr}Pd(Me)(CH3CN)]BArf4 (2c�; Ar� 2,6-
iPr2C6H3)[19] were synthesized by literature procedures.

General polymerization procedure : Norbornene homopolymerizations
were performed in a 200 mL glass reactor equipped with a heat jacket
and a magnetic stirrer. All other polymerizations were performed in a
B¸chi BEP 280 laboratory autoclave with a Type I glass pressure vessel.
Temperature was adjusted with a heat jacket connected to a thermostat,
which allowed adjustment of the polymerization temperature with an
accuracy of 	0.5 �C. During polymerization runs, the ethene pressure was
kept constant using a pressure controller. The ethene consumption was
monitored with a Brooks 5850 TR mass flow meter and a Westphal WMR
4000 control unit. A standardized ligand screening experiment is described
in detail in the results and discussion section. For a typical screening
experiment, the reactor was evacuated at 90 �C for 60 min. It was then
flushed with argon several times while the temperature was equilibrated to
30 �Cwithin 30 min. The ligand was filled into the reactor and evacuated for
30 min. Subsequently, the reactor was charged with a solution of
norbornene in toluene, toluene, palladium(��) acetate, a solution of
triethylaluminum in toluene, and ethene up to a total volume of 200 mL.
The polymerization was started by injection of tris(pentafluorophenyl)bor-
ane in toluene. After 30 min, the reaction was quenched by addition of
ethanol (5 mL). After discharge and cleaning, the reactor was evacuated at
90 �C for the next polymerization cycle.

For a typical discrete-catalyst experiment, the reactor was evacuated at
90 �C for 60 min and then cooled to 30 �C. Subsequently, the reactor was
charged with norbornene in toluene, toluene, and ethene up to a total
volume of 200 mL at the desired feed composition. The polymerization was
started by injection of the catalyst dissolved in fluorobenzene. The reaction
was quenched by addition of ethanol (5 mL).

All polymer solutions were stirred overnight with 100 mL of dilute
hydrochloric acid. After phase separation, the organic phase was washed
three times with water and reduced to 50 ± 70 mL on a rotary evaporator.
The polymer was precipitated with a tenfold excess of ethanol, filtered off
with a fritted glass filter, and dried in vacuo at 60 �C until the weight
remained constant.
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