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Introduction

Terpolymerization of ethylene, norbornene and
dicyclopentadiene catalyzed by modified
cyclopentadienyl scandium complexes+t

Linfeng Wang,®® Shugi Dong,®® Hui Tian,*® Guangbi Gong,© Baoli Wang, () *2®
Chunji Wu*® and Dongmei Cui (22

Cyclic olefin copolymers (COCs) with high glass-transition temperature (Tg) are of fundamental interest
and practical importance. Herein we report the terpolymerization of ethylene (E), norbornene (NB) and
dicyclopentadiene (DCPD) catalysed by fused-heterocyclic and pyridyl-modified cyclopentadienyl scandium
complexes (1 and 2) in high activities (1.27 to 1.86 x 10° g mols.™ h™ bar™) to produce E/NB/DCPD terpoly-
mers with adjustable structures. The terpolymerization proceeded in a controlled fashion, forming E/NB/DCPD
terpolymers with moderate number average molecular weight (M, = 4.9 x 10%-13.6 x 10* Da) and relatively
narrow polymer dispersity index (PDI = 1.7-2.3). By controlling the concentration of NB and DCPD in-feed, a
series of terpolymers with NB + DCPD contents from 47.4 mol% to 59.8 mol% (NB 17.7 mol% to 42.2 mol%,
and DCPD 8.8 mol% to 38.6 mol%) was obtained. The highest total cycloolefin incorporation was more than
50 mol%, indicating the existence of continuous cycloolefin —E(NB)(DCPD)E- units as proved by H, B¢,
H-1H COSY, *H-*C HSQC and *H-C HMBC NMR spectroscopy. This phenomenon has not been observed
in the binary copolymerization of E/NB and E/DCPD catalysed by rare earth catalyst systems in reported publi-
cations. The surprising finding may be ascribed to the use of two kinds of cycloolefins and novel efficient scan-
dium catalysts. Hetero-cycloolefins promoted the cyclic olefin insertion of each other for rare earth catalysts.
Ty values of the terpolymers range from 133.4 °C to 162.8 °C, which is in good agreement with NB and DCPD
incorporation. The high DCPD content provides greater contribution to the high T value compared with NB in
terpolymers. Further transformation of the C=C double bond in E/NB/DCPD terpolymers to the hydroxyl
group was achieved via sequential epoxidation and hydroxylation reactions, resulting in a huge increase of Ty
from 162.8 °C to 202.3 °C and a large decrease in the water contact angle from 84.1° to 33.4°.

copolymerizations of E/NB®>® and E/DCPD*°~*® have attracted
tremendous attention from both industry and academia.

A cyclic olefin copolymer (COC) is an amorphous material pre-
pared via the copolymerization of various cyclic olefins and
ethylene (E). A COC has excellent properties, such as high
transparency, good UV resistance, low dielectric constant, high
refractive index and low birefringence due to its novel polymer
chain structure composed of ethylidene and cyclic moieties.'™
Norbornene (NB) and dicyclopentadiene (DCPD) are the most
widely used commercial cyclic monomers, and the binary
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Waymouth et al. reported the copolymerization of ethylene
with norbornene using ansa-cyclopentadienyl-amido group
4 metal complexes and the obtained copolymers with adjusta-
ble NB incorporation (11.7 to 46.3 mol%) possess moderate
glass-transition temperatures (Ty = 34.8 to 127.1 °C)."> Hou
et al. reported the binary copolymerizations of E/NB and E/
DCPD using the half-sandwich scandium complex
[(CsMe,SiMe;)Sc(CH,SiMe;),THF] and the products were
enriched alternating copolymers with T, values up to 126 °C
for the E/NB copolymer (41.2 mol% incorporation) and 125 °C
for the E/DCPD copolymer (45.0 mol% incorporation)."**? The
Ty value of COCs is usually sensitive to the cyclic olefin incor-
poration ratio, which increases with a high cyclic olefin
content;® thus, the E/NB and E/DCPD copolymers show vari-
able Ty, values in a broad range from —28 °C to 220 °C."® The
cycloolefin content in polymers could be more than 50 mol%
through the copolymerization of the cyclic olefin and ethylene
catalyzed by titanium,'®*®*3° zirconium'®'® and palladium
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complexes.'”>' However, the synthesis of cyclic olefin copoly-
mers with high cycloolefin incorporation (>50 mol%) is still
challenging for rare earth metal catalysts due to their strong
Lewis acidity and relatively small ionic radii (particularly scan-
dium, which is widely used in olefin polymerization),'*>>:32:3
although they serve as efficient catalysts for the (co)polymeriz-
ation of a wide range of olefins and dienes.’**” On the other
hand, the controllable terpolymerization of ethylene, norbor-
nene and dicyclopentadiene was less successful because of the
high complexity of terpolymerization and the lack of effective
catalysts, although the binary copolymerizations of E/NB®?®
and E/DCPD**® have been studied extensively. Tritto et al.
reported the polymerization of ethylene with norbornene and
5-norbornene-2-methanol catalysed by [(CsMe,SiMe;)Sc
(CH,SiMe;),THF] and [Ph;C][B(CeF5)s], using Al'Bu; as the
shielding agent for the hydroxyl group, and the T, value of the
resulting copolymer is 105 °C when the cycloolefin content is
42.7 mol%.*® Boggioni et al. reported primary results of the
terpolymerization of E/NB/DCPD catalysed by ansa-metallo-
cenes [Zr{(n’-2,5-Me,CsH,),CHEt}Cl,] and methylaluminoxane
(MAO) and the T, value of the resulting copolymer is 152 °C
when the total cycloolefin content is 57.3 mol%.*°

We have previously reported the binary copolymerizations
of E/NB and E/DCPD using the N-heterocyclic carbene (NHC)
modified fluorenyl scandium complex [Flu-CH,CH,(NHC)Sc
(CH,SiMej3),] and the fused-heterocyclic cyclopentadienyl scan-
dium complex [(2,3,4,5,6-Mes-4H-cyclopenta[b]thiophenyl)Sc
(CH,SiMe;), THF].>>*® The resulting E/NB copolymer shows T,
=117.3 °C when the NB incorporation is 46.3 mol%, while the
T, value of the E/DCPD copolymer increases to 166 °C with a
DCPD incorporation as high as 46.1 mol%. These results
encouraged us to examine whether scandium catalytic systems
were efficient for the terpolymerization of ethylene, norbor-
nene and dicyclopentadiene. Herein, we report our studies on
the E/NB/DCPD terpolymerization using modified cyclopenta-
dienyl scandium complexes. NB and DCPD contents were
readily adjusted via the cyclic olefin concentration in-feed,
which ranged from 17.7% to 42.2% for NB and from 8.8% to
38.6% for DCPD, respectively, to reach the highest total cycloo-
lefin content of 59.8%. We found an interesting phenomenon
that hetero-cycloolefins NB and DCPD mutually promoted the
total cycloolefin insertion with high activities during E/NB/
DCPD terpolymerization using rare earth catalysts. Thus, the
E/NB/DCPD terpolymers show high glass-transition tempera-
tures ranging from 133.4 °C to 162.8 °C. Further transform-
ation of E/NB/DCPD terpolymers can be easily achieved via
sequential epoxidation and hydroxylation reactions, furnishing
the hydroxyl functional terpolymer with a higher T, (202.3 °C).

Experimental
General procedure and materials

All experiments were performed under a dry and oxygen-free
nitrogen atmosphere using standard high-vacuum Schlenk
techniques or in a glove box filled with dinitrogen. All solvents

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

were  purified using an MBRAUN SPS  system.
Dicyclopentadiene and norbornene were stirred with sodium
for 2 days at 50 °C followed by distillation and kept in a glove
box. All chemicals except as mentioned, were purchased from
the Energy Chemical Company in China. Complexes 1 and 2
(as shown in Fig. 1) were prepared according to the reported
methods.*®*%3" 'H, *c, 'H-'H COSY,'H-’C HSQC and
'H-"*C HMBC NMR spectra were recorded on Bruker AV500
and AV400 spectrometers. The molecular weight (M,) and
molecular weight distribution (PDI) were measured using a
TOSOH HLC-8220 GPC at 40 °C using THF as solvent (the flow
rate is 0.35 mL min~") against polystyrene standards for the E/
NB/DCPD terpolymer, and a PL GPC-200 GPC at 150 °C using
1,2,4-trichlorobenzene as solvent (the flow rate is 0.35 mL
min~") against polystyrene standards for the E/NB copolymer.
The glass-transition temperature (Ty) was measured through
differential scanning calorimetry (DSC) analysis, which was
carried out using a METTLER TOPEM DSC instrument under a
nitrogen atmosphere, at a heating rate of 10 °C min™" in a
range of 25 to 200 °C (25 to 250 °C for hydroxylated terpoly-
mer). The FT-IR spectra were recorded using a Bruker Invenio-
R Fourier transform infrared spectrometer. Static water contact
angles on the surfaces of terpolymers were measured using a
contact angle goniometer (KRUSS GMBH, Germany). The
water contact angle values were recorded from 2 pL droplet
depositions, and at least five measurements detected from
different locations were averaged.

Polymerization procedure

Terpolymerization was carried out under atmospheric pressure
in toluene in a 75 mL glass reactor equipped with a mechani-
cal stirrer. The total volume of the solution was 10 mL. The
reactor was charged with the prescribed volume of toluene and
comonomer under a nitrogen atmosphere, and then the ethyl-
ene gas feed was started, followed by the addition of half the
amount of AI'Bu, into the reactor. After equilibration at the
desired terpolymerization temperature for 10 min, the terpoly-
merization was initiated by addition of the toluene solution of
the catalyst systems composed of scandium complexes 1 (or 2),
the residual amount of AI'Bu, and [Ph;C][B(CeFs)4]. After the
desired of period time, the reactor was vented. The resulting
terpolymers were precipitated from hydrochloric acid/ethanol
(2 vol%), filtered, washed three times with ethanol, marinated

Me
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/SC\CH Sitte N/S\C\CHZSiMe3
THF \ T12=TMEs CH,SiMe3
1 CHzSiMes 2

Fig. 1 Structures of modified cyclopentadienyl scandium complexes
used for the copolymerization of ethylene, norbornene and
dicyclopentadiene.
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in trichloromethane for 12 h to remove the unreacted comono-
mer, and then dried in vacuo at 40 °C to a constant weight.

According to Lee® and Leone,>® the assignment of NMR
spectra of ethylene/norbornene/dicyclopentadiene terpolymers
and the cycloolefin incorporation into the copolymers was cal-
culated from the intensities of relative protons using the fol-
lowing equations:

Hp =139 ppm
4Hp + 2HN = I1.75-2.25 ppm

4Hp + 8HN + 4Hg = Io.75 ppm-1.75 ppm

H
DCPDmol% =———2 % 100%
Hp + Hy + Hg
NBmol% =— " % 100%
Hp + Hx + Hg

where, D and DCPD refer to dicyclopentadiene, N and NB refer
to norbornene, I3, ppm is the peak area of the proton at
3.0 ppm, and I 75325 ppm and Iy.75-1.75 ppm Were analogical.

Epoxidation and hydroxylation of terpolymers

Epoxidation and hydroxylation were performed in a 100 mL
flask. 200 mg of the terpolymer was dissolved in 50 mL of
chloroform. The terpolymer was stirred for 30 min, and then
m-chloroperbenzoic acid (0.032 g, 0.18 mmol) and Na,HPO,
(0.13 g, 0.37 mmol) were added. The reaction was stirred for
6 h at room temperature. After epoxidation, NaOH (0.6 g,
15 mmol) in 10 mL of water and 2.0 g of 30% H,0O, solution
were added. The hydroxylation reaction was performed for 8 h
at room temperature, followed by pouring into 100 mL of

View Article Online
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MeOH and then filtering, and drying in vacuo at 40 °C to a con-
stant weight.

Results and discussion

The binary copolymerization of ethylene and norbornene was
first studied using the combination of 1-2/[Ph;C][B(C¢Fs).]/
Al'Bu; (Table 1, entries 1-6). As the amount of NB in-feed was
increased from 10 to 15 and 20 mmol under 1 bar of ethylene
in toluene at 25 °C, the activity of the copolymerization of
ethylene and norbornene catalysed by 1 increased from 1.22 x
10° to 1.88 x 10° and 2.16 x 10° g molg.™* h™" bar™, and the
NB incorporation into E/NB copolymers increased from 31.6 to
36.2 and 41.5 mol% (Table 1, entries 1-3). The number aver-
aged molecular weight (M,,) ranged from 3.7 x 10" to 4.9 x 10"
Da with narrow polymer dispersity index (PDI = 1.9). Glass-
transition temperature (T;) of the E/NB copolymer was related
to NB content and ranged from 107.3 to 127.4 °C. When
switching to complex 2, NB insertion into resultant E/NB copo-
lymers was higher than that of copolymers produced by
complex 1 under the same conditions, and ranged from 35.3
to 43.3 mol% (entries 4-6). T, of the E/NB copolymer formed
by 2 slightly increased to 112.2-129.1 °C because of higher NB
incorporation. Similar results for the T, of and NB incorpor-
ation into E/NB copolymers have been observed in the scan-
dium-catalysed  copolymerization = of  ethylene  and
norbornene.'*?®

Then, the terpolymerization of ethylene, norbornene and
dicyclopentadiene was examined using catalyst systems of 1-2/
[Ph;C][B(CeF5)s)/Al'Bu; under mild conditions and the repre-
sentative results are summarized in Table 1, entries 7-17.

Table 1 Binary copolymerization of ethylene/norbornene, and terpolymerization of ethylene/norbornene/dicyclopentadiene catalyzed by com-

plexes 1 and 2°

NB DCPD Activity s’ DCPD JnB+DCPD M, € ng
Entry Sc (mmol) (mmol) (10° g molg,* h™* bar™) (mol%) (mol%) (mol%) (10" g mol™) PDI* (°C)
1 1 10 0 1.22 31.6 0 31.6 3.7 1.9 107.3
2 1 15 0 1.88 36.2 0 36.2 4.4 1.9 115.9
3 1 20 0 2.16 41.5 0 41.5 4.9 1.9 127.4
4 2 10 0 1.51 35.3 0 35.3 7.8 1.3 112.2
5 2 15 0 1.86 38.8 0 38.8 8.1 1.4 122.7
6 2 20 0 2.18 43.3 0 43.3 8.9 1.4 129.1
7 1 10 10 1.45 29.4 20.6 50.0 6.4 2.0 140.7
8 2 10 10 1.30 25.5 22.9 48.4 5.0 2.3 143.9
9 1 20 20 1.54 33.2 20.4 53.6 5.2 2.3 149.4
10 2 20 20 1.76 321 18.5 50.6 4.9 1.8 148.4
11 1 5 15 1.32 18.4 30.4 48.8 10.8 1.9 149.0
12 1 5 20 1.41 17.8 31.2 49.0 13.6 1.9 151.2
13 1 15 5 1.35 37.9 9.5 47.4 7.2 1.7 137.4
14 2 5 15 1.71 17.7 31.8 49.5 5.7 2.0 149.6
15 2 5 20 1.86 20.1 34.3 54.4 6.8 1.8 154.7
16 2 15 5 1.27 42.2 8.8 51.0 5.5 1.7 133.4
17 1 5 40 1.46 21.2 38.6 59.8 9.0 1.9 162.8

“ General conditions: scandium complex, 10 umol; [Sc]: [Ph,C][B(C¢Fs)4]: [AlBus] = 1:1:5 (mole ratio); toluene, 10 mL; ¢ = 10 min; T = 25 °C;
ethylene 1 bar. ® Determined by 'H NMR for the E/NB/DCPD terpolymer, and '*C NMR for the E/NB copolymer. ° Determined by GPC in tetra-
hydrofuran at 40 °C against polystyrene standard for the E/NB/DCPD terpolymer, and in 1,2,4-trichlorobenzene at 150 °C against polystyrene stan-

dard for the E/NB copolymer. ¢ Determined by DSC.
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When the E/NB/DCPD terpolymerization was carried out at the
same cycloolefin in-feed amount (10 mmol) for either NB or
DCPD under 1 bar of ethylene pressure in toluene at 25 °C cat-
alysed by catalyst system 1/[Ph;C][B(C4Fs)sJ/Al'Bus, the activity
of the terpolymerization was up to 1.45 x 10° g molg.™* h™*
bar™'. The NB content in the resultant terpolymer was 29.4%,
which is higher than that of DCPD (20.6%), indicating that the
polymerization rate of NB is faster than that of DCPD (entry 7,
Table 1). The number averaged molecular weight (M,) of the
terpolymer was 6.4 x 10* Da with a narrow polymer dispersity
index (PDI = 2.0). It was noted that its T, value (140.7 °C) is
higher than those of both copolymers of E/NB (T, 110 °C and
NB incorporation 43.6%) and E/DCPD (T, 125 °C, DCPD
45.0%) produced by [(CsMe,SiMe;)Sc(CH,SiMe;), THF],'*3?
but it is lower than that of the E/DCPD copolymer (166 °C,
DCPD incorporation 46.1%) synthesized by the same complex
1.%¢ These results illustrated that the terpolymer generated by
complex 1 maybe possessed certain stereoselectivity for cycloo-
lefin and then showed higher T, compared with those of
samples synthesized by [(CsMe,SiMe;)Sc(CH,SiMe;),THF] at
closed cycloolefin content (43.6% to 46.1%) in polymers.'*3®
Under similar conditions (amount of NB and DCPD was
10 mmol), using the pyridyl-modified cyclopentadienyl scan-
dium complex 2 instead, the formed terpolymers still have
higher NB content than DCPD (25.5% vs. 22.9%), which
suggested that NB was also a favourite monomer for complex 2
compared to DCPD during the terpolymerization (entry 8),
although the difference of cycloolefin insertions was not very
obvious as compared to that in the terpolymer isolated from
catalytic system 1 (NB 25.5% and DCPD 22.9% vs. NB 29.4%
and DCPD 20.6%) due to the diverse structures of catalysts
(entries 7 and 8). Four methyls on the cyclopentadienyl ring of
1 provided less space for monomer coordination, resulting in
the large difference between NB insertion and DCPD insertion
into the terpolymer, because DCPD is bulkier than NB. The M,
of the terpolymer yielded by 2 was lower compared with that
from 1 (5.0 x 10* vs. 6.4 x 10* Da) under the same conditions.
For either 1 or 2, the NB polymerization rate was faster than
that of DCPD. By increasing the amount of NB and DCPD in-
feed to 20 mmol, the NB incorporation was raised to 33.2%
while the DCPD content (20.4%) was almost unchanged when
catalysed by complex 1 (entry 9). The M, of the terpolymer
slightly decreased to 5.2 x 10* Da and the PDI almost did not
change. As the total content of NB and DCPD increased to
53.6% in the terpolymer, the T, value increased to 149.4 °C,
correspondingly. The NB incorporation into the terpolymer
increased to 32.1% while the DCPD content slightly decreased
to 18.5% when the NB and DCPD in-feed amount was
20 mmol using complex 2 as the catalyst (entry 10). The plaus-
ible reason was that more NB insertions hindered bulky DCPD
insertions at high NB concentrations (entries 7-10). The cata-
lytic activities and the total incorporations of cycloolefin some-
what increased with increasing monomer concentration.
When the terpolymerization was carried out at different
monomer in-feed amounts, with an NB:DCPD feed-ratio of
1:3 (5 mmol:15 mmol), DCPD insertion (30.4%) was much
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higher than that of NB (18.4%) produced from complex 1
(entry 11). It is noteworthy that a significant increase was
detected for DCPD incorporation into the resultant product
and that the M, increased to 10.8 x 10 Da (entry 11).
Continuing to increase the DCPD/NB in-feed ratio to 4:1
(20 mmol:5 mmol) caused just a slight increase in DCPD
incorporations (31.2% vs. 30.4%, entries 11 and 12) and a
slight decline in NB content (17.8% vs. 18.4%). Switching the
NB/DCPD feed ratio to 3:1 (15 mmol: 5 mmol), the NB
content in the terpolymer (37.9%) was much higher than that
of DCPD (9.5%) (entry 13). This was consistent with the
observed phenomenon that NB showed faster polymerization
rate than DCPD using either catalyst 1 or 2. However, the T,
value decreased to 137.4 °C (NB 37.9%, DCPD 9.5%, entry 13),
which was lower than that of the terpolymer (T, 151.2 °C, NB
17.8%, DCPD 31.2%, entry 12) although they had similar total
content of cycloolefin (49.0% in entry 12, 47.4% in entry 13),
which illustrated that the contribution of DCPD in terpolymers
towards the T, value is larger than that of NB. Compared with
fused-heterocyclic cyclopentadienyl scandium complex 1, the
pyridyl-modified cyclopentadienyl scandium complex 2
showed similar results with respect to NB and DCPD contents
and T, values (entries 11, 13, 14, 16) when the NB/DCPD in-
feed ratio was 1:3 (5 mmol: 15 mmol) and 3:1 (15 mmol:5
mmol). The total cycloolefin content (NB + DCPD) was around
50%. To our surprise, the total cycloolefin content (NB +
DCPD) of terpolymers was 54.4% (20.1% for NB and 34.3% for
DCPD) at high DCPD/NB in-feed ratio 4:1 (20 mmol:5 mmol)
when catalysed by complex 2, indicating the presence of con-
tinuous cycloolefin units (the structural analysis is discussed
below), and the T, value was 154.7 °C (entry 15). This was in
sharp contrast to binary copolymerization of E/NB and E/
DCPD catalysed by scandium complexes [(CsMe,SiMe;)Sc
(CH,SiMe;),THF],  [Flu-CH,CH,(NHC)Sc(CH,SiMes),] and
complex 1, in which the cycloolefin unit (either NB or DCPD)
was isolated in polymer chains with the absence of continuous
cycloolefin units, and cyclic olefin content was lower than
50%.'3>3%:3% The total cycloolefin incorporation for the terpo-
lymer reached 59.8% (21.2% for NB and 38.6% for DCPD) and
T, increased to 162.8 °C when increasing the DCPD/NB in-feed
ratio to 8:1 (40 mmol: 5 mmol) (entry 17), indicating that two
kinds of cyclic olefins (NB and DCPD) promoted insertion for
each other during E/NB/DCPD terpolymerization. All terpoly-
merization activity reached 10° g molg.™* h™ bar™" and the
PDI was around 2.0 (entries 7-17).

The terpolymers showed good solubility in THF and CHCI;
at room temperature. The "*C spectra of terpolymers with
various cycloolefin contents of 48.4% (entry 8, NB 25.5%,
DCPD 22.9%), 54.4% (entry 15, NB 20.1%, DCPD 34.3%) and
59.8% (entry 17, NB 21.2%, DCPD 38.6%) are shown in Fig. 2.
The structure of the terpolymer (entry 15) is discussed in
detail below. For DCPD units in this terpolymer (entry 15), two
singlets appearing at 130.8 and 132.8 ppm belong to C1 and
C2 of the CH—=CH moiety of the DCPD unit in the *C NMR
spectrum (Fig. 2) while the corresponding protons are at
around 5.5-5.7 ppm in the "H NMR spectrum (Fig. S537),
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Fig.2 C NMR spectra of ethylene/norbornene/dicyclopentadiene
terpolymers in CDCls at 25 °C (Table 1, entries 8, 15 and 17).

respectively, revealing that the terpolymer contains unreacted
cyclopentene units arising from DCPD.*® The signals appear-
ing at 53.3 (C9), 45.8 (C6), 44.0 (C7), 42.5 (C4), 40.4 (C8), 37.3
(C5), 36.1 (C10) and 32.5 (C3) in the 'C spectrum were
assigned to the isolated DCPD units ~-EE(DCPD)EE-, while the
signals at 46.5 (C6), 45.1 (C7), 41.5 (C8) and 38.2 (C5) ppm are
characteristic of -E(DCPD)E(DCPD)E- alternating sequences
according to an earlier study.*> Continuous DCPD units -
(DCPD)(DCPD)- were not observed based on the *C NMR
spectrum compared with reported results.*>>® E/DCPD alter-
nating units ~E(DCPD)E(DCPD)E- were dominant at the initial
period of polymerization, and DCPD isolated parts ~-EE(DCPD)
EE- began to form with the consumption of DCPD. For NB
units (entry 15 in Fig. 2), the peaks in the region of
46.6-47.4 ppm are assigned to C12 and C13 on isolated NB
units ~-EE(NB)EE- and E/NB alternating sequences —E(NB)E
(NB)E-, and these were comparable with E/NB binary copoly-
mers produced by [(CsMe,SiMe;)Sc(CH,SiMe;),THF] and [Flu-
CH,CH,(NHC)Sc(CH,SiMe;),].">"** The peaks in the region of
40.8-41.6 ppm are ascribed to C11 and C14 on isolated NB
units -EE(NB)EE- and alternating sequences —E(NB)E(NB)E-.
Additionally, the broad peak at around 30.1 ppm is attributed
to C15, C16 and successive ethylene segments.'’ The peaks at
30.5 ppm and in the region of 28.4-29.6 ppm are assigned to
the carbons derived from the alternating E/NB units -E(NB)
E(NB)E- and the alternating E/DCPD units —-E(DCPD)E(DCPD)
E-.""?? The signal of carbon C17 was a singlet and not split
indicating the absence of continuous NB units.">***® Based
on the above NMR spectroscopy analysis, it can be concluded
that the obtained terpolymers predominantly consist of alter-
nating -E(NB)E(NB)E- and -E(DCPD)E(DCPD)E-
segments.>”?” Furthermore, it is found that the signals belong-
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ing to C8, C11 and C14 for these three samples at around
39.5-42.0 ppm in their "*C NMR spectra were different (Fig. 2),
indicating that the obvious connection unit for a continuous
hetero-cycloolefin is —-E(NB)(DCPD)E- (for detailed analysis,
see below). The plausible reason was that the catalysts pos-
sessed stereoselectivity to a certain extent for bulky monomers
NB and DCPD, and favoured E or hetero-cyclic olefin insertion
kinetically or thermodynamically after one-cycloolefin inser-
tion into the Sc-carbon bond.

The total cycloolefin content (NB% + DCPD%) of selected
terpolymers was more than 50% (53.6% for entry 9, 54.4% for
entry 15, 59.8% for entry 17), which indicated the existence of
continuous connection segments of cycloolefins. This infor-
mation was in sharp contrast to the results for E/NB and E/
DCPD binary copolymers from various scandium complexes,
whose cyclic olefin incorporation was less than 50%.'32>323¢
For instance, the reported highest NB content of E/NB copoly-
mers  was 48.1%  yielded by [(CsMe,SiMe;)Sc
(CH,SiMe;), THF]"® and 46.3% from an N-heterocyclic carbene-
modified fluorenyl scandium complex,>® while the highest
DCPD content of E/DCPD copolymers was 46.1% from fused-
heterocyclic cyclopentadienyl scandium complex 1.3® To
further confirm the structure of terpolymers, we selected the
sample in entry 15 (NB 20.1%, DCPD 34.3%) for further ana-
lysis using "H-'"H COSY (Fig. S541), "H-"*C HSQC (Fig. S55%)
and "H-"*C HMBC (Fig. 3 and S567) NMR spectroscopy.

In the '"H-"*C HMBC spectrum, a correlation between the
C11/C14 carbons on NB with H5, H6, H7 and H8 on DCPD is
shown to exist (Fig. 3), which suggests the presence of a struc-
ture having continuous -E(NB)(DCPD)E- units according to
the analysis of E/NB and E/DCPD copolymers in the
literature.'*3>

All the terpolymer products are amorphous without the
observation of melting temperature (Tp,,). The T, values of the

Cl11/C14

242322212019 18 1.7 16 1514 13 12 1.1 1.0 09 0.8 0.7
(ppm)

Fig. 3 The *H-3C HMBC NMR spectrum of an ethylene/norbornene/
dicyclopentadiene terpolymer in CDCls at 25 °C (Table 1, entry 15).
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terpolymers depended on the content of either DCPD or NB,
which could be controlled by the change of DCPD and NB
monomer concentrations. The T, value increased with increas-
ing the content of total cycloolefin, and DCPD played more
important roles in the increase of T,. For instance, the T, value
of terpolymers with greater DCPD content (T, 149.0 °C, NB
18.4%, DCPD 30.4%, entry 11) was higher than that of terpoly-
mers with greater NB content (T 143.9 °C, NB 25.5% DCPD
22.9%, entry 8) at similar total NB + DCPD incorporations. The
highest T, of 162.8 °C was observed for the sample with
38.6 mol% DCPD content and 21.2 mol% NB content (entry
17). All of the GPC curves are unimodal with relatively narrow
molecular weight distributions (PDI = 1.7-2.3) and consistent
with the predominance of a single homogeneous catalytic
species during copolymerization when compared with
reported results.>*®

The obtained E/NB/DCPD terpolymers contained pendant
reactive C=C double bonds, which can be readily transformed
into various functional groups. For example, the epoxidation
of the terpolymers can be easily achieved using m-chloroper-
benzoic acid and Na,HPO,. 'H NMR analyses indicated that
the complete epoxidation of the olefinic groups was achieved
based on the fact that the disappearing signals belonged to
CH=CH in the "H NMR spectrum (as shown in Fig. S577).
Hydroxylation of the resulting products could be further
achieved using NaOH and H,0,. FT-IR and '"H NMR spectra
further demonstrated that the hydroxylated terpolymers were
successfully obtained (as shown in Fig. S58 and S$59%).*%
Hydroxylated terpolymers have higher glass transition temp-
eratures up to 202.3 °C (as shown in Fig. S60%), and their
water-contact angle drastically decreased from 84.1° to 33.4°
(for entry 17) as shown in Fig. S61, which may further expand
the application of these materials.

Conclusions

The terpolymerization of ethylene, norbornene and dicyclo-
pentadiene has been achieved using catalyst systems com-
posed of fused-heterocyclic and pyridyl-modified cyclopenta-
dienyl scandium complexes (1 and 2), [Ph;C][B(C¢F5),] and
Al'Bu;. The terpolymerization led to the formation of ethylene/
norbornene/dicyclopentadiene terpolymers with high total
cycloolefin content (>50 mol%), which has not been observed
in the binary copolymerization of E/NB and E/DCPD catalysed
by various rare earth metal complexes. The existence of -E(NB)
(DCPD)E- segments was proved by 'H, *C and "H-'*C HMBC
NMR spectroscopy. Hetero-cycloolefins (NB and DCPD) could
promote insertion for each other and afford total cycloolefin
content of more than 50%. The incorporation of norbornene
and dicyclopentadiene was adjustable via the amount of
cycloolefin in-feed. Dicyclopentadiene content provided a large
contribution to the T, value of terpolymers compared with the
content of norbornene. Further transformation of the C=C
double bond in the terpolymer to the hydroxyl group was
achieved via sequential epoxidation and hydroxylation reac-

This journal is © The Royal Society of Chemistry 2023
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tions to further increase the T, value to 202.3 °C from
162.8 °C, and decrease the water-contact angle from 84.1° to
33.4°. We expect that our findings will guide the design and
synthesis of various cyclic olefin copolymers.
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