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ABSTRACT: The effects of copolymer composition,
copolymer composition distribution, and polar a-olefin
incorporation on transparency, refractive index, and hydro-
philicity of resultant ethylene-norbornene copolymer films
were investigated. It has been found that the transparency is
mainly determined by the copolymer composition distribu-
tion. The samples having uniform compositions gave better
transparency. However, the copolymer composition distribu-
tion had little effect on refractive index. The refractive index

increased linearly with increasing norbornene content. Fur-
thermore, the incorporation of polar a-olefin with long car-
bon chain improved refractive index and hydrophilicity of
the films. © 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 121: 707~
710, 2011
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INTRODUCTION

Cyclic olefin copolymers (COCs) are a promising
type of optical materials for their excellent perform-
ance in applications. The effects of copolymer com-
position, sequence distribution, and molecular
weight on thermal properties of COC have been
studied by many groups in the past decade.'™"”
However, there are few reports on the relationships
between chain microstructure and optical/surface
properties. Ou and Hsu'® prepared COC/SiO, nano-
composites containing 1, 5, 10, and 15 wt % SiO,
nanoparticles through solution blending and studied
addition of SiO; on light transparency of composites.
The results showed that the light transparency of
composites was as high as 85% even though the
SiO, content was up to 10 wt %. Shiono et al.'
investigated the copolymerization of norbornene
with higher 1-alkene (1-decene, 1-octene, and 1-hex-
ene) and found transparency of the copolymer
increased with increasing length of 1-alkene. Ban
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et al*® reported that introducing styrene into ethyl-

ene-norbornene copolymer could reduce birefringent
magnitude of the COC. The birefringence of COC
was even close to zero when the styrene content was
controlled at an optimum value. The transparency of
obtained terpolymer films was also as high as that
of PMMA or PC.

In this work, the effects of copolymer composition,
copolymer composition distribution (CCD), molecu-
lar weight, and polar a-olefin (P) incorporation on the
optical and surface properties of ethylene(E)-norbor-
nene(NB) copolymer were studied. We characterized
the transparency, refractive indexes, and contact
angles of COCs and discussed the relationships
between chain microstructure and these properties.

EXPERIMENTAL
Materials

The preparation of the E-NB copolymer and E-NB-P
terpolymer samples used in this work had been
reported in literature.”’* The composition, molecu-
lar weight, and PDI data were cited from the sources.

Measurement of the light transparency

The samples were dissolved in toluene with 1 wt %
concentration and then poured into a glass mold to
volatilize the solvent under atmospheric temperature
and pressure. After the film was formed, it was
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Figure 1 UV-VIS spectra of the E-NB copolymers pre-
pared by batch process and semibatch process. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

dried at 80°C under vacuum for 8 h. The light trans-
parency of the film was measured using UV-VIS
spectrometer (Varian Cary-100) with wavelengths
ranging from 200 to 800 nm.

Measurement of the refractive index

The film was prepared by spin coating 1 wt % poly-
mer solution in toluene onto silicon wafer and dried
at 80°C under vacuum for 8 h. The refractive indexes
were determined by an ellipsometer (J.A.Woollam
M-2000).

Measurement of the contact angle

Polymer films used for measuring contact angles
were prepared in following method: pressing poly-
mer powders to films with the molding test press
(GT 7014-A50C) under 180°C and 150 bar. After

TABLE I
Effects of Copolymer Composition and Its Distribution
on the Transparency and Refractive Index of E-NB

Copolymers
NB content in
copolymer Polymerization = Transparency (%)
Entry (mol %) process (at 550 nm)
51 18.3 Semibatch 91.1
B-1 20.4 Batch 76.1
S-2 34.7 Semibatch 91.4
B-2 34.1 Batch 87.9
S-3 441 Semibatch 914
B-3 43.6 Batch 88.4
S-4 52.8 Semibatch 90.9
B-4 53.3 Batch 84.7
S-5 59.1 Semibatch 87.6
B-5 59.8 Batch 86.9
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Figure 2 Effect of NB content drift on the transparency
of E-NB copolymers. (T — T": The transparency difference
between uniform composition copolymer and broad com-
position distribution copolymer with the same average NB
content; NBax: NB content of copolymer fraction with in-
stantaneous maximum NB composition drift based on the
model calculation®®; NB,,: NB content of copolymer frac-
tion with instantaneous minimum NB composition drift
based on the model calculation®). [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

dried 8 h at 80°C under vacuum, the contact angle
measurement (water, 298 K) was carried out using
the video-based optical contact angle measuring
instrument (OCA 20, Dataphysics), and the average
of five tests was used.

RESULTS AND DISCUSSION

To study the effects of copolymer composition and its
distribution (CCD) on optical properties of E-NB
copolymers, the transparency and refractive index of
E-NB copolymers with five different NB contents (20,
35, 45, 55, and 60 mol %) were compared. These
copolymers were obtained from our previous work.*>
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Figure 3 The relationship of NB content and refractive
index of E-NB copolymers.

There were two kinds of the samples for each compo-
sition: one with uniform composition prepared by
semibatch process and the other with broad CCD pre-
pared by batch process. In the batch process, all NB
was added to the reactor before polymerization. In
the semibatch process, a part of NB was charged
before polymerization and the additional NB was
continuously added during polymerization based on
the designed NB feeding profile using a peristaltic
pump. The UV-VIS spectra of these samples were
shown in Figure 1. In the visible light region (400-800
nm), the light transmittance increased with the wave-
length. We used the value at 550 nm to denote the
transparency of the film. The results were summar-
ized in Table I. It could be seen that CCD has signifi-
cant effects on the transparency. For the same NB
content, the transparency of the semibatch sample
with uniform composition was better than that of the
batch sample with broad CCD. This was also clearly
seen from Figure 2. In this Figure, T — T' meant the
transparency difference between uniform composi-
tion copolymer and broad CCD copolymer having
the same average NB content. The instantaneous NB
content drifts were estimated by the model calcula-
tion combined with the thermal properties.”® Their
values denoted the breadth of CCD. The larger this
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value is, the broader the CCD is. It could be seen that
the transparency decreased with increasing CCD,
especially when a significant level of crystallinity was
present (Entry B-1, its crystallinity 3.9%). For the
uniform samples, the transparency data of the
copolymers having different NB contents were simi-
lar, as high as ~ 91%. Therefore, CCD should be the
main factor to determine the uniformity of the E-NB
copolymer films.

For E-NB copolymers, it had been reported that
the refractive index increases with the NB content.”
In this work, we examined the effect of CCD on the
reflective index and aimed at establishing their
quantitative relationship. All the refractive indexes
were measured three times, and their average values
were used. With an increase in the NB content, the
refractive index of the uniform E-NB copolymer line-
arly increased between those of PE and PNB (see
Fig. 3). It was also evident that the broad CCD sam-
ples agreed with the same trend as the narrow CCD
samples. This finding suggested that the CCD has
little effect on the refractive index of the E-NB
copolymers.

Moreover, we tried to introduce polar a-olefin to
the E-NB copolymer to improve their refractive
index, as an alternative to increasing the NB content.
Effect of the polar a-olefin incorporation on the opti-
cal properties of E-NB copolymer could be seen
from Table II. The used polar o-olefin was 3-buten-
1-ol, 5-hexen-1-ol, and 10-undecen-1-ol, respectively.
Both NB and polar o-olefin contents were similar in
the three terpolymers. However, the films of Entry
T-1 and T-2 were too brittle to be removed from
glass mould possibly because of their low molecular
weight and low polar a-olefin content. Further stud-
ies demonstrated that films with polar a-olefin con-
tent higher than 4 mol % could not be removed due
to high adhesion. When the polar a-olefin content
was moderate (Entry T-2), the film was successfully
removed from the mould and its transparence was
thus obtained. Compared to the E-NB copolymers
with similar NB contents (Entry C-1, C-2, and C-3 in
Table 1I), the incorporation of polar a-olefin
appeared to have little effect on the transparency.

TABLE II
Optical Property and Contact Angle of E-NB Copolymers and E-NB-P Terpolymers with Similar NB Content

NB content OH content Transparency Refractive Contact

Entry Polymer® (mol %) (mol %) M, x 107* (%) (at 550 nm) index angle (°)
C-1 E-NB Copolymer 48.6 0 5.99 89.3 1.5392 99.4
C-2 E-NB Copolymer 47.6 0 11.57 88.6 1.5338 99.1
C-3 E-NB Copolymer 487 0 14.26 89.7 1.5446 99.0
T-1 E-NB-B Terpolymer 52.7 1.8 4.32 - 1.5381 93.6
T-2 E-NB-H Terpolymer 52.2 2.6 15.30/0.97 89.2 1.5349 94.3
T-3 E-NB-U Terpolymer 53.4 1.8 0.74 - 1.6025 94.7

# NB, norbornene; E, ethylene; B, 3-buten-1-ol; H, 5-hexen-1-ol; U, 10-undecen-1-ol.
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When the polar a-olefin with low carbon numbers
(3-buten-1-ol or 5-hexen-1-ol) was incorporated, the
refractive indexes of the terpolymers were close to
those of the E-NB copolymers having the similar NB
contents. However, the introduction of higher polar
o-olefin (10-undecen-1-ol) resulted in higher refrac-
tive index.

An additional advantage of the polar a-olefin
incorporation is to improve the adhesion of polymer
materials. The contact angle of the E-NB-P terpoly-
mer should be lower than that of the E-NB copoly-
mer. As shown in Table II, the contact angles of the
terpolymer films with 1.8-2.6 mol % OH group were
about 5° lower than those of the copolymer films
with similar NB contents.

CONCLUSIONS

In this work, we demonstrated that the films of uni-
form ethylene-norbornene copolymers had better
transparency than that of samples with broad copol-
ymer composition distributions. The transparency
reached as high as ~ 91%. Broad copolymer compo-
sition distribution showed little effect on the refrac-
tive index. The refractive index increased with an
increase in the norbornene content. The incorpora-
tion of polar a-olefin with long carbon chain could
also increase the refractive index.
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