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The aggregation structure and formation mechanism during film casting using toluene of vinyl-addition poly
(norbornene-co-hexylnorbornene)s (P(NB/HNB)s) synthesized using Ni and Pd catalyst were systematically
investigated by wide- and small-angle X-ray scattering and gel permeation chromatography-right-angle laser
light scattering-viscometry techniques. The correlation of these data with the glass-transition temperature (Tg)
was discussed. The single-chain conformation of P(NB/HNB)s was a flexible, stretched structure with respect to
the Gaussian chain in a good solvent, as characterized by an exponent of the Mark-Houwink-Sakurada equation,
and P(NB/HNB)s formed thin-rod aggregates with a length of 30 nm in semi-concentrated toluene solution via
interchain stacking of the rod-like chains. P(NB/HNB) films cast from toluene solution exhibit interchain
ordering structures with distances between 0.9 and 1.7 nm depending on the NB/HNB ratio. These findings show
that the interchain ordering is driven by the stacking of the rod-like chains, which resulted in the highly ordered
interchain structure in the film. The T, of the Pd-catalyzed polymer films were 20 °C higher than that of the Ni-
catalyzed polymer films depending on the interchain structure. There is a strong correlation between interchain
ordering structure and Tg, which shows that the Ty of P(NB/HNB)s is primarily influenced by the van der Waals
interaction between main chains.

1. Introduction

Norbornene can be converted into a thermoplastic amorphous
polymer by ring-opening metathesis, vinyl-addition, cationic, and
radical polymerization [1-7] In particular, vinyl-addition poly(norbor-
nene) (PNB) shows high glass-transition temperature (Tg), low dielectric
properties, high chemical resistance, and low water absorption, making
them suitable for electronic applications [7-9]. However, PNB, having
no side chain, is unsuitable for practical use because of its poor pro-
cessability and mechanical brittleness [10]. As a result, various
substituted PNB derivatives have been actively studied to improve the
processability of film formation and the mechanical strength of films.
Researchers at BFGoodrich demonstrated that incorporation of
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alkyl-2-norbornenes can help improve processability and can control the
T, by the length of the alkyl chains [11]. Kim et al. demonstrated that the
T; and mechanical properties of poly(norbornene-co-5--
n-alkyl-2-norbornene) films can be tuned by controlling the amount of
NB and the length of the n-alkyl chains [12]. The BFGoodrich re-
searchers pointed out the need to lower Ty of the vinyl-addition PNB
below its decomposition temperature in order to promote melt pro-
cessing of this polymer. Wang et al. demonstrated that by introducing
alkyl, aryl, and aryl ether groups to PNB, the temperature difference
between Ty and the decomposition temperature can be increased by
more than 100 °C [13]. As expected, these improvements in T, were due
to controlling the van der Waals interaction between PNB main chains,
which was strongly correlated with interchain ordering and distance. To
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verify this conjecture, Ludovice and co-workers developed a rotational
isomeric state model that includes long-range steric interactions and
predicted that PNB adopts a unique helix-kink conformation [14-17].
This is one of the most important clues for elucidating the structural
formation mechanism of interchain ordering, but no experimental
studies have been performed to elucidate the formation mechanism and
characterize the structure-thermal property relationship. In addition,
the NMR pattern for the PNB without side chain reported to be different
for Ni- and Pd-catalyzed P(NB/HNB)s [18,19], but the structural form-
ing mechanism remain unexplored. These pioneering results for catalyst
type should also be considered to elucidate interchain structure and
mechanism of the substituted PNB derivatives in detail.

In this study, to characterize the structure-thermal property rela-
tionship of vinyl-addition PNB derivatives, aggregation structure and
formation mechanism during film casting using toluene of poly(nor-
bornene-co-hexylnorbornene)s (P(NB/HNB)s) with different NB/HNB
ratios were investigated by wide- and small-angle X-ray scattering
(WAXS and SAXS, respectively) and gel permeation chromatography
(GPC)-right-angle laser light scattering (RALLS)-viscometry techniques.
Here, two types of P(NB/HNB) synthesized using Ni and Pd catalyst were
studied to be able to compare the differences in structure derived from
the catalyst type. The correlation between aggregation structure and Ty
of the cast films was systematically discussed.

2. Experimental
2.1. Materials

The Ni- and Pd-catalyzed vinyl-addition P(NB/HNB)s having NB/
HNB ratios of 0/100, 50/50, and 80/20 (mol/mol) were provided by
Promerus LLC (OH, USA) (Fig. 1). Vinyl addition P(NB/HNB)s were
synthesized using a nickel and a palladium catalyst [18,20].
Ni-catalyzed vinyl addition P(NB/HNB)s were synthesized under an
inert atmosphere in cyclohexane and ethyl acetate at 25-35 °C with a
catalyst loading of 150-350:1 (mol monomer: mol catalyst). Monomer
to solvent ratio ranged from 1:10 to 1:4. After 2 h, conversion was
typically greater than 99%. Pd-catalyzed vinyl addition P(NB/HNB)s
were synthesized under an inert atmosphere in toluene at 80 °C with
catalyst loading of 25,000:1 (mol monomer: mol catalyst), co-catalyst
loading of 2:1 (mol co-catalyst: mol catalyst), and 0.75 mol% chain
transfer agent. Catalyst and co-catalyst delivery solvent was ethyl ace-
tate. Monomer to solvent ratio was 1:4. After 2 h, conversion was
typically greater than 99%. Their weight-average molecular weights
(M) and polydispersity indices (PDI) are listed in Table 1, which were
determined by GPC with polystyrene standards. GPC data were obtained
by using a Tosoh EcoSEC HLC-8320GPC with a refractive index detector.
The data were collected at 40 °C by using one PLgel 5 pm guard and two
PLgel 5 pm Mixed-C columns with stabilized THF as the solvent. Poly-
styrene standards of known molecular weight were run by using the
same conditions and column set to create a calibration curve. P
(NB/HNB) films with a thickness of 0.1 mm were prepared by casting an
18 wt% P(NB/HNB) solution in toluene onto a polyethylene tere-
phthalate substrate, followed by drying in a vacuum oven at 150 °C for

n CeH1s/ o,

Fig. 1. Chemical structure of P(NB/HNB)s. n, and m show the repeat unit ratio
of norbornene and hexylnorbornene, respectively.
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Table 1
Weight-average molecular weight and polydispersity index.
Ni Pd
NB/HNB (mol/mol) M,, (g/mol) PDI M,, (g/mol) PDI
0/100 147,000 1.98 177,000 3.16
50/50 191,000 2.41 168,000 3.91
80/20 171,000 3.16 146,000 4.01

24 h.
2.2. WAXS and SAXS

WAXS and SAXS measurements were performed at the second hutch
of the SPring-8 BLO3XU beamline (Sayo, Hyogo, Japan) using a Pilatus
1M detector (DECTRIS Inc., Switzerland) [21,22]. WAXS measurements
of the P(NB/HNB) films were performed over a g range of 2-20 nm ™ at
a sample-to-detector distance (SDD) of 0.3 m and an incident X-ray
wavelength (1) of 0.10 nm. Here, q represents the magnitude of the
scattering vector given by q = (4n/4) sin (26/2), where 26 denotes the
scattering angle. SAXS measurements of 3 wt% P(NB/HNB) solutions in
toluene were performed over a g range of 0.05-7 nm™! at three SDDs of
4.3, 1.7, and 0.6 m and with a 4 of 0.10 nm using a 2-mm solution cell
sealed with two 0.03 mm-thick glass plates. All measurements were
performed at room temperature.

2.3. GPC-RALLS-viscometry

GPC analyses for the evaluation of intrinsic viscosity ([#]) in THF as a
function of absolute molecular weight (M) were performed on an AT-
2002 system (Asahi Techneion Co., Ltd., Japan) equipped with three
poly(styrene-co-divinylbenzene) gel columns TSKgel G100Hgg,
G2500HyR, and G4000Hygr (Tosoh Corporation, Japan) and a triple
detector array Viscotek TDA 302 (Malvern Panalytical Ltd., U.K.). The
absolute molecular weight and intrinsic viscosity were measured by a
RALLS detector with a laser light wavelength of 670 nm and a four-
capillary differential viscometer, respectively. THF at 40 °C was used
as the eluent, and the polymer concentration of the injection solution
was 0.2 wt%. Mark-Houwink-Sakurada (MHS) analysis was conducted
at a nearly theta condition for the investigated PNBs [23,24].

2.4. DMA

A dynamic mechanical analysis (DMA) was performed on a dynamic
mechanical analyzer (DMA Q800) (TA Instruments Inc., TX, USA) to
determine the thermal properties of the P(NB/HNB) films. The length
and width of the specimen were 35 and 8 mm, respectively, and the
thickness of the rectangular film was 0.10 mm. The DMA measurement
was performed from 25 °C to 320 °C at a ramp rate of 5 °C/min under a
nitrogen atmosphere in a multi-frequency-strain temperature ramp
mode with 1 Hz frequency, 0.1% strain, and 0.001 N preload force.

3. Results and discussion

WAXS profiles of the P(NB/HNB) films are shown in Fig. 2. All WAXS
profiles show two primary peaks corresponding to interchain ordering at
a lower q region from 2 to 10 nm~! and amorphous structure at a higher
q region from 10 to 20 nm ™}, as reported in previous studies [12,25,26].
The peak at a higher g region corresponds to a short-range carbon-
—carbon correlation in the amorphous polymer structure, and the peak
top q value (g2) of 13.4 nm ™! shows the correlation distance in real space
(d-spacing) was 0.47 nm, which was calculated by 2rn/qs and the
d-spacing was summarized in Table 2. The peak top position g3 is con-
stant regardless of the NB/HNB ratio and catalyst type, showing that all
polymer chains exhibit a similar amorphous structure in the film. The
peak at a lower g region corresponds to the distance of interchain
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Fig. 2. WAXS profiles of P(NB/HNB) films with the NB/HNB ratios of (a) 0/
100, (b) 50/50, and (c) 80/20. Red and blue lines represent P(NB/HNB) syn-
thesized using Ni and Pd catalyst, respectively. For clarity, profiles (a) and (b)
are vertically shifted by 300 each. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

Table 2
WAXS Peak top d-spacing of P(NB/HNB) films.

d-spacing at ¢; (nm) d-spacing at g, (nm)

NB/HNB ratio (mol/mol) Ni Pd Ni Pd

0/100 1.44 1.69 0.47 0.47
50/50 1.16 1.27 0.47 0.47
80/20 0.89 0.90 0.47 0.47

ordering between polymer chains, and the peak top g value (q;) shifted
to the lower q region as the NB/HNB ratio decreased regardless of the
catalyst type, which shows that the steric hindrance of the hexyl side
chain increased the average distance of the interchain ordering. The side
chain effect on the interchain distance was not a unique behavior for our
system but was also observed for poly(norbornene-co-octylnorbornene)s
prepared by a Pd catalyst [12]. Here, the peak shape of the interchain
ordering of the 0/100 polymers was clearly different between Ni and Pd
catalyst. The narrow peak of Pd shows that the interchain distance of
Pd-catalyzed P(NB/HNB)s was more ordered than that of Ni, which
suggests that Pd-catalyzed P(NB/HNB)s exhibit higher stereoregularity
of the polymer chain compared to Ni-catalyzed P(NB/HNB)s. The peak
shape of Pd-catalyzed P(NB/HNB)s became broader as the NB/HNB
ratio increased, which was because the introduction of the NB units
decreased the stereoregularity of the primary chain due to the HNB
units. In addition to the major two peaks of the interchain ordering and
amorphous structures, a small peak can be observed at 6.9 nm™! in the
WAXS profiles of Pd-catalyzed- P(NB/HNB)s with the NB/HNB ratios of
0/100 and 50/50. Although the structure that gave this peak corre-
sponding to the d-spacing of 0.92 nm is not clear at this moment, the
presence of this peak is another result that supports the higher stereo-
regularity of the Pd-catalyzed- P(NB/HNB)s.

The driving force of the interchain ordering of PNBs is thought to be
stacking of the rod-like main chain. However, there have been few
studies that discuss the rod-like structure in detail based on experi-
mental results. A single-chain conformation in solution can be evaluated
by an exponent (a) of the Mark-Houwink-Sakurada (MHS) equation
given by [] = KM% where K denotes a constant that depends on poly-
mer, solvent, temperature, and so on. The exponent a is 0.5 when a
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polymer behaves like a Gaussian chain in solution. The value becomes
larger than 0.5 when the polymer conformation is stretched compared to
the Gaussian chain. Ahmed et al. investigated the MHS analysis for poly
(norbornene) and poly(butylnorbornene) and determined the value a
was 1.9 in a theta condition [16]. Although the exponent 2 is a value for
an absolute rigid rod structure such as tobacco mosaic virus, they
recognized that the value was subject to considerable error. They
concluded that a value greater than 0.5 supported the helix-kink
conformation of PNB predicted by an atomistic simulation. To determine
the exponent more precisely, a careful evaluation of the intrinsic vis-
cosity’s absolute molecular weight dependence is required, and the
GPC-based comprehensive approach using a light scattering detector
and viscometer is a powerful technique for addressing this issue. The
MHS plot obtained by the GPC-RALLS-viscometry in THF at 40 °C is
shown in Fig. 3. All polymers exhibit exponents a of 0.6-0.7 in THF. A
value greater than 0.5 in comparison to the Gaussian chain shows that
all polymers have a flexible, stretched conformation, implying that the
interchain ordering is driven by the stacking of rod-like chains. There
was no difference in the a values between investigated polymers; how-
ever, the values [5] of Pd-catalyzed P(NB/HNB)s were greater than those
of Ni-catalyzed P(NB/HNB)s in the investigated molecular weight range,
irrespective of the NB/HNB ratio. Additionally, the difference in [#]
between Pd- and Ni-catalyzed P(NB/HNB)s became larger as the
NB/HNB ratio decreased. This specific behavior of [] for P(NB/HNB)s is
an important clue for delving deeper into the conformation of PNB. As
previously stated, Ludovice and co-workers proposed that PNBs adopt a
helix-kink conformation [14-17]. Assuming that P(NB/HNB)s also
adopt the helix-kink conformation, the Pd-catalyzed P(NB/HNB)s with
a higher [5] have fewer kinks in the main chain than the Ni-catalyzed P
(NB/HNB)s, because the kink structure in the main chain effectively
lowers [5] by decreasing the stereoregularity of the main chain. The
kink-less, rod-like main chain structure of the Pd-catalyzed P(NB/HNB),
that was characterized by the higher [5], may allow effective stacking
and a highly ordered aggregated structure, which correlates with the
result that the Pd-catalyzed P(NB/HNB) film has a sharper peak than the
Ni-catalyzed P(NB/HNB) film in the (a) 0/100 WAXS profile in Fig. 2. A
decrease in the [;] difference between Pd- and Ni-catalyzed P(NB/HNB)
s was observed with an increase in the NB/HNB ratio. This phenomenon
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Fig. 3. Mark-Houwink-Sakurada plot in THF of P(NB/HNB) with the NB/HNB
ratios of (a) 0/100, (b) 50/50, and (c) 80/20. Red and blue lines represent P
(NB/HNB) synthesized using Ni and Pd catalyst, respectively. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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can be attributed to random copolymerization that decreased the ste-
reoregularity of the main chain, and the decrease in the stereoregularity
caused broadening of the WAXS peak shape of Pd-catalyzed P(NB/HNB)
s with an increase in the NB/HNB ratio.

The exponent of the MHS equation in a dilute THF solution provides
information about the single-chain conformation. To elucidate the main
chain aggregation behavior during the film forming process in more
detail, structure analysis in semi-concentrated solution in toluene was
performed by SAXS. The SAXS profiles of the 3 wt% solution are shown
in Fig. 4, in which the scattering of toluene was subtracted as back-
ground. Each sample shows a characteristic behavior that obeys a power
low relation of I(g) ~ ¢! in a wide q range, in which I(q) denotes
scattering intensity. The exponent —1 denotes a structure of thin-rod
aggregation. The —1 power increased to 0.2 nm™! in the lower g re-
gion, showing that the length of the thin-rod aggregate was 30 nm. A
clear peak was observed at 2-6 nm~? for both (a) 0/100 and (b) 50/50.
The presence of the peak shows that the interchain ordered aggregation,
which was confirmed by WAXS profile of the film in Fig. 2, was already
formed in the semi-concentrated solution; that is, the single chain of P
(NB/HNB)s has a rod-like conformation, and thin-rod aggregates are
formed by stacking the rod-like single chains in a semi-concentrated
regime. This aggregation formation mechanism during film casting
using toluene was enhanced during the drying process, which resulted in
the formation of the highly ordered interchain stacked structure in the
film.

BFGoodrich researchers reported that increasing the copolymeriza-
tion ratio of alkylnorbornene to norbornene decreases the Ty of the
copolymer film [11]. This is because the van der Waals interaction be-
tween chains decreases with increasing the interchain ordering distance.
In addition to these typical copolymerization ratio trends, the main
chain conformation is expected to influence the interchain van der
Waals interaction between chains and the thermal properties of P
(NB/HNB)s. The Ty of P(NB/HNB) films was investigated by DMA to
characterize the interchain ordering structure-thermal property rela-
tionship. The temperature dependence of the storage modulus of P
(NB/HNB) films is shown in Fig. 5. The T; was determined by the DMA
curve’s inflection point for the storage modulus. As with all films, both
the T and the storage modulus increased with the NB/HNB ratio, which
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Fig. 4. SAXS profiles of 3 wt% toluene solution of P(NB/HNB) with NB/HNB
ratios of (a) 0/100, (b) 50/50, and (c) 80/20. Red and blue lines represent P
(NB/HNB) synthesized using Ni and Pd catalyst, respectively. For clarity, pro-
files (a) and (b) are vertically shifted by a factor of 10 each. (For interpretation
of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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Fig. 5. Temperature dependence of storage modulus on P(NB/HNB) films with
the NB/HNB ratios of (a) 0/100, (b) 50/50, and (c) 80/20. Red and blue lines
represent P(NB/HNB) synthesized using Ni and Pd catalyst, respectively. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

was due to a decrease in the steric hindrance between main chains,
which agrees with previous studies [12]. In contrast to these typical
trends, the catalyst types varied the Ty values significantly, while little
impact was observed in the storage modulus below 200 °C; the Ty of the
Pd-catalyzed P(NB/HNB) film was 20 °C higher than that of the
Ni-catalyzed P(NB/HNB) film, regardless of the NB/HNB ratio. This
supports the hypothesis that the film’s Ty was affected not only by the
NB/HNB ratio but also by the kink structure in the main chain, as shown
by the difference in [#].

4. Conclusions

We investigated the nano-scaled aggregation structure and its for-
mation mechanism during film casting using toluene of vinyl-addition P
(NB/HNB)s by WAXS, SAXS, and GPC-RALLS-viscometry techniques to
explain its correlation with the Ty of the cast film. All polymers have
interchain ordering structures with distances between 0.9 and 1.7 nm
depending on the NB/HNB ratio. The exponent of the MHS equation
showed that the single-chain conformation of P(NB/HNB)s was flexible,
stretched in relation to the Gaussian chain in a good solvent, and P(NB/
HNB)s aggregated into thin-rod with a length of 30 nm in semi-
concentrated toluene solution. These findings show that the interchain
ordering is driven by the stacking of the rod-like chains, which resulted
in the highly ordered interchain structure in the film. Additionally, the
Pd-catalyzed P(NB/HNB)s showed a kink-less structure in the main
chain when compared to the Ni-catalyzed P(NB/HNB)s, which was
characterized by a higher [5], and the kink-less structure increased the
interchain ordering and Tg. The clear relationship between the inter-
chain ordering structure and the T of P(NB/HNB)s was characterized
through experimental elucidation of the interchain ordering structure
and its formation mechanism during film casting using toluene. We
believe that detail NMR analyses focusing on the kinks will also provide
information on the formation of the kinks. As for polymer synthesis
research, clarification of the origin of different chain structures
including thermodynamics in catalytic cycles is an important issue and is
our future challenge.
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