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Abstract

Copolymerizations of ethylene (E) with 1,5-hexadiene (1,5-HD) has been carried out with rac-1,2-ethylenebis(1-indenyl)Zr(NMe,), [rac-
(EBI)Zr(NMe,),] and isopropylidene(cyclopentadienyl)(9-fluorenyl)ZrMe, (iPr(Cp)(Flu)ZrMe,) compounds combined with Al(i-Bu)s/
[Ph;C][B(CgFs)4] as a cocatalyst system. Microstructures of copolymers were determined by 'H, *C NMR, Raman spectroscopy and
X-ray diffraction (XRD). The isospecific rac-(EBI)Zr(NMe,),/Al(i-Bu);/[Ph3C][B(C¢Fg)4] catalyst showed much higher polymerization
activity than syndiospecific iPr(Cp)(Flu)ZrMe,/Al(i-Bu);/[Ph;C][B(C¢Fg)4] catalyst; however, the latter catalyst showed much higher como-
nomer reactivity, resulting in rg = 17.44 and r| 5 yp = 0.02(rg X ry 5.yp = 0.35), than the latter catalyst showing rg = 4.48 and r| s yp =
0.12(rg X 1y 5.qp = 0.54). The 1,2-inserted 1,5-HD led to cyclic backbones by the intramolecular reaction. The intramolecular cyclization
was independent of the polymerization temperature. Detailed investigation on the structure of copolymers by >C NMR and distortionless
enhancement by polarization transfer (DEPT) spectroscopies showed that alternating structural units become predominant as the amount of
1,5-HD incorporated into the copolymer increased. The qualitative and quantitative analyses of the structure of copolymers were also made

by XRD and Raman spectroscopy. © 2001 Published by Elsevier Science Ltd.
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1. Introduction

Polymerization of strained cyclic alkenes such as cyclo-
butene, cyclopentene, or norbornene by the metallocene
compound combined with aluminoxane cocatalyst leads to
crystalline poly(cycloolefin)s, which are not generally
processed due to their high melting points and their insolu-
bility in common organic solvents. By copolymerizations of
these cyclic olefins with ethylene and a-olefins cycloolefin
copolymers (COC) can be produced, representing a new
class of thermoplastic amorphous materials [1-5]. Cyclo-
olefin copolymers are characterized by stiffness, excellent
transparency and very high, long-life service temperatures.
They are solvent and chemical resistant and can be melt-
processed. In combination with these properties, the copo-
lymers are suitable materials for optical applications, such
as compact discs, lenses, optical fibers, and films [4—6]. A
drawback of ethylene/cyclic alkene copolymerization is low
reactivity of cyclic alkenes with respect to that of ethylene.

Metallocene catalysts can be utilized to polymerize
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nonconjugated and conjugated dienes. A new class of cyclo-
polymerization with nonconjugated 1,5-dienes affording
ring structures interfaced by methylene groups, was discov-
ered by Waymouth et al. [7-13]. A 1,2-insertion of the
terminal double bond into the metallocene carbon bond is
followed by an intramolecular cyclization forming cis-
and trans-cyclopentane with diisotactic or disyndiotactic
conformation of either cis- or trans-rings.

In this sense, copolymerizations of olefin and nonconju-
gated dienes can be an alternative method to produce the
attractive materials, COC. Marques et al. and Luft et al.
studied the copolymerizations of ethylene (E) and 1,5-hexa-
diene (1,5-HD) with metallocene catalysts at high pressure
of ethylene [14,15]. The copolymerization of ethylene and
1,5-HD and the terpolymerization of ethylene, styrene and
1,5-HD with constrained geometry catalyst were reported
by Miilhaupt and coworkers [16]. Shiono et al. investigated
the copolymerizations of propylene and 1,5-HD or 1,7-octa-
diene with various metallocene catalysts [17]. However,
there are few results that report the effect of the stereo-
specificity of metallocene catalyst on the catalytic activity
and 1,5-HD reactivity in the copolymerization of ethylene
and 1,5-HD.
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Fig. 1. R, versus time curves obtained by the CAT-1/Al(i-Bu)s/
[Ph;C][B(C¢Fg),] catalyst at various [1,5-HD]/[E] ratios of (a) 0, (b) 0.3,
(c) 0.6, (d) 0.9, (e) 1.9, (f) 2.9, and (g) 3.7. Polymerization conditions:
Peihyiene = 5 psig, T, = 30°C, [Al)/[Zr] = 80, [(Ph3C)(B(CcFs),)1/[Zr] =
1 and toluene = 80 ml.

In this study, we described the effect of metallocene
stereospecificity on the kinetics of ethylene/1,5-HD copoly-
merizations with two metallocene catalysts, isospecific rac-
1,2-ethylenebis(1-indenyl)Zr(NMe,), (rac-(EBI)Zr(NMey),,
CAT-1) and syndiospecific isopropylidene(cyclopenta-
dienyl)(9-fluorenyl)ZrMe,  (iPr(Cp)(Flu)ZrMe,, CAT-2),
combined with Al(i-Bu);/[Ph;C][B(CgFs)4] as a cocatalyst
system. In addition, the microstructure of poly(ethylene-co-
1,5-hexadiene) obtained by both catalysts was compared.

2. Experimental
2.1. Materials

All reactions were carried out under a purified nitrogen
atmosphere using standard glove box and Schlenk tech-
niques. Polymerization-grade ethylene (SK, Korea) was
purified by passing it through columns of Fisher RIDOX
catalyst and molecular sieve 5A/13X. 1,5-Hexadiene
(Kumho Chemical, Korea) was distilled from CaH,.
Solvents were distilled from Na/benzophenone and stored
over molecular sieves (4A). Triisobutyl aluminum (Al(i-Bu);)
was obtained from Aldrich and used without further purifi-
cation. Metallocene catalysts, rac-(EBI)Zr(NMe,), [18,19]
and Me,C(Cp)(Flu)ZrMe, [20], and anionic [Ph;C]
[B(CgFs)4] [21-23] compounds were synthesized according
to literature procedures.

2.2. Copolymerization

Copolymerizations were carried out in a 250 ml glass
reactor equipped with a magnetic stirrer and thermometer.

16
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Fig. 2. R, versus time curves obtained by the CAT-2/Al(i-Bu)s/
[Ph;C][B(C¢Fg)4] catalyst at various [1,5-HD]/[E] ratios of (a) 0, (b) 0.3,
(c) 0.6, (d) 0.9, (e) 1.9, (f) 2.9, and (g) 3.7. Polymerization conditions:
Pethylene = 5 psig, T, = 30°C, [All/[Zr] = 80, [(Ph3C)(B(CcFs)4))/[Zr] =
1 and toluene = 80 ml.

In a dry box, the reactor was filled with 80 ml of toluene,
Al(i-Bu);, 1,5-hexadiene, and metallocene compound and
immersed in a constant-temperature bath previously set to
a desired temperature. When the reactor temperature had
been equilibrated to the bath temperature, ethylene was
introduced into the reactor after pumping out nitrogen gas
under vacuum. When no more absorption of ethylene into
toluene was observed, a prescribed amount of
[Ph;C][B(C4Fs)4] dissolved in toluene was injected into
the reactor and the polymerization was started. The poly-
merization rate was determined at every 0.01 s from the rate
of consumption of ethylene, and was measured by a hot-
wire flowmeter (model 5850 D, Brooks Instrument)
connected to a personal computer through an analog to
digital converter. Polymerization was quenched by the addi-
tion of methanol. The polymer obtained was filtered,
washed with an excess amount of methanol and dried in
vacuum at 50°C for 24 h. The vapour—liquid equilibrium
for ethylene/1,5-HD/toluene mixture was calculated from
the Soave—Redlich—-Kwong equations [24-26]. This set
of thermodynamic equations was selected among those
available in HYSIS™ (commercialized by Hyprotech, Ver.
1.2) on the basis of a comparison with the experimental
results. The concentration of the comonomer was, hence,
calculated.

2.3. Characterization

'H, “C NMR and distortionless enhancement by polar-
ization transfer (DEPT) spectra of the copolymers were
recorded at 120°C on a Varian Unity Plus 300 spectrometer.
Samples were prepared by dissolving the copolymer in
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CDClj;-tetrachloroethane (1/5, v/v). By using the ACD/Labs
Software from Advanced Chemistry Development, the peak
assignment of the *C NMR spectra of the copolymers was
made by comparing with the *C NMR spectra of cyclic
homopolymer of 1,5-HD, poly(methylene-1,3,-cyclopen-
tane) (PMCP) [27] and polyethylene.

Melting curves were recorded with a DuPont differential
scanning calorimeter (DSC, Model 910) at 10°C/min. The
intrinsic viscosities of polymers were determined in 1,2,4-
trichlorobenzene at 135°C using an Ubbelohde viscometer.
Raman spectra were recorded on a Brucker IFS55 FTIR
spectrometer with the Raman modules (FRA 106), CaF,

R
“Cpa ZK
n
dormant

beam splitter, and Ge detector. The excitation source was
a diode pumped Nd; YAG laser operated at 1064 nm. The
laser power was 350 mW. X-ray diffraction (XRD) patterns
of polymer powder were measured by a wide angle X-ray
diffractometer (Rigaku 2013) using CuKa at 40 kV, 50 Ma
with a scan speed of 2 26/min.

+ [PhsC][B(CeFs)dl

increasing [1,5-HD] as shown in Fig. 3. These results are
different from those obtained from ethylene/a-olefin copo-
lymerizations by using the same catalysts in that the addi-
tion of a specific amount of a-olefin generally accelerates
the polymerization rate.

All polymerizations by CAT-1 and CAT-2 catalysts,
especially in the presence of low HD, are marked by very
high initial rates which reach R, within a few minutes
after the start of polymerization. This demonstrates that the
catalyst deactivation is completed within a few minutes
after contacting zirconocenes with cocatalyst as shown
below:

® ©
cp,zr..  + [B(CéFslal + PhiCR
n

(D

active

where “"Cp,Zr is chiral ansa-zirconocene framework and
P, is a polymer chain. After the maximum rate is reached,
fast decay starts. The mechanism involves reversible
second-order deactivation combined with an irreversible
deactivation of the active and/or dormant zirconium sites
as follows:

Pn
2 “'Cp z«E9 — “Cp, Zr< Sz "Cp, —= D
n Pa (2)
active inactive bimolecular permanently
complex complex deactivated complex

R
2 “"Cpp zr{
n
dormant
complex

3. Results and discussion
3.1. Effect of 1,5-HD concentration

Copolymerizations of ethylene and 1,5-HD were carried
out with CAT-1/Al(i-Bu);/[Ph;C][B(C¢Fg);] and CAT-2/
Al(i-Bu);/[Ph;C][B(C¢Fg)4] catalytic systems at 30°C by
changing the 1,5-HD concentration. Figs. 1 and 2 show
the rate profiles of copolymerization versus time obtained
by CAT-1 and CAT-2, respectively. The polymerizations by
CAT-1 (Fig. 1) reach a maximum rate (R, ma) very rapidly
and then decay very fast to almost zero rate within 10 min of
polymerization. The polymerization rate (R,) obtained by
CAT-2 (Fig. 2) is relatively lower than those by CAT-1.
The polymerizations by CAT-2 reach maximum rate within
3 min and then decay to a less degree than by CAT-1. The
addition of comonomer makes the decay rate slow to some
extent. Both catalytic systems show decrease of activity by

inactive bimolecular
complex

R
R°“Cp22r< >Zr "CpPy — D
P

n 3)

permanently
deactivated complex

Mostly, the reversible second-order deactivation results
from zirconocenes dimerization as illustrated in Egs. (2)
and (3) [28].

Other than kinetic factors diffusional limitations play
some roles in the decay of polymerization rate. At the
early period of polymerization, a pronounced change in
the viscosity of the solvent was observed and the formation
of fibrous polymer entangled on the stirrer was also noted.
Evidently during this period, the growing active sites are
encapsulated in precipitated polymer which may prevent
monomers from diffusing into the active sites.

The amount of 1,5-HD incorporated into the copolymer
was investigated by °C NMR analysis of the copolymers
according to the literature procedures [14-16,27]. Fig. 4
shows the resulting copolymerization diagrams. A consis-
tently higher incorporation of 1,5-HD was observed with
syndiospecific CAT-2 than isospecific CAT-1. It is interest-
ing to note that this tendency is in good agreement with the
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Fig. 3. Effect of 1,5-HD concentration on the maximum polymerization rate
(Rpmax)- Polymerization conditions are the same as those in Figs. 1 and 2,
and the catalyst is (a) CAT-1 and (b) CAT-2.

results of ethylene/a-olefin copolymerizations by the same
catalysts, in which syndiospecific catalyst shows higher
comonomer reactivity than isospecific catalyst. The calcula-
tion of copolymerization parameters according to Kelen-
Tiidos plot by using the data in Fig. 4 and Table 1 resulted
in rg = 17.44 and r 5.yp = 0.02(rg X 1y 5.yp = 0.35) with
CAT-1/Al(i-Bu);/[Ph;C][B(CFe)4] catalyst, and rg = 4.48
and rysyp = 0.12(rg X 1y s.yp = 0.54) with CAT-2/Al(i-
Bu)3/[Ph;C][B(CgFg)4] catalyst.

An insight into the copolymer microstructure and the
copolymerization mechanism can be realized from the reac-
tivity ratios and their product. It is useful to recall that
when r; X r, = 1 the copolymer shows a random structure;
when ry X r, > 1 a blocky structure is evident and when
r; X ry, <1 the copolymer has an alternating structure. In
this sense, poly(ethylene-co-1,5-HD) copolymers obtained
in this study would appear to show a somewhat alternating
structure, the more alternating the syndiospecific catalyst.
However, detailed analysis of microstructure of the copoly-
mers by "C NMR spectroscopy showed that CAT-1
produces copolymers of rather random distribution of
1,5-HD and CAT-2 produces copolymers of alternating
distribution of 1,5-HD (vide infra). The 1,5-HD units incor-
porated in the copolymers produced by both catalysts was
almost completely cyclized to yield cyclic units of
methylene-1,3-cyclopentane (MCP) derived from the intra-
molecular cyclization of 1,2-added 1,5-HD.

The intrinsic viscosity of polymers determined in 1,2,4-
trichlorobenzene at 135°C, decreased by the increase of 1,5-
HD incorporated in copolymer (Table 1). The melting point
(T,,) was evaluated from the DSC measurements. Ethylene
homopolymers obtained by CAT-1 and CAT-2 catalysts
show a T, of 133.1 and 138.0°C, respectively, and 1,5-HD
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Fig. 4. Copolymerization diagrams of (a) CAT-2 and (b) CAT-1.

homopolymers obtained by CAT-1 and CAT-2 catalysts
show a T, of 85.0 and 76.7°C, respectively. The T,,-values
of copolymers decreased monotonously by increasing the
amount of 1,5-HD incorporated into the copolymer. All
copolymers in this study showed melting peaks, demonstrat-
ing that they show semicrystalline structure. The double
melting peaks appearing at higher concentration of 1,5-
HD in copolymer also showed that the copolymers are poly-
crystalline. The structure of the copolymers is discussed
below.

3.2. Effect of polymerization temperature (T,)

The polymerization temperature is the most significant
operational factor which affects the activity and the stereo-
selectivity of polymerization with metallocene catalysts. In
this sense, copolymerizations of ethylene and 1,5-HD were
carried out by using CAT-1/Al(-Bu);/[Ph;C][B(CgFe)4]
catalyst at various T, by keeping the concentration of 1,5-
HD in feed constant. Fig. 5 shows the rate profiles of copo-
lymerization versus time and Table 1 summarizes the results
of copolymerization. The polymerizations reach a maxi-
mum rate very rapidly and then decay very fast to almost
zero rate within 10 min of polymerization without regard to
T,,. The catalytic activity of homopolymerization of ethy-
lene [29] or 1,5-HD [30] by using the same catalyst
increased by increasing 7, within the range between 30
and 70°C. Thus, the decrease of the rate of copolymerization
by increasing T}, except a polymerization at 40°C, seems to
be an unexpected result. The amount of 1,5-HD incor-
porated into the copolymer was increased from
[1,5-HD]Jin copolymer = 8.59 to 10.29 by increasing T, = 30
to 40°C, and then decreased to 7.45 by further increasing T,
to 70°C. Detailed studies for the explanation of the reason
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R, x 10° (g-PE/mol-Zr hr)
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Fig. 5. R, versus time curves obtained by the CAT-1/Al(i-Bu)s/
[Ph3C][B(CgF)4] catalyst at various polymerization temperatures (7},) of
(a) 30, (b) 40, (c) 50, (d) 60, and (e) 70°C. Polymerization conditions:
Penylene = 5 psig, [All/[Zr] = 80, [(Ph3C)(B(CgFs)))/[Zr] = 1,
[1,5-HDJ/[E] = 0.9, and toluene = 80 ml.

why the comonomer reactivity changes according to T}, have
to be carried out.

The strong dependence of the catalytic activity of zirco-
nocene catalysts on the polymerization temperature was
initially thought to be just the activation energy required
for polymerization. When it was recognized that the active
species is the zirconocenium ion, then one explanation for
the polymerization temperature dependence could be that
the activation energy needed to produce the ionic species

because the zirconocene cation itself has a very low energy
of activation for propagation, especially when the non-
coordinating anion is utilized as a cocatalyst instead of
MAO [22,23]. In this sense, the polymerization temperature
range 30-70°C, employed in this study seems to be suffi-
ciently high for the activation. As a result all polymeriza-
tions reach a maximum rate within a minute or so. However,
all polymerizations decay rapidly to zero polymerization
rate due to the irreversible deactivation of the active sites.
In addition, precipitated polymer pronounced at the early
period of polymerization limits the monomer diffusion into
polymerization centers.

The melting behavior of the copolymer determined by
DSC measurement was changed by the amount of 1,5-HD
incorporated into the copolymer as shown in Section 3.1.
The molecular weight of the copolymer decreased linearly
by increasing T}, regardless of the variation of the amount of
1,5-HD incorporated into the copolymer. These results show
that 7}, is an important operational factor affecting the mole-
cular weight even in copolymerization, since chain transfer
reactions have higher activation energy than insertion, and
thus a change in 7}, strongly affects the molecular weight.

3.3. The microstructure of poly(ethylene-co-1,5-hexadiene)

The microstructure of ethylene/1,5-HD copolymers is
considerably more complicated than that of simple ethylene/
a-olefin copolymers since it includes cyclization of 1,2-
added 1,5-HD. Cyclopolymerization of 1,5-HD giving
PMCP is a chain growth reaction during which a conven-
tional insertion of a vinylic function into the transition
metal-carbon bond ([Zr-1,5-HD]") is followed by an
intramolecular insertion, resulting in the formation of

Zrrp + /\/\/
P = polymer chain l
P
Zr
({Zr-HD]")

ethylene or

Kk 1,5-hexadiene
'C
ko

NUSN e - N
. 4 zr Zr P
intramolecular c /
cyclization
I x

e intermolecular propagation

Scheme 1.
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Fig. 6. DEPT spectra of (a) CH; carbons, (b) CH, carbons, (c) CH carbons,
and C NMR spectrum (d) of ethylene/1,5-HD copolymer produced by
CAT-1 (Run No. 12 in Table 1).

alicyclic rings connected by methylene groups as shown in
Scheme 1. The cyclic unit of 1,5-HD consisted of both the
cis/trans stereochemistry of the rings and the relative stereo-
chemistry between rings [7—13]. In addition, intermolecular
propagation of 1,2-added 1,5-HD yields double bonds at the
side chain of the copolymer. According to Scheme 1, the
degree of cyclization of 1,2-inserted 1,5-HD is dependent
upon the concentration of 1,5-HD in the feed due to the
competition between intramolecular cyclization and inter-
molecular propagation reaction. However, the degree of
cyclization of 12-inserted 1,5-HD determined by 'H
NMR spectroscopy of the copolymers obtained by CAT-1

..... T T T T T T T T T T T e e ey

44 42 40 38 36 34 32 30 28 26
ppm

Fig. 7. 3C NMR spectra of copolymers obtained with CAT-2: (a) Run No.
17 and (b) Run No. 20 in Table 1.

and CAT-2 catalysts was not changed so much according to
the variation of 1,5-HD concentration in the feed within our
experimental range, i.e. only a small amount of vinylic
double bonds in the side chain was detected by 'H NMR
spectra (4.85-5.02 ppm assigned to the resonance of =CH,
and 5.5-5.9 ppm assigned to =CH) at a high concentration
of 1,5-HD (Table 1).

In order to get more insight into the microstructure of the
copolymers obtained by CAT-1 and CAT-2 catalysts, the
microstructure of copolymers was investigated with °C
NMR spectroscopy together with DEPT spectroscopy. Fig.
6 shows the *C NMR and DEPT spectra of the copolymer
produced by CAT-1 (Run No. 12 in Table 1) and Fig. 7
shows the *C NMR spectra of the copolymers synthesized
by CAT-2 (Run No. 17 and 20 in Table 1). The stereo-
chemistry in cyclopolymerization of 1,5-HD is dependent
on the type of catalysts used. Waymouth and coworkers
investigated the effect of metallocene geometry on the
diastereoselectivity (selectivity of cis- or trans-cyclization)
in the 1,5-HD homopolymerization and concluded that
diastereoselectivity was affected by the steric effect of
ligand and bite angle associated with the metallocene cata-
lyst precursors [7]. Cavello et al. carried out conformational
calculations on the diastereoselectivity and reported a good
agreement with polymerization results [8]. DEPT spectro-
scopy (Fig. 7) confirms the existence of two methene reso-
nance peaks originating from MCP units at 38.98 ppm,
which is assigned to trans MCP units, and 40.32 ppm,
which is assigned to cis structure of MCP units." The reso-
nance peaks at 31.84, 32.16, 32.92, 33.30, 38.04-38.06,
38.98, 39.00, 39.32, 39.45-39.49, 40.32, 40.74, and
41.12 ppm originated from various structures of MCP
units'. The integration of the resonance of the peak at
32.92 ppm assigned to 4,5-trans (numbering in Scheme 1)
and the peak at 31.84 ppm assigned to 4,5-cis reveals that
both catalysts are characterized by a predominance of trans
rings determined by diastereoselectivity of the intramolecu-
lar cyclization step (see also Table 1).

We may simplify the structure of the copolymers by
considering the stereoregulations of isolated MCP units
next to ethylene units as shown in Scheme 2. It can be
observed that the reactivity of ethylene varies greatly

' The structure of poly(ethylene-co-1,5-hexadiene) has been interpreted
by using '*C NMR spectra as follows: The resonance peak at 43.85 ppm is
assigned to homosequence units of MCP according to the '>C NMR spec-
trum of homo-PMCP. The peaks at 32.16, 33.30, 38.04-38.06, 39.32,
39.45-39.49, and 41.12 ppm are assigned to cis-4,5, trans-4,5, trans-1,3,
trans-2, cis-1,3, and cis-2 of homosequence units of MCP, respectively
(numbering is in Scheme 1). The peaks at 31.84, 32.92, 38.98, 39.00,
40.32, and 40.74 ppm are assigned to cis-4,5, trans-4,5, trans-1,3, trans-
2, cis-1,3, and cis-2 of isolated MCP units, respectively. The resonance
peaks at 36.98, 36.71, 30.18, and 27.41 — 27.47 ppm in Fig. 8(b) are
assigned to methylene carbons bonded to MCP rings of MCP-ethylene-
MCP alternating units, to methylene carbons bonded to MCP rings of
isolated MCP units, to center methylene carbons of MCP-ethylene-ethy-
lene-MCP units, and to center methylene carbons of MCP-ethylene-MCP
alternating units, respectively.
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upon changing the catalyst stereospecificity and that the
product of reactivity ratios (rg X r;5.yp) depends on such
a catalyst feature: random, alternating or block copolymers
can thus be synthesized by changing the catalyst ligands.
Even if the value of the product of reactivity ratio shows
kinetic structure of the copolymers, it cannot show detailed
structure of the copolymer. If we assume that the appearance
of the homosequential unit of MCP is a characteristic of block
copolymer and the resonance peak of ethylene unit between
two MCP units represents alternating structure (Scheme 2), we
can estimate the detailed structure of the copolymers.

i

10 20 30
20/0

Fig. 8. XRD patterns of polyethylene (a), ethylene/1,5-HD copolymers [(b)
Run No. 1 in Table 1, (¢) Run No. 2, (d) Run No. 3, (e) Run No. 4, (f) Run
No. 10, and (g) Run No. 11], and PMCP (h) produced by CAT-1/Al(i-Bu);/
[Ph;C][B(CgFg),] catalyst.

The copolymers synthesized by syndiospecific CAT-2
show complicated microstructures according to the como-
nomer concentration incorporated into the polymer as
shown in Fig. 8. As the amount of 1,5-HD increases, the
copolymers show diversified structure due to the compli-
cated homosequence of MCP. Fig. 8(b) shows resonance
peaks at 44.85 ppm, which does not appear in Fig. 8(a)
and is assigned to the methylene peaks of homosequential
units of MCP. The intensity of these peaks can be a measure
of blocky character of copolymers. It is interesting to note
that methylene peaks demonstrating the existence of alter-
nating structure appear at 36.98 ppm. Isolated methylene
peaks of MCP units, which can be a measure of random
character of copolymers, appear at 36.71 ppm. If we
integrate these three characteristic methylene resonance
peaks, we can estimate the structural composition of
copolymers.

As shown in Table 1, there are no homosequential units of
MCP in copolymers obtained by using CAT-1. As the 1,5-
HD amount incorporated into the copolymer increases, the
composition of alternating structure increases. However, the
overall structure of the copolymer obtained by CAT-1
seems to be random. On the other hand, the copolymers
obtained by CAT-2 show diversified structure according
to the amount of 1,5-HD. As the amount of 1,5-HD
increases, the composition of both blocky and alternating
structures increases. When [1, 5-HDJi, copotymer = 39.62 the
copolymer is composed of 19.1% of blocky structure, 46.8%
of alternating structure, and 34.1% of random structure.
Deciding only by rg X 1| 5.y4p value, CAT-1 (rg X r{s.yp =
0.35) produces a copolymer of more alternating character
than CAT-2 (rg X r 5yp = 0.54). However, the results
obtained by the detailed investigation of the structure of
the copolymers shows that the simple conclusion made on
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Fig. 9. XRD patterns of polyethylene (a), ethylene/1,5-HD copolymers [(b)
Run No. 15 in Table 1, (¢) Run No. 16, (d) Run No. 17, (¢) Run No. 18,
(f) Run No. 19, and (g) Run No. 20], and PMCP (h) produced by CAT-2/
Al(i-Bu)3/[Ph;C][B(C4Fs),] catalyst.

the structure of the copolymers by the product of reactivity
ratios is somewhat obscure.

The vinylic double bonds in the side chain of the copo-
lymers caused by the intermolecular propagation of 1,5-HD
were not detected by ?C NMR spectra. Considering the fact
that they were detected by 'H NMR spectra, the double
bonds disappeared predominantly by crosslinking during
®C NMR measurement at high temperature.

3.4. X-ray diffraction and Raman spectroscopy

As already discussed, the copolymers containing a large
amount of 1,5-HD showed multiple melting peaks, demon-
strating a polymorphism. In order to investigate the poly-
morphism phenomenon and crystallinity, we measured the
XRD spectra of the copolymers. Figs. 8 and 9 show the
spectra of copolymers obtained by CAT-1 and CAT-2,
respectively. The spectra of homopolymers, polyethylene
and PMCP, are also shown for comparison. As shown in
Fig. 8, as the amount of 1,5-HD increases, the intensity of
the peaks, which is a measure of crystallinity, becomes
weak, and in the end all peaks except the peak at 20 =
21.03°, disappeared. The crystallinity of copolymers calcu-
lated by the integration of the peaks is summarized in Table
1. It is interesting to note that the peak of polyethylene at
21.03° shifts downward as the amount of 1,5-HD increases
(see Table 2). This phenomenon is shown clearly in Fig. 9
obtained by CAT-2. Downward shifting of the peaks means
an increase of d-value and the change of crystal structure
due to the introduction of MCP units into polymer back-
bone. Considering that there were two melting peaks which
decrease as the amount of 1,5-HD increases (Table 1) and
the ratio of alternating structure increased as the amount of

Table 2
Analysis of XRD shift of poly(ethylene-co-1,5-HD)

Run no. [1,5-HD] in copolymer (%) 26 d-value
1 0 21.03 422
2 2.05 21.20 4.19
3 2.87 21.11 4.21
4 5.75 20.92 4.24

10 8.93 20.74 4.28

11 13.43 20.20 4.39

12 14.16 20.23 4.39

13 100 18.04 491

14 0 21.37 4.15

15 6.18 20.93 4.24

16 8.44 20.74 4.28

17 16.67 19.99 4.44

18 27.21 19.36 4.58

19 32.67 19.05 4.65

20 39.62 18.83 471

21 100 17.82 4.97

1,5-HD increases, it may be assumed that cocrystallization
of MCP units with ethylene units causes a change of crystal-
line structure of polyethylene as well as a decrease of
crystallinity. As shown in Fig. 9(e)—(g), the copolymers
containing a large amount of 1,5-HD produced by CAT-2
show new XRD peaks at the 26 value of 20.95 (e), 20.84 (f),
and 20.46 (g). The integration of the individual peak yields
2:3:4 ratio. According to the estimation based on *C NMR
spectra of these three copolymers, the ratio of alternating
structure was 25.0:35.4:41.6 (Table 1). Thus, it may be said
that the new peaks are characteristic ones induced by the
alternating structure.

Raman spectroscopy has been used extensively for the
analysis of polyethylene samples. Use has been made of
the low-wavenumber longitudinal acoustic vibrations to
determine lamellae thickness [31] and attempts have been
made to quantify polymer crystallinity using features in the
fingerprint region of the spectrum between 1000 and
1600 cm ™! [32]. In order to check the usefulness of
Raman spectroscopy for the qualitative and quantitative
structural analyses of copolymers, we recorded the Raman
spectra of polyethylene, PMCP, and copolymers. Figs. 10
and 11 show the Raman spectra of the polymers produced
by using 1 and 2, respectively. Figs. 10(a) and 11(a) show
typical Raman spectra of high-density polyethylene in the
700-1700 cm ™" spectral region. The Raman spectrum of
polyethylene in the range 1000—1600 cm ™' can be sub-
divided into three main regions: (1) C—C stretching vibra-
tions in the 10001150 cm ™' region, (2) —CH,— twisting
vibrations at ca. 1300 cm ™', and (3) —CH,— deformation,
among which, wagging vibrations are between 1350 and
1500 cm ™' [33,34].

The amorphous part of the copolymer increases as the
content of MCP units incorporated into the copolymer
increases. This fact can be identified by the decrease of
crystalline peak of polyethylene (1170 and 1417 cm™)
and the increase of amorphous peak of polyethylene
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Fig. 10. Raman spectra of polyethylene (a), ethylene/1,5-HD copolymers
[(b) Run No. 1 in Table 1, (c¢) Run No. 2, (d) Run No. 3, (¢) Run No. 4, (f)
Run No. 10, and (g) Run No. 11], and PMCP (h) produced by CAT-1/Al(i-
Bll)‘;/[Ph;C] [B(CﬁFg)A] catalyst.

(1080 cm ™ !). The peaks at 1640 are from C=C stretching
vibration, which comes from vinylic double bonds of 1,2-
inserted 1,5-HD. As the concentration of 1,5-HD in the feed
increases, the cyclization of 1,2-inserted 1,5-HD was
incomplete (Table 1). Thus, the peak appeared only at copo-
lymers produced in the presence of high concentration of
1,5-HD (Figs. 10(e)—(g) and 11(e)—(g)). The peaks between
712 and 906 cm !, which are not discovered in polyethylene
spectra, come from C—C vibration of the MCP unit. The
intensities in these regions increase as the amount of 1,5-

Raman intensity
% U

T T T T T T T T T T

800 1000 1200 1400 1600

Frequency (cm™)

Fig. 11. Raman spectra of polyethylene (a), ethylene/1,5-HD copolymers
[(b) Run No. 15 in Table 1, (¢) Run No. 16, (d) Run No. 17, (¢) Run No. 18,
(f) Run No. 19, and (g) Run No. 20], and PMCP (h) produced by CAT-2/
Al(i-Bu);/[Ph;C][B(C¢Fg),] catalyst.
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Fig. 12. Plots of intensity ratios of Raman spectroscopy versus 1,5-HD
content in copolymer estimated by '*C NMR: ratio of the integrating
value of the peaks between 712 and 906 cm ™' to the integrating value of
various reference peaks, block region of (a) 1036-1165 cm ™', (b) 1261—
1388 cm ™', and (c) 1388-1534 cm ™.

HD incorporated into the copolymer increase. Thus, the
peaks between 712 and 906 cm ™' can be utilized for the
quantitative analysis to measure the composition of copoly-
mer. Fig. 12 shows the plots of intensity ratio versus the
amount of 1,5-HD in copolymer measured by *C NMR
spectroscopy. The intensity ratios were calculated by divid-
ing the integral value of the peaks in the range between 712
and 906 cm ™' by the integral value of various reference
peaks (block region of 1036-1165, 1261-1388, and
1388—1534 cm ™ "). All copolymers are on the same straight
line, demonstrating that Raman spectroscopy may not be a
useful tool to differentiate a delicate microstructure of copo-
lymers. However, it can be successfully used to estimate the
rough composition of the copolymers as shown in Fig. 12.

4. Conclusion

The isospecific CAT-1/Al(i-Bu);/[Ph;C][B(C¢Fe)4] cata-
lyst showed a much higher polymerization activity than
CAT-2/A1(i-Bu);/[Ph;C][B(C¢Fg)4]  catalyst;  however,
CAT-2 showed much higher comonomer reactivity
(rg = 17.44, risup = 0.02, and rg X7y 5yp = 0.35) than
CAT-1 (rg =448, risup = 0.12, and rg X ry 5. yp = 0.54).
The diastereoselectivity of the intramolecular cyclization
reaction of 1,2-inserted 1,5-HD was independent of the
stereospecificity of metallocene compounds, such that the
cyclization of the 1,2-inserted 1,5-HD was almost complete
in the copolymerizations by both CAT-1 and CAT-2 cata-
lysts. The intramolecular cyclization was also independent
of the polymerization temperature. Detailed investigation
on the structure of copolymers by C NMR spectroscopy
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showed that the ratio of alternating structural unit become
predominant as the amount of 1,5-HD incorporated into the
copolymer increased for both catalytic systems. The quali-
tative and quantitative analyses of the structure of copoly-
mers were also made by XRD and Raman spectroscopy,
demonstrating that the copolymers containing a large
amount of 1,5-HD showed polymorphism due to the develop-
ment of alternating structure. Raman spectroscopy was a
useful tool to estimate the rough composition of copolymers.
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