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ABSTRACT: Propene and 7-methyl-1,6-octadiene (MOD) were copolymerized with the catalyst system
rac-Et[Ind]2ZrCl2/MAO in semibatch reactions and under constant comonomer concentrations using an
autoclave setup that is equipped with an ATR-FTIR sensor coupled with a dosage system for the liquid
MOD comonomer. The concentration of the monomer propene is regulated precisely in both types of
polymerization by a gas flow controller. This setup enables to monitor the MOD concentration on-line
and in real-time during the reaction by following characteristic bands arising from the double bonds.
Copolymers with poorly defined incorporation data and thermal properties were obtained without control
of the MOD concentration in time. This is caused by a nonuniform distribution of the MOD units over
the polymer chains due to a relatively large shift of the MOD concentration during the copolymerization
reaction. By means of solvent extraction fractionation experiments, these copolymers could be fractionated
into three fractions with different amounts of incorporated MOD, varying from 11.5 to 7.2 mol %.
Functional copolymers with uniform architectures (up to 30.5 mol % incorporated MOD) were prepared
by using the on-line ATR-FTIR data to control the MOD concentration during the copolymerization
reactions.

Introduction
Chiral metallocene dichlorides allow for the first time

a precise correlation between catalyst symmetry and
microstructure of the polypropene chains, leading to new
or at least improved material properties.1-3 However,
only a limited number of polar monomers bearing
sterically hindered functionalities can be incorporated
in lower molecular weight copolymers, due to the
sensitivity of early transition metal complexes to electron-
donating functional groups.4 Controlled copolymeriza-
tion of ethene or propene with polar olefins such as
cheap acrylates, their derivatives, and vinyl ethers to
linear copolymers is still a long-standing goal in poly-
olefin engineering, since copolymers of this type might
endow a new generation of materials with remarkably
high adhesive, dyeing, and moisture adsorption proper-
ties.5

Recently, we reported on an intriguing method to
prepare copoly(R-olefin)s, of which the tacticity, molec-
ular weight, polarity, and nature of the side function-
alities could be easily adjusted.6,7 In these studies,
propene was successfully copolymerized with the linear
nonsymmetrically substituted dienes R(+)-5,7-dimethyl-
1,6-octadiene (isocitronellene) and 7-methyl-1,6-octadi-
ene (MOD). The higher substituted (i.e., more sterically
hindered) vinyl groups of these monomers remained
untouched by the zirconocene/MAO catalysts in these
reactions, excluding the possibility of cross-linking or
cyclopolymerization as published for 1,5-hexadiene ho-
mo- and copolymerization reactions.8-10 Derivatization
of these untouched vinylene groups resulted in side-
functional copoly(R-olefin)s with pendant hydroxy, amine,
epoxy, bromine, or perfluorohexyl groups.6 The polarity
of the copoly(R-olefin) backbone could be easily adjusted
by controlling the degree of incorporated diene.

In general, linear higher R-olefins copolymerize very
well with propene.11-15 Both the stereochemistry of the

main chain and the comonomer content can be con-
trolled by the metallocene structure.11,13,14 However,
attempts to compare the kinetic data of these studies
fail, because in none of these so-called semibatch
copolymerizations was the higher R-olefin concentration
controlled. Such uncontrolled conditions led to totally
different amounts of incorporated comonomer and thus
to differences in the copolymerization parameters as the
kinetic data were ruled by the degree of conversion. We
recognized that it is of major importance to control both
the higher R-olefin and the propene concentration in
order to obtain a uniform distribution of the comonomer
units over all polymer chains.6 Large shifts up to 36
mol % of the comonomer feed concentration were namely
observed at low overall conversions, causing already
microstructural heterogeneity of the copoly(R-olefin)
samples.

The present study deals with the regulation of the
MOD comonomer in the copolymerization reaction with
propene. Kolthammer et al. demonstrated nicely that
the metallocene-catalyzed homopolymerization of 1-octene
can be monitored on-line with ATR-FTIR spectroscopy
by following characteristic bands arising from the
1-octene double bond.16 Therefore, the control of the
MOD comonomer is performed by an autoclave setup,
which is equipped with an ATR-FTIR spectrometer
coupled with a dosage system for the liquid comonomer
and a gas flow controller for propene. This system is
able to allow a precise control of the concentrations of
the monomers applied, enabling the preparation of
functional copoly(R-olefin)s with uniform architectures.

Experimental Section

Materials. Propene (purity g 98.5 vol %) was generously
provided by the BASF AG and purified by passing through
columns packed with molecular sieve (3-4 Å) and BASF
catalyst R3-11 (kindly supplied by BASF AG). 7-Methyl-1,6-

1524 Macromolecules 2000, 33, 1524-1529

10.1021/ma991014w CCC: $19.00 © 2000 American Chemical Society
Published on Web 02/18/2000



octadiene, abbreviated as MOD (Aldrich, 98%), was stirred
over LiAlH4 for 24 h and distilled under argon prior to use.
rac-Et[Ind]2ZrCl2, abbreviated as EBI, was prepared according
to published methods.17 Toluene (Merck, p.A.) was purified by
refluxing over LiAlH4 and subsequent distillation under argon.
Methanol (technical grade), 2,6-di-tert-butyl-4-methylphenol
(Merck), and methylaluminoxane (MAO) (Witco GmbH, 10
wt % solution in toluene, 4.73 wt % Al) were used as received.

Polymerization Equipment. The polymerization reac-
tions were performed in a specially developed autoclave setup
depicted in Figure 1. A 1 L Büchi steel autoclave was equipped
with a DPR-205E deep immersion probe (Axiom Analytical)
that was connected to a Fourier transform-infrared (FTIR)
spectrometer (Nicolet Impact 410T) in an inboard configuration
via Axiot optical conduits and mirror assemblies (32 mm i.d.).
A two-reflection conical ZnSe attenuated total reflectance
(ATR) crystal (Axiom Analytical) was used at the DPR-205E
sensing head tip. The FTIR spectra were recorded using a
DTGS KBr detector. The instrumental parameters were a gain
setting of 16 at 8 cm-1 resolution with a mirror velocity of
0.6329 and 256 scans for each spectrum. The propene concen-
tration was measured by a calibrated gas flow meter (Bronk-
horst F-111C-HA-33P), and the pressure was kept constant
((50 mbar) during the entire polymerization period (Bronkhorst
pressure controller P-602C-EA-33P).3,18 The concentration of
the liquid comonomer MOD was measured with the described
ATR-FTIR spectrometer system and regulated by a calibrated
Liqui-Flow controller (Bronkhorst L1C2-FA-33-P), operating
at 0.2 bar nitrogen 5.0 overpressure. The polymerization
temperature was measured in the reaction solution with a
thermocouple and kept constant ((0.2 °C) via a Julabo ATS2
thermostat. The propene pressure, propene consumption,
amount of added MOD, and polymerization temperature were
controlled by real-time monitoring, one data set taken every
second. The EBI solution was injected via a pressure container
mounted onto the autoclave and operating at 0.2 bar argon
5.0 overpressure.

A calibration curve with 15 MOD standards that varied from
0.0 to 1.212 mol L-1 in toluene was processed with the QuantIR
1.12 program (Nicolet) using the Partial Least Squares (PLS)
method.

Method of Polymerization. Prior to every polymerization
reaction, the ATR-FTIR crystal was purified with a 10% HCl
solution and tested on its intensity with a 0.20 mol L-1 MOD
solution in toluene. The reactor was purged with argon 5 times
and rinsed with 15 mL of MAO at 80 °C for 2 h.

a. Copolymerizations with Control of the MOD Con-
centration. The autoclave was charged with 710 mL of
toluene and 64.2 mL of MAO (0.10 mol of Al). After thermal
equilibration of the autoclave system, the appropriate propene

pressure was adjusted and a FTIR background spectrum
recorded. A 27.3 mL (0.165 mol) aliquot of MOD was injected,
and the polymerization was started by adding 10 µmol of EBI.
This zirconocene complex was stabilized with the addition of
a small amount of MAO (Al/Zr ) 100). FTIR spectra were
collected every 10 min. The propene and MOD concentrations
were controlled as described above. During the polymerization,
additional EBI (stabilized with MAO, Al/Zr ) 100) was added,
since the catalyst was slightly deactivated by the continuous
addition of MOD. This resulted in a variation of the overall
Al/Zr ratio from 10.000 at the beginning to (2.000 at the end
of each polymerization reaction. The propene consumption was
kept below 50 mL min-1 in order to achieve optimal control
over the MOD concentration, since the regulation of MOD was
limited by the low capacity of the Liqui-Flow controller (50
mL/h). The reaction was terminated by carefully transferring
the copolymer solution into a beaker containing 2 L of
methanol acidified with 10 mL of 37 wt % HCl solution and
containing 1 g of 2,6-di-tert-butyl-4-methylphenol. The pre-
cipitated copolymer was filtered, washed several times with
acidified methanol and pure methanol, and dried in a vacuum
at 40 °C for 2 days. The waxy or oil-like copolymers were
isolated as follows: after decanting the methanol phase, the
copolymers were dissolved in n-hexane and filtered, followed
by rotary evaporation of the n-hexane. Finally, the copolymers
were dried in a vacuum at 40 °C for 2 days.

b. Copolymerizations without Control of the MOD
Concentration. These reactions were performed as described
for the controlled copolymerizations with the following
changes: EBI (stabilized with MAO, Al/Zr ) 100) was injected
only initially, and the amount was varied from run to run in
order to keep the rate of polymerization below 100 mL min-1

propene consumption. The overall Al/Zr ratio was 2000.
NMR characterization19 of the copolymers: 1H NMR

(CDCl3): δ ) 0.60-1.80 (m, CH, CH2, CH3, backbone and
aliphatic H), 1.94 (m, 2H, -CH2-CHdC-), 5.12 ppm (t, 1H,
-CH ) C(CH3)2). 13C NMR (CDCl3): δ ) 17.69 + 25.69 (2C,
-CHdC(CH3)2, 19.5-21.5 (m, 1C, -CH2-CH(CH3)-), 27.02-
46.50 (7C, CH and CH2 aliphatic), 125.08 (1C, -CHdC(CH3)2),
131.02 (1C, -CHdC(CH3)2).

Copolymer Characterization. Solution 1H NMR and 13C
NMR spectra were recorded in CDCl3 at 323 K using a Bruker
AMX-500 spectrometer with a dual probe operating at 500.1
and 125.8 MHz, respectively. Chemical shifts are referenced
with respect to TMS. The amount of incorporated MOD (in
mole percent) was calculated from 1H NMR using the relative
intensities of the peaks at 5.12 and 0.6-2.1 ppm. Molecular
weights and molecular weight distributions were obtained from
gel permeation chromatography (GPC) operating at room
temperature. The setup consisted of Waters µ-Styragel col-
umns with pore sizes of 105, 104, 103, and 500 Å and a guard
column. Sample detection was performed by a Waters 410
differential refractometer and a parallel connected Viscotek
H502B differential viscometer, allowing absolute molecular
weight determination and universal calibration. THF was used
as the eluent, and the setup was calibrated with monodisperse
polystyrene standards. Glass and melt transition temperatures
were measured by differential scanning calorimetry (DSC)
using a Perkin-Elmer DSC-7. Heating and cooling rates
typically were 10 and 5 °C/min, respectively, with samples
weighting 5-10 mg. The data of the second heating curve are
reported.

Results and Discussion

Polymerization Technique. The autoclave setup
depicted in Figure 1 was developed to monitor and
control the MOD concentration on-line during the
copolymerization reactions. The progress of these reac-
tions was followed by quantification of the CH2 out-of-
plane bend of MOD at 910 cm-1 as no other bands
interfered in this region. The contribution of the CH2
out-of-plane bend of propene at 910 cm-1 was included
in the background spectrum. The peak was quantified

Figure 1. Schematic representation of the developed auto-
clave setup that is equipped with an ATR-FT-IR spectrometer
coupled with a dosage system for the liquid comonomer to
control the copolymerization kinetic. The propene concentra-
tion is regulated with a gas flow controller.
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from a baseline drawn between 928 and 891 cm-1 using
a partial least-squares calibration method. All polymers
stayed in solution during the reactions, which were
performed until low to moderate yields to prevent
changes in the monomer concentrations caused by
diffusion c.q. viscosity problems. It turned out that the
applied polymerization conditions did not influence the
ATR-FTIR crystal’s intensity, enabling direct quantifi-
cation of the on-line recorded FTIR spectra. The ATR-
FTIR measurements were correct by (10% according
to test experiments.

Copolymerizations without Control of the MOD
Concentration. First, copolymerizations of propene
and MOD were performed in a semibatch process, in
which the propene concentration was kept constant
during the reaction via a gas flow controller and that
of the liquid comonomer MOD was adjusted only
initially. The concentration of MOD was set at 0.21
mol L-1 in all copolymerization experiments, and the
propene concentration was varied in different runs in
order to change the propene to MOD ratio. The results
of these semibatch copolymerizations are summarized
in Table 1 and Figures 2 and 3. Figure 2 shows two
curves that contain the on-line ATR-FTIR measure-
ments of performed propene/MOD copolymerizations at
60 °C with 10.0 and 28.2 mol % MOD in the feed initially
(runs 6 and 8, respectively). These measurements
clearly show that the comonomer MOD is rapidly
consumed during the copolymerization reactions. In the
case of run 6, the concentration of MOD in the reaction

mixture even dropped below the detection limit (∼2 mol
% MOD) of the ATR-FTIR spectrometer after 30 min.
Similar curves were obtained with copolymerizations
performed at 30 °C. The rate of MOD consumption is
dependent on the rate of the copolymerization reaction.
The combination of reaction temperature, amount of
catalyst, and concentration of the monomers determines
the slope of the curve. The rate of copolymerization,
reflected by the activity (see Table 1), is governed by
the MOD content in the reaction mixture. Higher MOD
contents are believed to result in increased levels of
formed metallacyclic complex structures that slow the
rate of polymerization.6,20 Therefore, higher amounts of
catalyst were used at higher MOD contents to compen-
sate for this effect. 1H and 13C NMR analysis proved
that the vinylene end group of MOD remained un-
touched during copolymerization, excluding the pos-
sibility of cyclopolymerization or cross-linking.6

The copolymerization reactions were terminated after
a certain degree of conversion, giving yields of ap-
proximately 15 g per run. This should lead to relatively
comparable changes in the propene to MOD ratios
during the reactions and therefore to proportional MOD
incorporations in the copolymers. However, this is not
depicted by Figure 3 (data from Table 1), wherein the
amount of MOD in the feed is plotted against the level
of incorporated MOD in the copolymers. Initially, the
degree of incorporated MOD in the copolymers goes
along with the amount of MOD in the reaction mixture
but levels off at a feed mixture of 10 mol % MOD. This
leveling off can only be explained in terms of the
relatively large shifts of the MOD to propene ratios
during the polymerization reactions (see Figure 2). This
change becomes larger at higher MOD concentrations
in the feed, resulting in the observed incorporation
plateau.

Copolymerizations with Control of the MOD
Concentration. To control the incorporation of MOD
into the propene/MOD copolymer ultimately, the ATR-
FTIR spectrometer system was coupled with a dosage
system for the liquid MOD comonomer (Figure 1). This
enabled continuous addition of MOD, the flow of which
varied during the reaction depending on the actual
MOD concentration in the reaction mixture. Table 2
summarizes the results on the controlled copolymeri-
zation reactions. The same monomer concentrations and
polymerization conditions (see Experimental Part) were
applied as the runs from Table 1, making the copoly-
merization data of both fully comparable. The data on
the copolymerization activities have limited meaning,

Table 1. Copolymerizations of Propene with
7-Methyl-1,6-octadiene (MOD) at 30 and 60 °C without

Control of the MOD Concentrationa

run
no.

Tp
b

(°C)
EBIc

(µmol)

propene
(mol
L-1)

MOD
feedd

(mol %)

MOD
copolyme

(mol %)
yield
(g)

actf

× 10-4

1 30 4 3.80 5.1 2.0 16.5 289.3
2 30 16 1.90 10.1 8.8 14.1 20.3
3 30 30 0.85 20.1 9.2 20.2 76.3
4 30 50 0.55 28.2 11.1 15.0 18.9
5 60 3 2.55 5.0 2.4 13.4 999.2
6 60 10 1.90 10.0 7.4 28.5 127.9
7 60 20 0.85 20.5 9.1 15.3 260.8
8 60 23 0.55 28.2 9.1 19.4 44.2

a Copolymerizations were carried out with a molar ratio Al/Zr
of 2000 in toluene and with a concentration of MOD of 0.21
mol L-1. b Polymerization temperature. c rac-Et[Ind]2ZrCl2. d Ini-
tial concentration of MOD (relative to the total concentration of
both monomers) in the feed. e Amount of MOD incorporated in
copolymer determined by 1H NMR analysis. f Activity in {g of
copolymer/(mol of EBI‚h‚[mol L-1 of total monomer concentra-
tion])}.

Figure 2. On-line monitoring of semibatch propene/MOD
copolymerizations at 60 °C with 10.0 and 28.2 mol % MOD in
the feed initially (runs 6 (b) and 8 (9), respectively).

Figure 3. Amount of MOD in the feed versus the level of
incorporated MOD in the copolymer at 30 °C (9) and 60 °C
(O) without control of the MOD concentration during the
propene/MOD copolymerizations.
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as the amount of EBI, on which the activities are
calculated, was added gradually over the whole poly-
merization period. In Figure 4, the ATR-FTIR data
points of three runs (runs 14-16) are presented in which
the MOD concentration was controlled during the
reaction. The dotted lines drawn in Figure 4 are the
mean values of each run, and the error bars represent
the standard deviation of each data point. Both of them
were determined via linear regression of the ATR-FTIR
data points and are included in Table 2. These results
show that the MOD concentration could be successfully
controlled within (12% accuracy or less by use of the
developed autoclave setup. The data concerning the
incorporated MOD contents in the copolymers are
estimated to be correct by (25%, considering cumulated
errors in both the monomer concentrations and poly-
merization conditions and handling as well as in the
1H NMR data. The dependence of the degree of incor-
porated MOD in the copolymer as a function of the
concentration of MOD in the reaction mixture is plotted
in Figure 5. The difference between control and no
control of the MOD concentration in time is evident by
comparing Figures 3 and 5. If the error limits in both
plots are included, nothing changes to the difference
between the incorporation proceedings between them.
With control of the MOD concentration, the amount of

MOD in the feed equals approximately the degree of
MOD incorporated in the copolymer. The leveling off at
a feed mixture of 10 mol % MOD is not observed
anymore. Further it appeared that the MOD incorpora-
tion is independent of the polymerization temperature.

The equal incorporation of MOD compared to the feed
composition can be understood considering other inves-
tigations on copolymerization experiments with higher,
liquid R-olefins. Recently, nearly equal incorporation
data compared to the monomer feed ratio were reported
for 1,5-hexadiene/propene and 1,7-octadiene/propene
copolymerizations by Shiono et al. using specific met-
allocene catalysts.10 Similar results were found in
copolymerizations of propene and several higher R-ole-
fins.6,12 However, as no control of the comonomer
concentrations during the copolymerization reactions
was performed in these studies, the most equal incor-
poration values compared to the feedstock compositions
were obtained at negligible overall conversions and at
high comonomer-to-propene ratios, implicating almost
equal comonomer concentrations during the copoly-
merization reactions. Thus, the equality between feed
and copolymer compositions can be explained from the
fact that in our study control of both monomer concen-
trations could be achieved during the copolymerization
reactions for the first time.

The reactivity ratios were determined according to the
method of Kelen-Tüdos,21 delivering the following
values: r1 ) 0.71 and r2 ) 0.24 (30 °C); r1 ) 0.83 and r2
) 0.39 (60 °C). This means that propene is preferably
inserted after a MOD unit and that the insertion after
a propene unit is more or less of random nature. This
is consistent with the 13C NMR observations of mainly
isolated MOD units in the copolymers.22

The properties of the copolymers prepared without
control of the MOD concentrations are displayed in
Table 3 and those of the controlled ones in Table 4. GPC
analysis showed an increase of the weight-average
molecular weights (Mh w) as the polymerization temper-
ature decreased for both polymerization types, which
was also found for propene/isocitronellene copolymers
and propene homopolymers.6,23 Considering the weight-
average molecular weights (Mh w) determined by univer-
sal calibration of the tailor-made copolymers, there is a
clear trend toward lower molecular weights as the
incorporation of MOD in the copolymer increases. As
in other R-olefin copolymerization studies, this tendency
is distorted in the case of the copolymers prepared
without control of the comonomer concentration.10,12,15

The microstructural heterogeneity of the copolymers
prepared under uncontrolled conditions is clearly dem-

Table 2. Controlled Copolymerizations of Propene with
7-Methyl-1,6-octadiene (MOD) at 30 and 60 °Ca

run
no.

Tp
b

(°C)
propene
(mol L-1)

MOD
feedc

(mol %)
SDd

(mol %)

MOD
copolyme

(mol %)
yield
(g)

actf

× 10-4

9 30 3.80 5.3 g 7.9 30.4 32.6
10 30 1.90 9.9 1.1 12.9 12.1 7.1
11 30 0.85 19.4 1.7 21.1 5.1 1.5
12 30 0.50 29.2 3.4 30.5 2.7 0.8
13 60 2.55 5.1 g 5.9 27.1 126.2
14 60 1.90 9.8 0.8 12.1 11.3 5.2
15 60 0.85 21.2 2.7 24.0 14.1 6.5
16 60 0.50 32.0 2.0 28.6 6.3 3.8

a Copolymerizations were carried out in toluene with a concen-
tration of MOD of 0.21 mol L-1. b Polymerization temperature.
c Mean concentration of MOD (relative to the total concentration
of both monomers) during polymerization as determined by linear
regression of the data points obtained by ATR-FTIR spectroscopy.
d Standard deviation of the concentration of MOD during the
polymerization. e Amount of MOD incorporated in copolymer
determined by 1H NMR analysis. f Activity in {g of copolymer/(mol
of EBI‚h‚[mol L-1 of total monomer concentration])}. g Could not
be detected precisely by ATR-FTIR spectroscopy due to low
concentration of MOD.

Figure 4. On-line control of the MOD concentration in time
during the copolymerization with propene performed at 60 °C.
The dotted lines are the mean values of each run, and the error
bars represent the standard deviation of each data point, both
of which were determined via linear regression of the ATR-
FTIR data points.

Figure 5. Amount of MOD in the feed versus the level of
incorporated MOD in the copolymer at 30 °C (9) and 60 °C
(O) with on-line control of the MOD concentration during the
copolymerization reactions.
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onstrated by their thermal properties. These show a
negative response on the level of incorporated MOD. In
general, both the glass transitions and the melt transi-
tion temperatures lower as more MOD is incorporated
in the copolymer. This effect is also expressed by the
melt transition enthalpy (∆Hm), which is a measure for
the degree of crystallinity of the copolymers. Further-
more, the second heating curves of the copolymers with
more than 2.4 mol % MOD are characterized by a
recrystallization exotherm below the melt transition,
indicating microstructural heterogeneity. It must be
noted that all the copolymers from Table 3 do possess a
distinct melt transition and degree of crystallinity. The
tailor-made copolymers on the other hand also display
a negative dependence of the glass transition and melt
transition temperatures on the MOD incorporation.
However, they lack a melt endotherm above 12.9
mol % incorporated MOD. Furthermore, the degree of
crystallinity (expressed by ∆Hm) at MOD contents of
(12 mol % (runs 10 and 14) is much lower than the
ones prepared under uncontrolled conditions at compa-
rable melt transition temperatures (runs 4, and 7 and
8, respectively). These differences in thermal behavior
between copolymers prepared under controlled and
uncontrolled reaction conditions can be explained from
the differences in distribution of the 2-methyl-2-hexa-
diene side chains over the copolymer backbones. These
side chains diminish the ability of the copolymers to
crystallize, as was published before.6 It is evident that
a uniform distribution of the MOD units over the
polymer chains prevents crystallization of the polymer
in the end if the units are placed within the critical
length of isotactic propene segments needed for crystal-
lization.

Further proof of the microstructural heterogeneity of
the copolymers prepared under uncontrolled conditions
versus the homogeneous architecture of the tailor-made
copolymers is provided by solvent extraction fraction-
ation. For these experiments, two copolymers were
selected, i.e., runs 7 and 15. Two reasons underlie the
selection of these two copolymers in order to compare

the fractionation results completely: (a) both had equal
MOD concentrations in the feed, at least initially, and
(b) both had similar isolated yields. The fractionation
solvents were selected on their dielectric constants,
going from relatively high (3-pentanone) to low (n-
pentane) during the solvent extraction fractionation
experiments. The results of these experiments are listed
in Table 5. Whereas copolymer 15 turned out to be one
fraction, copolymer 7 could be fractionated into three
copolymer fractions. The average amount of incorpo-
rated MOD in the three fractions decreased from 11.5
mol % (3-pentanone) to 7.6 mol % (dichloromethane) to
7.2 mol % (n-pentane).

Conclusions
The present study clearly demonstrates that the

concentration of the comonomer 7-methyl-1,6-octadiene
drops down rapidly in copolymerizations with propene.
This leads to a nonuniform distribution of the MOD
comonomer units over the polymer chains and to
changes in the copolymerization kinetics during the
reaction. As a result, the copolymers are characterized
by microstructural heterogeneity, which was proved by
thermal analysis and solvent extraction fractionation
experiments. Control of the MOD concentration in time
via ATR-FTIR spectroscopy leads to copolymers with
uniform architectures. How far our findings on in-situ
monomer control are relevant for the structure-
property relationship of ethene/octene or other copoly-

Table 3. Characterization of Copolymers Prepared without Control of the MOD Concentration

run no.
Mh w × 10-3 a

(g mol-1) Mh w/Mh n
a

Mh w × 10-3 b

(g mol-1) Tg
c (°C) Tm, peak

c (°C) ∆Hm
c (J g-1) phys appd

1 41.8 2.6 n.d.e -14.8 119.9 58.9 powder
2 28.5 1.8 18.8 -21.5 71.2 16.1 powder
3 26.6 1.8 12.0 -25.2 71.6 18.5 powder
4 19.0 1.8 17.8 -31.3 60.3 16.2 fluffy
5 26.7 1.9 13.3 -13.7 106.9 46.1 powder
6 14.4 1.8 11.5 -27.9 67.4 15.7 powder
7 12.3 1.8 7.7 -32.7 59.8 13.3 wax
8 10.9 1.8 9.2 -32.9 51.7 6.0 wax

a Determined by GPC, polystyrene calibration. b Determined by GPC, universal calibration. c Measured by differential scanning
calorimetry. d Physical appearance. e Not determined.

Table 4. Characterization of Tailor-Made Copolymers through ATR-FT-IR Spectroscopy

run no.
Mh w × 10-3 a

(g mol-1) Mh w/Mh n
a

Mh w × 10-3 b

(g mol-1) Tg
c (°C) Tm, peak

c (°C) ∆Hm
c (J g-1) phys appd

9 38.1 2.2 19.6 -18.9 91.4 25.8 powder
10 22.0 1.9 18.0 -29.1 59.6 9.7 fluffy
11 13.3 1.8 9.7 -44.7 n.o.f wax
12 9.1 1.6 7.8 -47.4 n.o.f oil/wax
13 16.1 1.9 n.d.e -21.3 84.6 30.1 powder
14 10.7 1.8 9.1 -40.0 55.1 1.7 wax
15 7.8 1.8 6.7 -52.1 n.o.f oil/wax
16 4.5 1.6 3.5 -54.0 n.o.f oil

a Determined by GPC, polystyrene calibration. b Determined by GPC, universal calibration. c Measured by differential scanning
calorimetry. d Physical appearance. e Not determined. f Not observed.

Table 5. Solvent Extraction Fractionationa

3-pentanone
fraction

dichloromethane
fraction

n-pentane
fraction

run
no.

yield
(wt %)

MODb

(mol %)
yield

(wt %)
MODb

(mol %)
yield

(wt %)
MODb

(mol %)

7 50 11.5 37 7.6 13 7.2
15 100 24.0

a Solvent extraction fractionation was carried out with 2 g of
each copolymer during 4 h of extraction with 100 mL of each
solvent at room temperature. b Amount of MOD incorporated in
copolymer determined by 1H NMR analysis.
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mers will be a subject for further studies. It will be
interesting to see whether differences in the polymer
microstructures of such polymers influence their com-
patibilization behavior in polymer blends.
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