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ABSTRACT: We report the synthesis of tapered block copolymers of ethylene with 5-norbornen-2-yl acetate
(1) by the nickel catalyst system [N-(2,6-diisopropylphenyl)-2-(2,6-diisopropylphenylimino)propanamide] Ni-
(η1-CH2Ph)(PMe3) (2) and Ni(COD)2 (bis(1,4-cyclooctadiene)nickel). This technique utilizes a one-pot semibatch
copolymerization in which ethylene is continuously added while1 is depleted by incorporation into the polymer
chain. The simplicity of this technique allows the construction of a polymer library, which enabled us to study
the effect of polymer composition and chain length on solid-state morphology and mechanical and thermal
properties. From these studies we were able to derive a profile relating the probability of1 insertion vs degree
of polymerization (Xn). Under proper experimental conditions, these tapered polymers form ordered microphase-
separated morphologies where the phase morphology is modulated by the polymer chain length. The percent
crystallinity and storage modulus of the polymers were found to be chain length dependent.

Introduction

Self-assembling systems are becoming a viable method for
achieving nanoscale feature sizes and high feature fidelity, which
find use in various applications.1,2 Block copolymers are ideal
molecules for achieving such organization due to their thermo-
dynamically controlled driving force to nanoscale ordering.3,4

As a result of advances in the methods of polymer synthesis, it
is possible to “program” nanoscale morphologies and sizes
through control of experimental conditions and polymer
composition.5-8 Uses of such block copolymer templates have
appeared, particularly in nanoimprinting.9,10 In addition to
controlling the morphologies and length scales of self-assembly
by synthetic conditions, it would be advantageous to tailor the
physical and mechanical properties of these polymer domains.

Gradient, or tapered, copolymers have a chemical structure
with a gradual change of composition along the polymer chain,
from one comonomer to the other.11,12If the average chain length
is sufficiently long, the degree of incompatibility between the
two monomers is high and the gradient profile provides chain
ends that contain mainly one type of monomer, then microphase-
separated structures similar to those observed in traditional block
copolymers can be observed.13 This special class of gradient
copolymers, called tapered block copolymers (TBCs), are of
importance; in particular, they are efficient compatibilizers of
polymer blends and may be superior to block copolymers for
this application.14-16 The phase morphology and interfacial
energy in TBCs are modulated by the length and sharpness of
the composition gradient.17-21

Living polymerization methods are required for the synthesis
of gradient structures, since to achieve similar average composi-
tion drifts in each polymer chain, all chains must be initiated
simultaneously and must participate in the propagation sequence
until the end of the reaction.15 Because of this requirement,
gradient copolymers have been synthesized primarily by con-

trolled radical polymerization22-26 and anionic polymerization27-34

methods. Tapered polymer structures containing ethylene and
functionalized comonomers have not existed previously,35

primarily because of the limited options for living polymeri-
zation initiators.36-41 Such materials could make a substantial
impact in designing blends of polyethylene and polar engineer-
ing plastics42 because the polarity gradient along their chain
would reduce the interfacial energy and lead to better mixing.

In this contribution we disclose the synthesis, characterization,
and bulk properties of TBCs containing ethylene and the polar
comonomer 5-norbornen-2-yl acetate (1). Our technique is a
remarkably simple method, involving a one-pot synthesis with
no need for sequential monomer addition. Furthermore, we show
that the structure and composition of the gradient copolymers
can be controlled with variation of the initial concentration of
the polar comonomer. As a result, the mechanical properties of
these TBCs can be tailored at the synthesis stage.

Results and Discussion

Synthesis and Characterization.The initiator system gener-
ated with (LiPr2)Ni(η1-CH2Ph)(PMe3) (2) [(L iPr2) ) N-(2,6-
diisopropylphenyl)-2-(2,6-diisopropylphenylimino)propan-
amide] and 2.5 equiv of Ni(COD)2 (bis(1,5-cyclooctadiene)-
nickel)43 shows “quasi-living”44 characteristics for the copo-
lymerization of ethylene and1 (Figure 1). It occurred to us that
a semi-batch reaction whereby the ethylene pressure is kept
constant and the concentration of1 is allowed to deplete by
incorporation into the polymer structure would lead to the
desired tapered structure. Under these circumstances, the grow-
ing chain is rich in1 at the start of the reaction. As the reaction
proceeds, [1] decreases, leading to an increase in the fraction
of ethylene incorporated into the chain. The final structure of
the polymer was anticipated to have a polar amorphous terminus
(rich in 1) and a nonpolar, semicrystalline chain (primarily
polyethylene) on the other end. The overall procedure is
technically simple. A reactor is initially filled with a solution
of the initiator mixture and1 (see Figure 1). Polymerization
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takes place when ethylene is added and is terminated after a
chosen reaction time.

Table 1 summarizes a set of polymerization reactions where
the ethylene pressure was kept constant at 200 psi. Examination
of Table 1 shows that there is a progressive increase in average
molecular weight with reaction time, even up to 120 min. This
increase is consistent with the quasi-living characteristics of the
polymerization reaction. Ideal living characteristics are not
achieved due to reaction variables such as the varying levels of
incorporation of1 into the copolymer chain and the precipitation
of the product after 45 min of reaction time. Copolymers with
larger fractions of1 are soluble in toluene, whereas the ethylene-
rich segments formed at later stages of the reaction have poor
solubility in toluene. Table 1 also shows that the overall fraction
of 1 in the product decreases with longer reaction times. The
chains thus have the highest fraction of1 at the beginning, when
[1] is at its maximum.

Two additional sets of tapered copolymers were prepared
starting with lower and higher initial [1]0 values (0.075 and
0.225 M). Figure 2 shows the decrease of the average content
of 1 in the polymer chain with increasing molecular weight as
a function of the initial [1]0. Since1 is consumed solely through
incorporation into the polymer, the quantity of unreacted1 can
be calculated from the structural composition according to eq
1:

In eq 1, 10 is the initial comonomer mass,W1 is the weight
fraction of1 in the product,Mp is the mass of isolated polymer,
and 1x is the mass of1 remaining in solution. After 60 min,
under the reaction conditions listed in Table 1, greater than 99%

of 10 has been incorporated into the growing chains. Extension
of the polymer chain from this point onward takes place
predominantly by polyethylene formation. As displayed in
Figure 2, by controlling [1]0, one can create a variety of polymer
compositions.

Figure 2 provides the average content of1 vs Mn; however,
it does not make clear information on the instantaneous
composition as a function of chain length. For a more complete
picture of the tapered structure it would be useful to know the
probability of 1 insertion as the reaction proceeds. Obtaining
this information typically requires continuous monitoring of both
molecular weight and structural composition vs time, which is
not possible in our laboratories. However, the data in Table 1
may be used for an estimate. Consider for example two
consecutive entries (a and b) in Table 1. The probability of1
insertion in the interval between the two entries (P1afb) can be
estimated by

whereF1b, Xnb, F1a, andXna are the molar fraction of1 in entry
b, the average degree of polymerization in entry b, the fraction
of 1 in entry a, and the average degree of polymerization in
entry a, respectively. The average number of1 at a givenXn is
provided byF1Xn. TheXn for each entry is obtained by dividing
the number-average molecular weight (Mn) by the average mass
of the monomer units (Mavg).45 We useM1F1 + MEFE to obtain
Mavg, whereM1, F1, ME, andFE are the molecular weight of1,
the molar fraction of1 in the chain, the molecular weight of
ethylene, and the molar fraction of ethylene in the chain,
respectively.

Figure 1. Gradient copolymerization method. The ratiox/y increases as a function ofn. The gradient bar illustrates the compositional variation
from segments rich in1 (blue) to segments rich in C2H4 (red).

Table 1. Summary of Polymerization Reactionsa

entry reaction time (min) Mn (kg/mol) PDI mol %1

1 4 10( 1 1.3 18( 1
2 5 18( 1 1.2 18( 1
3 8 27( 2 1.2 14( 1
4 10 28( 1 1.3 14( 1
5 20 37( 3 1.4 12( 1
6 25 47( 3 1.4 11( 1
7 35 55( 5 1.4 10( 1
8 45 63( 3 1.3 9( 1
9 60 94( 10 1.5 6( 1

10 80 109( 1 1.5 6( 1
11 100 136 1.6 5( 1
12 120 170 1.5 4( 1

a Conditions:PC2H4 ) 200 psi, [1] ) 0.15 M, [2] ) 0.67 mM, [Ni(COD)2]
) 1.67 mM, in toluene. Each entry shows the average from three
polymerizations, except for entries 11 and 12. Mol% 1 is calculated by
1H NMR spectroscopy. Molecular weight determinations were measured
by gel permeation chromatography (GPC) against universal calibration from
polystyrene standards.

10 - W1Mp ) 1x (1)

Figure 2. Molar percentage of1 in the polymer chain as a function of
molecular weight and initial [1]0, where the data for [1]0 ) 0.075, 0.150,
and 0.225 M are given by circles (red), squares (blue), and diamonds
(green), respectively. The polymer series with [1]0 ) 0.225 M could
not be extended beyondMn ) 80 kg/mol due to gel formation in the
reactor.

P1afb ) [(F1bXnb) - (F1aXna)]/(Xnb - Xna)
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Figure 3 shows howP1afb changes as a function ofXn at
three values of [1]0. Higher [1]0 causes steeper tapering profiles
and higher initial incorporation of1 into the polymer chain.
The steep tapering profile leads to a polymer that changes
rapidly from a polar amorphous segment to a nonpolar
polyethylene-like segment. For the lowest [1]0 theP1afb profile
leads to a polymer that transforms more gradually from a
semipolar amorphous segment to polyethylene. Ultimately, the
P1afb profile gives an estimate of the instantaneous incorporation
of 1 into the copolymer at different chain lengths, and these
estimates can be used to create structures with desired composi-
tion and tapering profile.

Solid-State Characterization and Properties.The crystal-
linities of the TBCs, as measured by differential scanning
calorimetry (DSC), are in agreement with the profile in Figure
3. Figure 4 shows a plot of the percent crystallinity (Table 1,
entries 4-12) vsMn. The lowest molecular weight entries with
the highest1 content (Table 1, entries 1-3) have no measurable
crystallinity. ForMn > 100 kg/mol, the polyethylene crystallinity
saturates at∼40%, a value that corresponds well to that for the
polyethylene obtained with this initiator system. Note that for
[1]0 ) 0.15 M Figure 3 shows that the three longest polymer
segments haveP1afb ) 0; thus. the chain ends of the three
longest polymers are essentially polyethylene.

The P1afb profile in Figure 3 shows that for [1]0 ) 0.15 M
the instantaneous composition of the copolymer chain tapers
from nearly 20 mol %1 to polyethylene for polymers withMn

> 100 kg/mol. This difference in composition gradient led us
to expect phase separation in the solid state.48 The products listed
in Table 1 were examined by transmission electron microscopy
(TEM). No indication of phase separation was observed for
polymers withMn < 63 kg/mol (reaction time< 45 min). As
shown in Figure 5A, a lamellar morphology, where semicrys-
talline PE layers (light) alternate with amorphous copolymer
layers, is observed for a polymer withMn ) 63 kg/mol (Table
1, entry 8). For the products obtained after longer reaction times,
the morphology changes from alternating lamellar sheets to a
less organized phase (Figure 5B), in which the polyethylene-
rich segments form the matrix and the1-rich block forms
smaller, cylindrical-like domains. While the tapered structure
of the products allows us to create microphase-separated

Figure 3. Plot of P1afb againstXn. [1]0 ) 0.075, 0.15, and 0.225 M
are shown in circles (red), squares (blue), and diamonds (green),
respectively. The lines are a guide to the eye.

Figure 4. Crystallinity vs number-average molecular weight. The line
is a guide to the eye.

Figure 5. (A) Transmission electron micrograph (TEM) of Table 1,
entry 8 (Mn ) 63 kg/mol). The morphology is lamellar, where
semicrystalline PE layers (light) alternate with amorphous copolymer
layers. The dark spots are caused by stain contamination by RuO4. (B)
TEM of Table 1, entry 12 (Mn ) 170 kg/mol). The morphology is a
poorly organized hexagonal phase, where amorphous copolymer
cylinders are embedded in a semicrystalline PE matrix (light). PE
crystals can also be observed in the matrix.
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structures whose morphologies are a function of polymer chain
length, there are limitations. For example, it is not possible to
create short gradient copolymers that order into microphase-
separated morphologies. This is due to the finite chain length
needed for the polymer to taper from a segment rich in1 to a
sufficiently incompatible polyethylene sequence.

Since crystallinity changes as a function ofMn, we anticipated
mechanical properties that are chain length dependent. Tension
film geometry was used to investigate the storage modulusG′
as a function of temperature (Figure 6). At lower temperatures
(below theTg) the storage moduli of all these samples are nearly
the same, while at elevated temperatures the moduli shift to
higher values for higherMn polymers. This is primarily due to
the fact that increasing chain length leads to longer segments
of polyethylene and correspondingly higher levels of polyeth-
ylene crystallinity. Additionally, the change from a lamellar
morphology at lowerMn, where the stiff polyethylene domains
alternate with the amorphous1-rich domains, to a morphology
at the highestMn, in which the stiff polyethylene domain forms
a continuous matrix, may account for part of the chain length
dependent mechanical properties. These results indicate that
since the molecular weight grows nearly linearly with reaction
time, the storage modulus (and thus mechanical properties) can
be altered through control of this experimental variable.

Conclusion

In summary, we developed a simple one-step methodology
for the synthesis of tapered block copolymers containing
ethylene and a polar comonomer that show microphase-
separated structures and chain length dependent mechanical
properties. Furthermore, the thermal, GPC, and1H NMR
characterization along with TEM examination and mechanical
testing support our proposal of a structure with an initial,
amorphous,1-rich segment that tapers to a highly crystalline
polyethylene segment. The ease of this synthetic method allows
us to create libraries of tapered copolymers with varying
molecular weights and1 content. It is interesting to note that1
exists as a mixture ofendoandexo isomers, which may have
different reactivities and rates of incorporation into the polymer
chain.38,46 The exact tapered profile could indeed be quite
complex. Despite these uncertainties, the information we have
gained from the tapering profile at different [1]0 values yields
guidelines for the creation of materials with tailored bulk
properties. We are currently extending this synthetic methodol-
ogy toward the creation of multiblock tapered copolymers to

explore the effect of multiblock architecture on microphase
separation and mechanical, physical, and thermal properties.

Experimental Section
General Remarks.All manipulations were performed under an

inert atmosphere using standard glovebox and Schlenk techniques.
All reagents were used as received from Aldrich, unless otherwise
specified. A Parr 100 mL metal reactor (model 4565) was used for
all polymerizations. Ethylene was purchased from Matheson Tri-
Gas (research grade, 99.99% pure) and was purified by passage
through high-pressure, stainless steel, oxygen and moisture traps
(Matheson models OT-4-SS and MT-4-SS). Toluene, THF, hexane,
and pentane were distilled from benzophenone ketyl. Toluene for
polymerization runs was distilled from sodium/potassium alloy.
5-Norbornen-2-yl acetate (1) was purchased from Aldrich and was
vacuum-distilled before use. [N-(2,6-Diisopropylphenyl)-2-(2,6-
diisopropylphenylimino)propanamide]Ni(η1-CH2Ph)(PMe3) (2) and
Ni(COD)2 were synthesized as reported previously47 and purified
by recrystallization.

Typical Tapered Copolymerization of Ethylene and 5-Nor-
bornen-2-yl Acetate; [1]0 ) 0.15 M. A typical copolymerization
is performed as follows. Inside a glovebox a metal reactor was
loaded with2 (20 µmol, 31.6 mg), Ni(COD)2 (50 µmol, 27.6 mg),
1 (4.50 mmol, 0.685 g), and toluene such that the final volume of
this solution was 30 mL. The metal reactor was sealed inside the
glovebox and was attached to a vacuum/nitrogen line manifold.
Ethylene was fed continuously into the reactor at 200 psi, and the
pressurized reaction mixture was stirred at 20°C. Ethylene was
vented after a specific reaction time, and acetone was added to
quench the polymerization. The precipitated polymer was collected
by filtration and dried under high vacuum overnight.

Polymer Characterization. NMR spectra were obtained using
Varian Unity 400 or 500 spectrometers.1H NMR spectra of the
polymers were obtained in mixed solvent (C6D6/1,2,4-trichloroben-
zene 1:4 ratio in volume) at 115°C. Gel permeation chromatography
(GPC) measurements were performed on a Polymer Labs high-
temperature GPC system (model PL-220). Differential scanning
calorimetry was used to determine the thermal characteristics of
the copolymers using a TA Instruments DSC 2920. The DSC
measurements were recorded during the second heating/cooling
cycle in the-10 to 180°C range at a rate of 5°C/min. Each sample
for DSC was approximately 5-10 mg. The crystallization temper-
ature (Tc), the melting point (Tm), and the heat of fusion (Hm) of
the materials were determined in this way. Dynamic mechanical
analysis was performed using a TA Instruments 2980 DMA.
Tension film geometry was used to investigate the storage modulus
G′ as a function of temperature and to detect the glass transition of
the samples by measuring tanδ. The typical size of the measured
samples was approximately 7 mm in length, 1.5 mm in width, and
0.15 mm in thickness. Both cooling and heating processes were
performed at 3°C/min for each sample. Applied frequency was 1
Hz, and applied deformation ranges from 10 to 50µm (i.e., applied
strain ranges from∼0.15 to∼0.7, well within the linear region of
the materials) depending on the softness of the materials.

Transmission electron microscopy studies were performed on
annealed copolymer films. Bulk polymer samples were annealed
in high vacuum for 1 day at 200°C, followed by 3 days at 160°C
to allow the microphase to equilibrate, followed by a rapid quench
in <1 min to liquid nitrogen temperatures. First the sample surface
was cut at-190 °C to make a smooth surface for the stain to
penetrate into the sample. The sample was then stained in the vapor
of a 0.5% RuO4 stabilized aqueous solution (Electron Microscopy
Science) for a period of 5 days. Sections of the stained polymers
80 nm thick were then cut using a Leica Ultracut UCT ultrami-
crotome with a diamond knife at room temperature. TEM images
of the stained samples were obtained using a FEI Tecnai G2 Sphera
TEM operating at 200 kV. The observed contrast is due to the local
oxidation of the amorphous phase of the block copolymer by RuO4.
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