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ABSTRACT: Norbornene–ethylene copolymers with relatively high norbornene content, synthesised using different
metallocene catalysts, were studied by Microhardness methods and Positron Annihilation Lifetime Spectroscopy. It has
been established that plastic and elastic properties as well as free volume of the investigated materials do not depend
linearly on the norbornene content since the different molecular structures, as a result of the various catalytic systems
used, have also an important influence on those parameters. Vickers microhardness and plastic properties of the samples
investigated are not sensitive to the quantity of ethylene blocks and are influenced predominantly by micromechanical
properties of polymer chains. Vickers microhardness is not sensitive either to dimensions and quantity of the pores or to
the free volume. On the other hand, long ethylene sequences are related to total microhardness, i.e., during penetration
they contribute to the elastic deformation. The sizes, distribution and quantity of the nanopores have been determined
and explained in relation to the structure of the norbornene-ethylene copolymers.
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Norbornene–ethylene (N–E) copolymers possess a
relatively high glass transition temperature and im-
proved transparency, stability against chemical degra-
dation, impact resistance, toughness, flexibility, wa-
ter vapour impermeability and processability. That is
why they are very appropriate and extremely useful for
optical applications, electrical appliances, automotive
parts, containers, bottles, tough films, compact disks,
etc.

Recently, there have been many articles devoted
to the investigation of the structure and properties of
norbornene–ethylene copolymers using standard inves-
tigative methods such as DSC, WAXS, DMTA, NMR,
FT-IR and Raman spectroscopy.1–7 The most interest-
ing and disputable issue is the relationship between
the copolymer microstructure (that is influenced by the
type of catalyst used in synthesising N–E copolymers)
and the norbornene content.

In this work both Microhardness (MH) and Positron
Annihilation Lifetime Spectroscopy (PALS) are also
used as appropriate methods of investigation for this
class of amorphous copolymers.

Microhardness is not only a routine measurement of
the material hardness, but in recent years it has devel-
oped as an investigation method and adequate tool for
determining the structure and mechanical properties of
polymeric materials. It has been established that Vick-

ers microhardness is sensitive to many structural pa-
rameters as well as to the mechanical behaviour. There-
fore, as a method, it occupies an intermediate place be-
tween typical structural investigative methods and clas-
sical mechanical measurements, and consequently acts
as a connecting link between both.8–15 Microhardness
measurements carried out in the present work include
that of Vickers microhardness (MHV), connected with
the irreversible component of the deformation, and total
microhardness (MHT)16 connected with the total defor-
mation.

Positron Annihilation Lifetime Spectroscopy (PALS)
is a modern method for direct investigation of the amor-
phous phase structure. In recent years it is widely used
to study the free-volume holes in polymers, which are
due to their structural disorder. The evaluation of free-
volume hole sizes is based on the fact that positron (e+)
and ortho-positronium (o-Ps) lifetimes are determined
by the pore dimensions at which the annihilating par-
ticles are trapped. Supposing an infinite spherical po-
tential model the relationship between the o-Ps lifetime
τo-Ps, , and the hole radius R, is given by the Eldrup-
Nakanishi formula:17, 18

τo-Ps = 1/λB = 1/2[1 − R/R0 + (1/2π) sin(2πR/R0)]−1

(1)

where τo-Ps and R are in nanoseconds (ns) and Å, re-
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Table I. Type of catalyst, glass transition temperature, Tg, norbornene content and the prevailing sequences, determined by NMR
investigations,5 for the different samples

Sample Catalyst Tg

(◦C)
N

(mol%)

The most characteristic
norbornene sequences

Alternating Meso dyads Blocks
A rac-Et(Ind)2ZrCl2 173 55 ++ ++++ +
B rac-Me2Si(Ind)2ZrCl2 168 58 + ++++ ++
C rac-Me2Si(B-Ind)2ZrCl2 194 54 + ++++ +

D rac-Me2Si(2Me-Ind)2ZrCl2 148 47
++++
(isotactic)

+ +

E rac-Me2Si(2Me-B-Ind)2ZrCl2 125 60 ++ ++ ++++

F Me2C(Flu)(Cp)ZrCl2 156 58
+++
(syndiotactic)

+++
(racemic)

spectively; λB = 2 ns−1 is the spin average Ps annihila-
tion rate; and R0 = R + ∆R, where ∆R = 1.66 Å, is an
empirically determined thickness of the electronic layer
on pore walls.

EXPERIMENTAL

Materials and Samples
The materials studied are several norbornene–

ethylene (N–E) copolymers with relatively high nor-
bornene content, synthesised using different metal-
locene catalysts.10 The type of catalyst, glass transition
temperature, Tg, norbornene content as well as the pre-
vailing sequences, determined by NMR investigations,5

are listed in Table I. The molecular weights, Mw, of
the samples range from 1 to 2× 10 5, while their poly-
molecularity indices are around 2, as usual in metal-
locene polymers.5,7 The ethylene-norbornene stereose-
quences most peculiar for each type of copolymer are
shown in the Scheme 1.

Films of the samples studied were prepared by press-
ing the powder material under 16–20 kN for 5 min at
temperatures 35–40 ◦C above the corresponding Tg.
Under these conditions good films were obtained. The
temperature was kept as low as possible in order to min-
imize the degradation of the copolymers, especially in
the cases of higher Tg.

Microhardness
Microhardness measurements were performed at

room temperature on a microhardness tester mhp-160,
attached to a NU-2 microscope. The applied loads
were between 1.25 and 160 g. The indentor is a regu-
lar square pyramid with top angle 136 ◦. The projected
diagonal lengths of the indentation at loaded and un-
loaded state were determined.

The following microhardness characteristic were
measured:

1. Vickers microhardness (MHV), which represents
the local plastic resistance of the material against a pen-

Scheme 1.

etration. It is calculated on the basis of the applied load,
P, and the mean diagonal length of impression after re-
moving the pyramidal indentor, d:

MHV = kP/d2 (2)

It turned out that the measuring of the sample B by
microhardness methods was very imprecise, due to the
blurred edges of the imprint. That is why it is excluded
from some of the figures.

2. Total microhardness (MHT). This microhardness
parameter is defined on the analogy of the MHV by the
equation:16

MHT = kP/D2 (3)

where D is the diagonal of the indentation under the
load in µm, k = 18544 is a geometrical constant con-
nected with the indentor shape and P is the applied load
in g. Thus, MHT is a measure for the total material re-
sistance against the deformation under the indentor, and
is connected with the total deformation.
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PALS
The lifetime spectrometer was a standard fast-fast

coincidence apparatus, which provides a time resolu-
tion of ca. 270 ps for the full width at half maximum.
The positron source was 22NaCl between two thin (≈
1 mg cm−2) Kapton foils. Usually a sandwich type
of sample-source is used in positron lifetime measure-
ments. In this case, however, the material available was
in limited quantity to prepare samples thick enough to
absorb all positrons. Because of this, two well-annealed
and chemically etched Cu discs have comprised the
sample-source ensemble. The part of positrons anni-
hilating in the source and in Cu discs was taken into ac-
count during the spectra processing, and was calculated
by the program “Layer”.19 The statistics of positrons
annihilating only in samples studied were of the order
of 106 for each spectrum. As a rule 6–7 spectra were
recorded for each sample. The spectra were analysed
in two ways: assuming the existence of a few discrete
positron lifetimes, or a distribution of annihilation rates.
Supposing 3 or 4 discrete lifetime components, PATFIT
code was applied.20 In PATFIT code it is considered
that the positrons annihilate in several strictly defined
states. The positron lifetimes and their relative inten-
sities are extracted by a least-squares analysis of mea-
sured lifetime spectra.

The lifetimes τi and their relative intensities Ii, used
for further discussion, represent weighted means of val-
ues obtained from all spectra, registered for a given
sample. These spectra were also summed to obtain one
spectrum for each sample with great statistics, which
were analysed by the CONTIN program21, 22 to get the
distribution of pore sizes (radii or volumes). As a ref-
erence spectrum, the positron lifetime spectrum of well
annealed Cu samples (τ = 122 ps, I > 99%) was used.

The lifetime spectrum N(t) in the case of highly
inhomogeneous materials can be presented by the
convolution(∗) of the experimental resolution function
I(t), and the decay curve of positrons C(t):

N(t) = NsI(t)∗C(t); C(t) =
∫
λα(λ) exp(−λt)dλ (4)

Here, Ns is the total number of the annihilation
events and α(λ) is the annihilation rate probability den-
sity function (PDF). The fraction of positrons anni-
hilating with rates between λ and λ + dλ is given
by α(λ)dλ with

∫
α(λ)dλ = 1. The difference between

mathematical models in PATFIT and CONTIN is only
about the mode of C(t).

The fraction of positrons F(R), annihilating in pores
with radii between R and R + dR is:23

F(R)dR =
∣∣∣(2∆R/R0

2)(cos(2πR/R0) − 1)α(λ)
∣∣∣ dR (5)

The variation of the fractional free volume Fv is rep-

resented in this paper by the parameter Fr = Vf Io-Ps

where Io-Ps(%) is the intensity of o-Ps lifetime compo-
nent(s) τ3 (and τ4), and Vf = 4πR3/3 is the pore vol-
ume. Fv is given by Fv = Vp/(Vp + Vm), where Vm and
Vp, are “occupied” and “free” volumes respectively. On
the other side, according to23 Fv = CVf Io-Ps, C being
an empirical constant. Obviously, the variation of the
parameters Fr and Fv is identical, provided that C is
the same for all the materials studied.

WAXS
The WAXS studies were carried out on a TUR M62

diffractometer, using Co-Kα radiation (λ = 1.788 Å).
The intensity distribution was presented as a function
of s = 2 sin θ/λ, where θ and λ are the Bragg angle and
wave length, respectively.

RESULTS AND DISCUSSION

Wide angle X-Ray patterns of the studied samples of
N–E copolymers are shown in Figure 1. As it can be
seen, all samples are amorphous (in agreement with the
DSC results, which show only the glass transition, irre-
spectively of the thermal treatment5). The amorphous
halo of the polymers synthesised using catalysts A, B,
and C is asymmetric with a hump from the side of low
s values (high d-spacings). At the same time the haloes
of the polymers synthesised using catalysts D, E, and F
are absolutely symmetric.

The distribution of pore radius PDFs obtained by
PALS is presented in Figure 2. On the basis of these
distributions, the samples studied could be classified
into two groups: the first one, including samples A,
B, containing pores of two different sizes, and the sec-
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Figure 1. X-Ray patterns of N–E copolymers.
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Table II. Lifetimes τi and their relative intensities Ii, obtained by unconstrained 3 components analysis by PATFIT code

Sample τ1 (ps) I1 (%) τ2 (ps) I2 (%) τ3 (ps) I3 (%)
A 150 32 422 43 2130 25
B 156 45 496 30 2650 25
C 13 41.5 414 35.5 2220 23
D 13 43 39 35 2010 22
E 132 32 39 42 2070 26
F 151 30 408 40 2006 30

Table III. Results of unrestricted 4-component analysis of lifetime spectra of sample B by PATFIT code

Sample τ1 (ps) I1 (%) τ2 (ps) I2 (%) τ3 (ps) I3 (%) τ4 (ps) I4 (%)
B 125 34 369 38 1900 18 3200 10

Table IV. Parameters obtained from PALS (mean positron lifetimes τm, pore radii R, pore volumes Vf , free volume parameters Fr) and
from WAXS (peak position s and corresponding full width at half maximum w of the main amorphous halo)

Sample
PALS measurements WAXS measurement

τm (ps) R (Å) Vf (Å3) Fr = I3 × Vf (Å3) s (Å−1) w (Å−1)
A 760 2.968 109.5 2740 0.193 0.050
B 882 3.380 161.9 4050 0.185 0.065
C 711 3.042 117.8 2710 0.193 0.055
D 639 2.863 98.2 2160 0.190 0.036
E 745 2.909 103.1 2680 0.191 0.056
F 814 2.854 97.3 2920 0.186 0.053
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Figure 2. The distribution of pore radius obtained by PALS.

ond group which includes the other samples (C, D, E,
F) and displays a distribution of the pores only around
one size. Samples C and E have a negligible small
quantity of pores with greater dimensions, but never-
theless could be also related to the first group. Accord-
ing to reference 5, A, B, and C are made up of mix-
tures of meso dyads, alternating sequences, and blocks
of three or more norbornenes although the ENNE meso
sequences prevail (see scheme 1 for the different pre-
dominant sequences).

From Figures 1 and 2 it seems that there is some re-
lation between the existence of two kinds of holes and
the observation of the two X-Ray haloes correspond-

ing to two different intermolecular distances. However,
more experiments are necessary in order to assess this
relation.

The results obtained by unconstrained three-
component decomposition of lifetime spectra by PAT-
FIT are presented in Table II. All attempts of four un-
constrained components fit of lifetime spectra by PAT-
FIT, with exception of sample B, were unsuccessful.
The results from the 4-components fit for sample B are
given in Table III. The parameters obtained from PALS
(mean positron lifetimes τm, pore radii R, pore vol-
umes Vf and free volume parameters Fr) as well as from
WAXS (peak position s and corresponding full width of
half maximum w of the main amorphous halo) are listed
in Table IV.

Positron annihilation in poly(norbornene), a linear
polymer of 2,2,1-bicyclo hept-2-ene, has been mea-
sured by Ujihira et al.24 At room temperature, the esti-
mated radius of free-volume hole is 2.88 Å which cor-
responds, according to formula (1), to a τ3 = 2 ns. For
polyethylene, these parameters are somewhat larger, in
the range of 3–3.2 Å and 2.2–2.5 ns respectively. There-
fore, the studied copolymers possess free volume holes
with sizes closer to those of poly(norbornene).

When used as a comonomer, the bicyclic olefins
such as norbornene impart rigidity to the main polymer
chain. Because of this it could be assumed that both,
sizes of the free-volume holes and their quantity (I3),
might be directly proportional to norbornene content,
what is not the present case.
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Figure 3. Vickers microhardness (a) and Total microhardness
(b) as a function of the norbornene content.

Vickers microhardness, which depends on both the
rigidity of the polymer chains and the free volume, is
shown in Figure 3a as a function of the norbornene con-
tent. It can be seen that MHV is almost the same for
the polymers containing meso dyads (C, A, E) and is
not sensitive to other sequences included in these sam-
ples. In sample A there are also alternating groups. In
E blocks prevail, but they include actually meso dyads.
So MHV is not sensitive to block sequences. It seems
that meso dyads and blocks have the same response to
plastic deformation, while the alternating groups do not
have an additional influence on it. When only alternat-
ing groups are present (sample D) MHV is considerable
lower. On the other hand, sample F has a higher MHV
and it is due to racemic sequences, not to the presence
of alternating groups.

From Figure 3b it could be seen that, as distinct from
plastic deformation resistance (MHV), the alternating
groups and blocks influence the resistance against the
total deformation (MHT). At first sight it seems that al-
ternating groups increase a little the elastic resistance
(sample A), while blocks rapidly decrease it (sample
E). Sample E shows a relatively good resistance against
plastic deformation but a very small resistance against
total deformation, i.e., it shows good elastic properties.

Figure 4 shows at first glance an illogical monoton-
ically increasing of MHV and MHT with increasing
of the fractional free volume, with the exception of the
sample E (with prevailing block sequences). If we take
into account the mutual arrangement of ethylene groups
it could be expected that in the sample E (in which nor-
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Figure 4. Vickers microhardness (a) and Total microhardness
(b) vs. PALS parameter Fr = Vf Io-Ps, proportional to the fractional
free volume Fv.

bornene blocks are dominant) the ethylene blocks (se-
quences) dominate also. From Figure 4b it could be
clearly seen that through the sequence, E, C, A, which
have an almost equal free volume, MHT increases. It
is due to decreasing content of ethylene blocks. Sam-
ple E has the most of the ethylene blocks; in sample
C, where dyads prevail, the probability for occurring
long ethylene blocks decreases; in sample A there are
dyads and alternating groups, which greatly constrain
the occurrence of ethylene blocks. Therefore the ethy-
lene blocks, which carry the properties of PE, includ-
ing its smaller resistance against the penetration, in-
crease the elasticity of the polymers in the order E, C,
A. In other words, ethylene blocks influence the elastic
properties and do not influence the plastic ones. Hence
it can be concluded that MHV is not sensitive to the
quantity of the ethylene blocks, while MHT is sensitive
to them.

Only on the basis of Figure 3a, it could be specula-
tively said that MHV increases with the increasing of
the norbornene content. But the dependence Fr vs. nor-
bornene content (Figure 5) has the same tendency as
Figure 3a. It means that MHV does not depend lin-
early on Fr but on the molecular structure and, as a
consequence of it, the molecular structure influences
both values, MHV and Fr, following the same trend. In
other words, MHV and free volume measurements have
a similar sensitivity to micromechanical properties.

PALS measurements give also possibility to estimate
the concentration of pores with different radii. Figure 6
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F

Figure 5. PALS parameter Fr = Vf Io-Ps vs. norbornene con-
tent.

R

I

Figure 6. Pore dimension (R) and their intensity (I3) for the N–
E copolymers studied, obtained by PALS.

shows the change of the pore dimension (R) and their
intensity (I3) in the different samples. It can be ob-
served that:

– Sample D (alternating groups) possesses pores with
the smallest dimension and smallest quantity of them. It
could be supposed that it is due to its alternating molec-
ular structure whose better regularity leads to more
compact structure. This sample has also the lowest
value at the width of half-maximum w (see Table IV).

– Sample F, with prevailing racemic meso dyads and
syndiotactic alternating groups, possesses the smallest
pores, but a big quantity of them.

– Sample B possesses the holes with largest dimen-
sions and medium quantity of them. X-Ray patterns
give for this sample the largest value of the full width
at half maximum.

– For samples ordered C, A, E, norbornene content
increases. With increasing the norbornene content, R
decreases but I3 increases. As a result, free volume and
MHV remain almost the same (Figure 3a and Figure 5)
and hence the results of these three samples can be dis-
cussed as follows:

– Sample E has the highest norbornene content, but it
is grouped predominantly in blocks. The flexible ethy-
lene blocks contribute to the smaller dimensions of the
pores.

– Sample C has the smallest norbornene content but it
is grouped predominantly in meso dyads without alter-
nating groups, which contribute to bigger dimensions
but smaller quantity of pores.

– Sample A, which contains meso dyads and alter-
nating groups, occupies the medium position.

From all these results it can be summarised that MHV
and consequently plasticity depend predominantly on
molecular structure and are not sensitive to dimensions
and quantity of the pores. For example, sample D has
small pores and small quantity of them, but neverthe-
less it has a small microhardness because the small
rigidity of the chains, where the alternating isotactic se-
quences prevail.

CONCLUSIONS

1. For norbornene–ethylene copolymers microhardness
and consequently plastic and elastic properties of
the investigated materials do not depend linearly on
the norbornene content, since the different molecular
structures, as a result of catalytic systems used in the
synthesis, have also an important influence on those
parameters.

2. Long ethylene sequences are related to total micro-
hardness, i.e., during penetration they contribute to
the elastic deformation. MHV and plastic properties
are not sensitive to the quantity of ethylene blocks.

3. Structural peculiarities of the polymer chain in
norbornene–ethylene copolymers influence free vol-
ume as well as plastic resistance against the penetra-
tion.

4. Vickers microhardness is influenced predominantly
by micromechanical properties of polymer chains. It
is not sensitive either to dimensions and quantity of
the pores or to the free volume.

5. The sizes, distribution and quantity of the nanopores
has been determined and explained in relation to the
structure of norbornene–ethylene copolymers.
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11. F. J. Baltá-Calleja and H. G. Kilian, Colloid Polym. Sci., 263,

697 (1985).
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