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1. Introduction — Motivation

Cycloolefin copolymers (COCs) of ethylene (E) and norbornene (NB) (with the
trade name Topas®) are based on linear and cyclic olefins, respectively (Fig. 1.1).
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n

Fig. 1.1 Chemical structure of cycloolefin copolymer of ethylene and norbornene.

These materials have recently attracted both academic and industrial interest due to their
useful combination of properties, including very high transparency, low density, very
low water absorption, excellent water-vapor barrier capabilities and low birefringence.
These properties, together with the unique mechanical characteristics, such as high
rigidity, strength and hardness, and the excellent resistance to polar organic chemicals,
make them well-suited to applications in the medical device, drug-delivery, optical,
pharmaceutical and packaging sectors." The properties of the COCs, especially their
glass transition temperature, T,, can be varied over a wide range; the bulky norbornene
comonomer stiffens the chain, thus increasing the norbornene content results in
copolymers with higher T,.

The statistics and the stereoselectivity of the norbornene insertion can be controlled by
selected use of catalysts.” * Studies carried out by Ruchatz et al.,* have shown that the
microstructure of COCs is dominated by the metallocene, or more aptly by the
metallocene symmetry or the ligand type; the metallocene substituents and symmetry
dictate the tacticity™ ® and sequential distributions (blocky, random or alternating) of the
ethylene-norbornene sequences in the copolymer backbone. Examples of the different
metallocenic catalysts used in the copolymerization of the COCs are illustrated in
Figure 1.2. Metallocene catalysts rac-Et(Ind),ZrCl, (A), rac-Me,Si(Ind),ZrCl, (B), rac-
Me,Si(B-[e]-Ind),ZrCl, (C), rac-Me,Si(2-Me-B-[e]-Ind),ZrCl, (D), rac-Me,Si(2-Me-
Ind),ZrCl, (E), all have C, symmetry whereas Me,C-(Flu)(Cp)ZrCl, (F) is Cs
symmetric. The monomers of Topas® are copolymerized with metallocene catalysts as
well (the exact structure, however, is unknown) in a solution process and the amount of
ethylene can be varied very easily by changing the ethylene pressure applied during the
polymerization.’

The exact microstructure of cycloolefin copolymers was investigated with NMR.
The microstructure was found to depend strongly on the catalyst systems employed
during synthesis. Rische et al.® characterized the COC prepared according to the
methods described in ref [9] within a wide compositional range (35.6 to 79 mol % of
norbornene). This preparation method resulted in a linear T, dependence on NB content.
The cycloolefin copolymers® showed two distinctive chain structures depending on
composition; copolymers with a NB content of less than 50 mol % consisted mainly of
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Fig. 1.2 The different metallocenic catalysts used in the synthesis of cycloolefin
copolymers (see text) (after J. Forsyth et al., Macromol. Chem. Phys. 2001, 202, 614-
620).

alternating norbornene/ethylene sequences and the stereoregularity of polymer chains
was relatively high. In contrast, copolymers with NB content higher than 50 mol %
consisted of blocks of norbornene of varying lengths, as well as alternating sequences.
Because the NB units can be linked in both stereogenic positions in such blocks, the
stereoregularity of chains was low. Such a microstructural heterogeneity as presented by
Rische and co-workers® is expected to have direct consequences on the dynamics.
However, this has never been tested until now.

Earlier studies on ethylene/norbornene copolymers reported on the thermal
properties,® '*'* the morphology,® ' '"*'* some mechanical properties,' ' * and on the
copolymer microstructure.” ® ">'® The thermal properties resulted in conflicting reports
on the glass temperatures as a function of norbornene content. In most cases a linear
increase of the single copolymer glass temperature on NB content was found® ' '
whereas another study'? indicated a decreasing T, with increasing NB content. In the
latter, Forsyth et al.'* synthesized and investigated cycloolefin copolymers with various
metallocenic catalysts (see Fig. 1.2). The results of this study showed that the
microstructure of the COCs is extremely catalyst sensitive. In the case of copolymers
made up of predominantly alternating/isolated norbornene, the measured T, was
relatively low. This was attributed to the increased flexibility in the polymer backbone.
On the other hand, polymers where longer NB sequences predominated had higher T,’s
due to the increased backbone stiffness. Forsyth and co-workers found that not only the
presence of a type of sequence but also the stereoregularity of the different chain
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segments had an affect on the glass temperature. Harrington et al.'* studied two

copolymers with different microstructures, random and stereoregular/alternating. The
results showed that COCs with similar NB content had significantly different glass
transition temperatures. The stereospecific, alternating copolymers were found to be
semicrystalline with a T, approximately 30°C lower than their random counterparts.
COCs with identical NB content, but synthesized using different methylaluminoxane
(MAO) cocatalysts by Wang et al.,** exhibited significantly different glass transition
temperatures. The reason was quoted as being the result of differences in the copolymer
microstructure. Bergstrom et al.,' *' hypothesized that the presence of blocks of
norbornene along with alternating norbornene monomers results in higher glass
temperatures due to an increased backbone stiffness. From the above it is concluded that
the thermal properties of COCs are a strong function of the catalyst; however a more
detailed study is needed.

With respect to the copolymer morphology, studied by wide angle X-ray scattering,
there is a consensus that increasing NB content gives rise to a low angle peak® '* '?
similar to bulk polynorbornene (PNB), suggesting that an increase in NB content results
in an increasing backbone rigidity giving rise to the higher T,. Haselwander et al.?
found two wide-angle peaks, located at 26 (20 is the scattering angle) ~ 10° and 19°, in
PNB homopolymer. The first peak was attributed to norbornene blocks and this was
confirmed with the work of Rische et al.,* where they observed that the intensity of the
peak at 10° increases with an increasing NB content. They also reported the existence of
a peak of higher intensity at 17° instead of the one at 19°. The position of this peak was
invariant with the NB content and thus was attributed to the component common to all
the COCs used, ie., the alternating sequences. Scrivani et al.'’ studied the
ethylene/norbornene copolymers, together with PNB, and reported about two
amorphous halos in their WAXS diffractograms. The peak at lower angle became
prominent and closer to the PNB pattern for copolymers containing a norbornene
content of more than 50 mol %. Only one peak at 17° and the absence of the low angle
peak at 10° was observed by Ekizoglou et al."* The lack of this peak was attributed to
the absence of norbornene blocks in the samples studied. For force-field calculations®
for PNB homopolymer the following force-field equation was employed

E :%ke(R—Re)2 +%Cijk [cos@ijk —cos@?]2 +%Vij {l—cos[njk (g—g?k )]}

(1.1)
-I-%CI(COS\V—COS\V?)Z +D0[p"12 —2p"6]+H322.0637 Qi{QJ ]]
eR

where the first term refers to harmonic oscillator (k. is the spring constant, Re is the
equilibrium position), the second term describes the energy for two bonds ij and jk

sharing a common atom, ® is the angle between these bonds, G)? the equilibrium

angle, and C;, is related to the force constant. The third term reflects the torsion

interaction; ¢ is the dihedral angle, n;, is the periodicity, V;; is the barrier to rotation,

and gj.)k is the equilibrium angle. ¥ is the angle between ijk and jkl planes of non-

planar geometries, @? is the equilibrium angle. The fifth term is the distance-dependent
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potential with Dy constant. The last term describes the electrostatic interaction between
two charges Q; and Q; in a distance Rj;, € is the dielectric constant.

The simulations were used in obtaining the radial distribution function (see Fig. 1.3
below) (defined as the distribution of internuclear distances) that, in agreement with the
X-ray studies, produced two maxima of intra-chain origin with corresponding distances
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Fig. 1.3 Radial distribution curve of polynorbornene as obtained from force-field

calculations (eq. 1.1) (after T. F. A. Haselwander, Macromol. Chem. Phys. 1996, 197,
(10), 3435-3453).

Probability in arby, units

produced two maxima of intra-chain origin with corresponding distances of 0.6 and 1
nm. The rotational potential for the rotation about the single bond connecting two
adjacent norbornene monomers revealed three minima occurring at torsional angles of:
60°, 170° and 310°, a large maximum at 240°, and that two of the minima possess an
energy of 16 kJ/mol relative to the one of the global minimum (see Fig. 1.4). The zero-
angle scattering intensity from small-angle X-ray scattering and differential scanning
calorimetry were employed® in estimating the T, of bulk PNB, which is of importance
in discussing the complete Ty(w) (w is the weight fraction) dependence in the
copolymers. From these measurements it was suggested that the T, of PNB is roughly
493 K (we will explore this point in Section 4.2). In addition, molecular dynamics
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Fig. 1.4 Rotational potential around a single bond between two norbornene monomers.

The dashed line is the energy at room temperature (2.479 kJ/mol) (after T. F. A.
Haselwander, Macromol. Chem. Phys. 1996, 197, (10), 3435-3453).
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simulations were performed®” and the characteristic ratio C, = <r2> / (nlz), where <r2>

is the mean square end-to-end distance, n is the number of segments and | is the
segment length, was calculated as C_ ~ 12, that is typical for semiflexible chains. The

dynamic behaviour of a polynorbornene single chain was simulated® allowing
observation of the chain trajectories as a function of time (Fig. 1.5).

Fig. 1.5 Snapshots from the trajectory of a single chain of polynorbornene as obtained
from molecular dynamics simulations in a 40 ps sequence at 293 K (after T. F. A.
Haselwander, Macromol. Chem. Phys. 1996, 197, (10), 3435-3453).

The stress-strain behavior, microhardness and some fragmentary dynamic
mechanical properties were also reported for the COCs.'"'"*!* Scrivani et al.'® observed
that the inclusion of norbornene units in the copolymer chain, accompanied by increase
in T, led to considerably higher Young moduli and microhardness values in the COCs
studied (31 to 62 mol % NB), as displayed in Figure 1.6. Similar was the result for the
yield stress where this parameter showed an increase by a factor of two. Dynamic
mechanical analysis performed under “isochronal” conditions by the same group
revealed two relaxation processes, the high temperature a — process, and the y —
subglass process. The results showed that the latter had a similar origin to that of PE and
therefore its intensity was diminishing with the decrease in ethylene monomers in the
copolymers. On the other hand, the o — relaxation was attributed to the glass transition.
Forsyth et al."' noticed that the o — process had an asymmetric shape, reaching a low
temperature shoulder for the copolymers containing the lowest NB content. They
concluded that this could suggest the overlapping with a 3 relaxation produced by the
interfacial content present in the copolymers. In addition, it was observed'' that the
position of the y — process was shifted to lower temperatures as the NB content
increased, which is also the case in copolymers of ethylene and o — olefins.”> The
studies above provided only with some fragmentary mechanical properties. A full
investigation of the rheological properties including thermorheological simplicity vs.
complexity is needed.

The oxygen diffusion properties of the cycloolefin copolymers were discussed as
well as the size and concentration of free volume holes in relation to the gas barrier
properties.”* Poulsen et al.** measured the oxygen diffusion coefficients (D), and
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Fig. 1.6 (left): microhardness as a function of norbornene content, (right): Young
moduli vs. microhardness for cycloolefin copolymers (COCs) and other polymers (after
T. Scrivani, Macromol. Chem. Phys. 2001, 202, 2547-2553).

apparent diffusion activation barriers (E,.) for the NB content in the range from 35 to
62 % mol. Only slight changes were observed in both D at 25°C (2-6 x 10™® cm®s™) and
Eact (35-40 kJ mol'l) within this composition range; the values of D at 25°C correlated
reasonably well with calculated values of the copolymer free volume and with the
average free volume cavity size determined by positron annihilation lifetime
spectroscopy (PALS). The PALS study, carried out on COCs by Djourelov et al.”,
revealed an increasing cavity size with increasing NB content in the backbone.
Zamfirova et al.”® showed that the microhardness and consequently plastic and elastic
properties of COCs, synthesized using different metalocene catalysts, do not depend
linearly on NB content. This is due to the different microstructures resulting from
various catalytic systems. Moreover, Vickers microhardness turned out not to be
sensitive either to dimensions and quantity of the pores or to the free volume (examined
by PALS). However, long ethylene sequences were related to total microhardness, i.e.,
during penetration they contributed to the elastic deformation.

Motivation

Despite these early mechanical and thermodynamic investigations of COC, the
thermorheological properties of the copolymers are largely unexplored. In addition, the
dynamics at the segmental and chain length scales are totally unexplored and this is
despite the great industrial/technological interest. Issues that are studied here for the
first time include:

» the thermorheological simplicity/complexity of the copolymers:



Introduction — Motivation 13

for this purpose a total of 17 copolymers are used with compositions in the range
from 36 to 68 mol % (5 copolymers are commercially available and 12 are made for
the purpose of this study) and investigated the thermal and rheological properties of
both the segmental and chain (terminal) processes. The thermorheological simplicity
is tested by making use of the time-Temperature superposition (tTs) principle. To
quantify the efficacy of tTs the temperature dependence of the minimum of loss
tangent (dtand,  /dT) is employed. A weak T-dependence was found in all

copolymers investigated suggesting that tTs is valid and that the systems are
thermorheologically simple. Furthermore, both segmental and therminal dynamics in
the copolymers can be well described by the Vogel-Fulcher-Tammann or the
Williams-Landel-Ferry equations.

the critical molecular weight for entanglements (M,):
by studying the chain relaxation times as a function of copolymer molecular weight
the critical molecular weight for entanglements was estimated.

the origin of the liquid-to-glass transition in the copolymers:

despite the importance of the composition dependence of the glass temperatures
Ty(w) — frequently used to estimate the norbornene content — the origin of the
freezing of the segmental dynamics at T, remains unknown. For this purpose we
employ thermodynamic measurements (i.e., Pressure-Volume-Temperature)
providing the equation of state in order to obtain the ratio of the activation energy

E, to the enthalpy of activation H", Ej /H". This ratio is used to quantify the

relative contribution of density and temperature on the segmental dynamics. From
the value of this dynamic quantity as a function of NB content we find that free-
volume becomes increasingly important with increasing NB content. In contrast to
this, in copolymers with low NB content the segmental dynamics are largely
determined by the thermal energy required to explore the energy landscape. As a side
product of this investigation we discuss the pressure dependence of T, and find a
distinct T,(P) dependence on NB content. In addition, the dynamic fragility m is
evaluated and found to exhibit a certain relation to the NB content of the copolymers.

relation between structural and dynamic heterogeneity:

several structural probes (NMR, X-rays) provided evidence for increased structural
heterogeneity with increasing NB content. Herein we are investigating a possible
connection between the structural and dynamic heterogeneity as revealed by the

values of the activation ratio E,/H", the pressure coefficient of T, and the dynamic
fragility m.

relation of glassy dynamics to free volume:

the copolymers were investigated by positron annihilation lifetime spectroscopy
(PALS) aiming at obtaining the size and numbers of cavities within the glassy state.
PALS revealed that the size of cavities increases with increasing NB content in the
copolymers. Furthermore, the existence of subglass relaxation processes observed by
dynamic mechanical measurements was found to affect the PALS signal. Ethylene
groups seem to be involved in generating the free volume holes. On the other hand,
increasing NB content causes worse packing and reduces the density of free volume
holes.
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» miscibility of COC blends:
the second part of this study deals with the miscibility of COC blends. Mixing COC
copolymers is an easy way of producing new copolymers with desired compositions,
provided that the blends are miscible. An earlier theoretical study on the mutual
miscibility of COC blends revealed large departures from the Flory-Huggins theory;
a recent lattice cluster theory (LCT) demonstrated a dependence of miscibility on

the actual copolymer chemical compositions x and y on top to the |X—y|

dependence. Within the LCT (applied for symmetric blends), three different
theoretical models were applied to assess the relevance of chain stiffness within the
norbornene monomers as well as of the steric interactions between successive NB
monomers on the mutual miscibility.

It was found”’ that the miscibility of COCs blends is mostly determined by the
entopic portion Y of the interaction parameter, and the presence of stiffness either

in the NB side group or in the chain backbone enhanced the miscibility of COCs.

In the present work, three different blends of various compositions were
examined by rheology and differential scanning calorimetry. The aim of the thermal
investigation was to provide the T, as well as the width, AT, as a function of blend
composition; these results were compared with the pure components of the blends.
Rheology on the other hand, provides a more stringent test of miscibility and was
employed in order to test the range of validity of the time-temperature superposition
principle, i.e. the thermorheological simplicity. The present investigation delineates
the composition range of the COC blends that are thermorheologically
simple/complex. The experimental results were compared to the above theoretical
models and the reason for the miscibility/immiscibility is discussed. Furthermore,
we provide experimental miscibility diagrams for asymmetric blend compositions
that have not been investigated either theoretically or experimentally so far.



2. Experimental Methods and Data Analysis

2.1 Dynamic Mechanical Experiment

Dynamic mechanical spectroscopy (DMS) is a method that allows characterization of
the material by analyzing its deformation and flow behavior. Advantage is taken of the
material reaction to periodic variation (oscillations) of the applied external mechanical
field. The response to such a field (stress or strain) is either dissipating of the input
energy in a viscous flow (non-reversible response), or storing the energy elastically
(reversible response), or combination of both of these two extreme (ideal) cases. By
means of DMS it is possible to detect variation of both contributions as a function of
temperature or deformation rate (i.e., the frequency of the oscillatory deformation) and
determine relaxation processes, which govern the viscoelastic behavior of a given
material. As a result, DMS is a well-established technique in studying the viscoelasticity
of homopolymers and polymer blends.*®

2.1.1 Definitions

> Hooke’s and Newton’s law

Polymers are viscoelastic and exhibit some of the properties of both viscous liquids
and elastic solids. In order to discuss the mechanical behavior in a quantitative way, it is
necessary to derive expressions that relate stress and strain. An ideal elastic solid obeys
Hooke’s law that states

c=Ee (2.1
where the linear strain € is the change in length divided by the original length when a
tensile stress o, the force per unit cross-sectional area, is applied. E is Young’s

modulus of the material. The force applied to an elastic solid (an ideal spring) is
proportional to the displacement x of the spring from equilibrium

F = -kx (2.2)

where k is the spring constant (material-specific).
In case of shearing, a shear stress o is related to the corresponding shear strain y by the

analogous to (2.1) relationship
c =Gy (2.3)

where G is the shear modulus.

Similar to the ideal elastic solid, an ideal viscous liquid can be defined. Such a liquid
obeys the Newton’s law of viscosity
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A 2.4
T nay (2.4)

where V is the velocity and y is the direction of the velocity gradient in the liquid. For a
velocity gradient in the xy plane we obtain

C= n% (2.5)

where the shear stress o is directly proportional to the rate of change of shear strain y
in time (y); m is the viscosity of the liquid.

Combining the equations 2.3 and 2.5, a linear viscoelastic behavior can be formulated,
under the assumption that the shear stresses related to strain and strain rate are additive

oy
6=Gy+n— 2.6
yHn— (2.6)

This equation represents one of the simple models for linear viscoelastic behavior, the
Voigt model, which is discussed in detail in Section 2.1.3.

> Stress and strain in dynamic mechanical spectroscopy

By means of DMS the relationship between deformation (strain) and the resulting
stress is examined. If a sample under investigation is confined between two parallel
plates (Fig. 2.1), from which the upper one moves at a constant velocity while the lower
plate is at rest, the force F needed to move the upper plate of contact area A is

F=0cA (2.7)

where o is the shear stress (the shear stress is constant through the gap).
The shear deformation (shear strain) is defined as the ratio of the horizontal
displacement of the moving palate and the distance between both plates

AX
=2 2.8
4 H 28)

The applied strain in a dynamic mechanical experiment is a time- and frequency-
dependent sinusoidal shear strain of a given amplitude y,

7(t) =y, sin(@1) (2.9)

Provided that the behavior of the material is linear, the response (shear stress) to such a
deformation remains sinusoidal and can differ only by amplitude and phase shift

o(t) = o, sin(ot + 5) (2.10)

The principle of the dynamic mechanical measurement is as follows: a sinusoidal
strain is applied, and the resulting response (i.e. the stress), is simultaneously measured.
The latter depends on the type of the material; in case of ideal elastic system, the stress
signal is in phase with the applied strain, whereas for ideal viscous system, the stress is
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g |V Vi =V,

Fixed plate

Fig. 2.1 Shear strain and stress. The sample is placed between two plates, a fixed one
(lower) and a moving one (upper) with a constant velocity, the contact area is denoted
by A and the force by F.

90° out of phase with the strain (or is in phase with the strain rate). Real polymers
exhibit viscoelastic behavior and the input and output signals are shifted at phase angle
0° < 0 <90°. Linear viscoelastic are materials that follow the Boltzmann superposition
principle, stating that the response of the material to a given load is independent of the
response to any load, which is already on the material. Suppose that the incremental
strains Ay,,Ay,,Ay,,etc. are applied to the material at times 7,,7,,7,, respectively.

Then the total stress at time t is then given by
o(t) = Ay,G(t—1,) + Ay,G(t—1,) + Ay,G(t — 1) +... (2.11)

where G(t—7,) is a decreasing function of time, the stress relaxation modulus. The
summation of (2.11) can be generalized in integral form as

o(t) = jG(t —1)dy(7) (2.12)

»> Types of test geometries in oscillatory experiment

In oscillatory shear experiments four different sample geometries, depending on
the material state, are used as illustrated in Figure 2.2. Plate-plate and cone-plate are
typically used for melts, rectangular bars for solids, and couette for polymer solutions or
liquids.
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a b c d

Fig. 2.2 Various test geometries used for different states of materials; (a) plate-plate
and (b) cone-plate for the melt, (c) rectangular bars for solids and (d) couette for
polymer solutions or liquids. In the present investigation geometries a (at T>T,) and c
(at T<Tg) were used.

» Storage G’ and loss G’ shear moduli

The properties of linear viscoelastic materials can be described by the so-called
storage G’ and loss G’” moduli, corresponding to the elastic and viscous components,
respectively (the units of both these moduli are Pa).

In dynamic mechanical experiment of isotropic materials a sinusoidal shear strain
7(t) (dimensionless quantity) of amplitude y, and angular frequency @ (2.9) is applied

and the resulting stress o (t) (in Pa) of amplitude o, and phase lag ¢ is simultaneously
measured (Fig. 2.3).

A arain &
stress . o .
Time
Tlme} \\ . 4
Streszout |
v of phase | |
v k 4 0

Fig. 2.3 Time profile of a simple shear experiment (see Fig. 2.1) with sinusoidally
varying shear.

By expanding equation (2.10)
o(t) = (o, cosd)sin(wt) + (o, sind)cos(wt) (2.13)

it becomes evident that the stress can be considered to consist of two components: one
of magnitude (o,coso) in phase with the strain; and another one of magnitude

(o,sind ) being 90° out of phase with the strain.

The stress-strain relationship can therefore be defined by a quantity G’ in phase with the
strain and by a quantity G’ 90° out of phase with the strain, i.e.
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o =7,[G'(@)sin(wt) + G"(w) cos(wt)] (2.14)
where
G'(w) = 90 055 and G'"(w) = 90 gins (2.15)
Yo 7o

» Complex notation of shear modulus and compliance

Due to the phase lag ¢ it is convenient to deal with the shear stress and shear strain
by using complex notation:

v =y,(coswt+isinwt) =y, exp(iot) = y'+iy" (2.16)

o =o,[cos(wt+ ) +isin(wt+ )] =0, exp[i(a)t + 5)] (2.17)

Hence, the complex shear modulus (Fig. 2.4) is defined as:

*

G'= O-* =ﬂexp(i5) =90 0055 +i2%6in S = G+iG" (2.18)
Y 7o 7o 7o
and  |G'|=20=1G+G" (2.19)

Yo

Fig. 2.4 Phasor diagram of complex modulus G" = G'+iG'". G’ corresponds to the
storage modulus (elastically stored energy) and G’ to the loss modulus (dissipated
energy in the system).
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Sometimes instead of the shear modulus G*, the compliance J™ is used defined by
Jr=J-i" (2.20)
Hence we obtain that

J'=L and J" G

- 221
G?+G'” G"?+G' 22D

A useful parameter, which is a measure of the ratio of energy lost (as heat) to energy
stored in a material in one cyclic deformation, is the loss tangent

"

G
tano = — 2.22
G (2.22)

The tan 6 is sometimes referred to as damping and its particular temperature dependence
will be employed as test of thermorheological simplicity.

2.1.2 The oscillatory response of real systems — frequency dependence

The general G'(w) and G'(w) behavior of amorphous, uncrosslinked polymers is

illustrated in Figure 2.5, where the frequency dependence for an amorphous, ethylene-
norbornene copolymer is shown. Notice that the G” and G” posses values in the range
from 1 to 10° Pa . Contrast this with the situation in crystalline solids where a constant,
i.e., frequency independent modulus of about 10'' Pa is obtained. The large variation of
the modulus with temperature/frequency is the characteristic of soft viscoelastic
materials, including polymers.

A number of specific regions of the “master curve” can often be differentiated (the
construction of the master curve is discussed later with respect to Fig. 2.9):

a) an ceclastic response at the higher frequencies, where storage modulus G’
predominates and reaches the value of about 10° Pa, known as the glassy state. In
this region the polymer maintains the disordered nature of the melt but lacks
molecular mobility since motions longer than a segment are practically frozen.
Nevertheless, some localized motions are still possible giving rise to weak sub-glass
relaxations. Such relaxations are characteristic of all amorphous polymers and glass-
forming liquids in general.”
segmental region that indicates a “franmsition” from the glassy to the rubbery
(viscoelastic) state. However, the transition is not a real thermodynamic transition
(there is no heat of fusion associated with it but only a change in the specific heat).
In this region the loss modulus (G’”) predominates and decreases slower than G’;
this is due to the energy dissipation (as heat) caused by friction of the main chain
segments (segments consist of a few monomers), which become mobile and as a
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Fig. 2.5 The various regions (a, b, ¢ and d — see text) in the viscoelastic spectrum of an
amorphous polymer.

b)

result can move on the segmental level. As the temperature continues to increase, a
growing fraction of chain segments acquire enough energy to overcome the intra-
and inter-molecular barriers.

the rubbery (viscoelastic) state, where elastic behavior dominates (G’>G’") and the
shear modulus decreases around three decades (to circa 10° Pa) compared to the
glassy state. The plateau is never ideal flat; there is always a slight increase of G’
with frequency, but it can be as small as few percent increase in modulus per decade
increase in frequency. Within this region, when the slope of G’ is small, G
decreases with increase in frequency, toward a minimum before rising again. The
lower the slope of G’ curve, the deeper the minimum of G”’. This effect is due to the
increasing separation of the segmental and chain modes. The plateau exists (is built)
only if the molecular weight of the polymer is greater than the so-called
entanglement molecular weight M., which corresponds to the molecular weight
contained between two physically entangled points (two entanglements). The onset
of entanglement is believed to occur at a critical molecular weight M ~ 2.4M,.**>*
The extension of the plateau is proportional to the polymer molecular weight and the
height of the plateau is inversely proportional to M.. The M, determination will be
shown below.

polymer flow in a viscous region, where G’” predominates and dissipation of energy
prevails. At such a low frequency (long times), motions of whole chains take place.
At low enough frequencies, G’ increases linearly with frequency and G’ is
proportional to quadratic frequency. This behavior can be derived from simple
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models of viscoelastic systems such as the Maxwell model (this model as well as the
Voigt model are discussed below).

> Definition of relaxation times

1) At the border of glassy state and segmental region, the G” and G’ cross (see Figure
2.5). This crossover point is used to determine the segmental relaxation time 7,

which is given by the inverse of the frequency at that point (@wz, =1). For narrow

dispersions the crossing frequency is identical to the frequency where G’ develops
a maximum.
2) The chain (terminal) relaxation time is determined (using w7z, =1) from the

crossover point of G* and G”’, which precedes the viscous region.
The correspondence of these two crossover points to relaxation times in the polymer
systems is only approximate. Another measure of the characteristic relaxation times is
the maximum in G’’, which is located in the vicinity of the crossing (for narrow
molecular weight distributions). For broad distributions the crossing of the moduli and
the maximum in G’ are shifted away from each other.

The relaxation times (both segmental and chain) as a function of temperature can be
determined from the following equation

log7(T) =log (T, )+ log(a;) (2.23)

where T is the so-called reference temperature and ar is the shift factor. Eq. (2.23) is
applicable only for systems that are thermorheologically simple (see below).

» Entanglement molecular weight

Chain entanglement is a kind of intermolecular interaction, which does not involve
an energetic change and is purely an entropic, topological phenomenon. Chain
entanglement mainly affects polymer chain motions. The molecular weight between two
adjacent temporary entanglement points (defined as the entanglement molecular weight
M_,) can be calculated from the plateau modulus Gy as

_ Py RTy

Me
GN

(2.24)
where p, is the density of the polymer at temperature Ty, at which the plateau modulus

Gy was measured and R is the gas constant (R=8.314 Jmol'K™). The value of the
plateau modulus, Gy, can be obtained from the frequency where the minimum of the
loss tangent tan¢ is located, i.e., from

Gy =G'(@) s (2.25)

The M. values for the different copolymers investigated herein will be discussed later in
section 4.5
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2.1.3 Mechanical models of linear viscoelasticity

The linear viscoelastic behavior of materials may be represented by simple models
consisting of massless Hookean springs that obey Hooke’s law and Newtonian
dashpots, obeying Newton’s law (see section 2.1.1), the latter being considered as oil-
filled cylinders in which a loosely fitting piston moves at a rate proportional to the
viscosity of the oil and to the applied stress. In the simplest case consisting of a spring
and a dashpot two models can be constructed; these elements are either coupled in series
(the Maxwell model), or in parallel (the Voigt model) as illustrated in Figure 2.6.

9
o)
T

n

Voigt model
Maxwell model

Fig. 2.6 Mechanical models for viscoelastic behavior.

Each model is described in detail below; the viscoelastic functions exhibited in each one
are summarized in Table 2.1.

Table 2.1 Viscoelastic functions of the Maxwell and the Voigt model.

The Maxwell model The Voigt model
J)=J,+t/n J=J,(1-e")
E(t)=E,e™"" E(t)=E,

E'(w)=E,0’t’(1+0’t’) | E'(0)=E,

E"(0) = E,0t(l+0’t?) E'"(0) = E 0t =o0n
N'(0) =n/1+o’t®) n'(®)=n

J'(@) =], J(@)=T,/(1+®°t?)
I"(@)=J,/ot=1/0n I"(@)=J,0t/(1+0°t%)
tand =1/ o1 tand = ot
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> The Maxwell model

The stress-strain relation for the spring (see eq. 2.1) can be written as

o =Eg, (2.26)
and for the dashpot
de,
c= 2.27
fligen (2.27)

The stress is exactly the same for both the spring and the dashpot, and the total strain is
the sum of the strain in the spring and the dashpot (e =¢, +¢,).
Thus, the equation of motion in this model is

de_de, de, 1do o

—C_ -4 (2.28)
d dt dt Edt n
We can now discuss two cases:
a) stress relaxation for a constant (in time) strain (de/dt =0)
ldo o_ (2.29)
Edt n
with solution
do = —Edt (2.30)
o n
Integration leads to
G =0, exp[— EJ =0, exp[— 1) (2.31)
n T

where o, is the initial stress at time t =0, and t=1/E is the relaxation time in this

model. From equation (2.31) follows that in the Maxwell model the stress decays
exponentially with the time t. In real polymers the stress relaxation behavior cannot
usually be represented by a single exponential decay term, nor does it necessarily decay
to zero at infinite time.”

b) constant (in time) stress (do/dt =0). Then, from equation (2.28) we obtain that
de/dt = o/m, which is a constant value. This result implies that the Maxwell model
cannot describe creep.

Insertion of the time dependence of stress (compare eq. (2.18))

G =G, exp(imt) (2.32)
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into equation (2.28) for the Maxwell model yields the frequency dependence of storage
and loss moduli (Fig. 2.7)

E, o’t? E,o 1
E'IO—“ and E”:O—“ (233)
I+t I+t
1.0
E'/E
0.8+ 0
o
L
=~
iy 0.6+
=
=
i 0.4+
E"/E,
0.2+
0.0 e+ T
10? 10" 10° 10’ 10°
log ot

Fig. 2.7 Frequency dependence of E’ and E’’ according to the Maxwell model.

In the high frequency range the plateau of E’ prevails over E’’, which is characteristic
for the elastic behavior. The elastic modulus of a material in this frequency range is
given by

E, = lim E'(0) (2.34)

In the low frequency region E''>>E', which is typical for the Newtonian flow. In this
range E> and E’ are proportional to @ and @ (on a logarithmic scale E’ and E>* have
the slopes of 2 and 1, respectively; see Fig. 2.5). The zero shear viscosity can be
obtained in this range according to

Ny = limE (@)

0—0 [0)

(2.35)

» The Voigt model
The Voigt model, as mentioned above, consists of a spring and dashpot in parallel. In

this system the displacements (the strains) of the spring and the dashpot are equal,
whereas the total stress o comes from both of these elements

e=¢ =¢, and o=0, +0, (2.36)
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Thus from equations (2.26 and 2.27) follows the equation of motion

de
c=Ee+n— 2.37
lLen (2.37)

£ = %{1 - exp(— %tﬂ (2.38)

where o, is the constant stress; the strain € rises exponentially to the value of

Integration of (2.37) leads to

c,/E with retardation time t'=n/E . Equation (2.38) and hence the Voigt model can

describe time dependence of creep, however, this model cannot predict the stress
relaxation.

The Maxwell and the Voigt models are simplifications and cannot properly describe
the viscoelastic behavior in a wide frequency range and fail totally, as already
mentioned, at creep and stress relaxation prediction, respectively. In order to describe
more precisely the real behavior of polymer systems, one can, for instance, couple
several Maxwell units in parallel or combine the Voigt and Maxwell units in series
(Burger’s model, see Fig. 2.8), etc.

Fig. 2.8 Three-element model (Burger’s model) of viscoelasticity.

2.1.4 Thermorheological simplicity and the principle of time-Temperature
superposition (tTs)

The typical frequency range accessible for dynamic mechanical spectrometers lies
between 10~ and 500 rad/s*. From Figure 2.5 can be seen that the frequency range of
the “master curve” covers many decades, which are not possible to be measured
directly. In order to overcome the limits of the apparatus, master curves are constructed
which combine results of measurements performed at various temperatures within the
same frequency window, typically 10" to 10° rad/s as illustrated in Figure 2.9. One of
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these dependences (located above the glass transition) is taken as a reference (is not
shifted) and all other curves are shifted along the frequency scale to overlap with
dependences measured at adjacent temperatures. G’ and G’ responses obtained at
higher and lower temperatures, than the reference temperature, are shifted to lower and
higher frequencies, respectively. The final result is a continuous master curve
corresponding to the chosen reference temperature Tper.

logG', logG" [Pa]
1 1

N
1

2 . ; — ; ;
-8 -4 0 4
log o [rad/s]

Fig. 2.9 Construction of a master curve for a polystyrene test sample (M,,=200 kg/mol).
Frequency dependences of G’ and G’ are measured at various temperatures with a
fixed frequency window (dotted lines). One of these dependencies is taken as a reference
and is not shifted. All the others are shifted horizontally only by loga, to overlap with

dependencies measured at adjacent temperatures; as indicated, dependencies measured
at high and low temperatures are moved to lower and higher frequencies, respectively.

The justification of the determination procedure of the storage and loss moduli over
a very broad frequency range is based on the so-called time-temperature or frequency-
temperature equivalence (or correspondence) principle. It implies that the viscoelastic
behavior at one temperature can be related to that at another temperature by a change in
the time-scale only™. In other words, the temperature change is equivalent to the change
of the deformation frequency of a given material.

The correspondence principle is valid only for thermorheologically simple materials,
that is, materials where the distribution of relaxation times does not change with
temperature; obviously it does not work in the temperature/frequency range where
relaxation processes with different temperature dependencies of relaxation times
overlap™. The principle holds only for amorphous homopolymers, and does not hold for
semicrystalline polymers, for polymer blends or block copolymers. In the case of
semicrystalline polymers and block copolymers the reason for the pronounced failure of
tTs is the existence of molecular and supramolecular organization that change as a
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function of temperature. In the case of immiscible polymer blends tTs fails again as a
result of the different shift factors for the different components in the blend.
Interestingly, in the case of miscible polymers tTs fails again provided that the
difference in the glass temperatures (T,) of the two components is above 40 K.

» The Williams-Landel-Ferry (WLF) equation

The horizontal shift of the G’, G’ dependencies obtained at various temperatures
provides directly the temperature dependence of shift factor, loga (T,T. ), as

illustrated in Figure 2.10. This shift factor-temperature relation, known as the WLF
equation, was postulated by Williams, Landel and Ferry®>, who found that

C;rmf (T B Tref)

log a. =
g ' C;}er +T_Tref

(2.39)
where C|* and C)* are material dependent constants that depend on the reference

temperature T, It can by of interest, for comparison purposes for example, to express
these constants in correspondence to another reference temperature, particularly the

glass transition temperature T,. The new constants then, C;* and C,* with T, as a
reference temperature, can be determined using the following conversion relations

Te C ;rref C ;ref

1 = Tt
C,- +T, =Ty

(2.40)

Cyf=Cy +T, - T, (2.41)

An analysis of limited data led to the postulation that C/® and C.*® were universal

constants, however, this assumption was not supported when the results obtained for a
wide variety of viscoelastic materials were considered.”” From (2.40) and (2.41) follows
that

C]TgCZg — ClTref C}ef (242)

T,-C¥=T,-C =T, (2.43)

where T, is a fixed temperature (known as the Vogel temperature or the “ideal” glass

temperature) at which, regardless of the arbitrary choice of Ty, loga, becomes infinite
in accordance with equation (2.39).

The WLF equation holds above the glass temperature, i.e., until T, + 100 K.*! The
equation was originally based purely on empirical observations, it can, however, be
derived directly from free volume theories.*
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Fig. 2.10 Temperature dependence of a shift factor a for cycloolefin copolymers taken

as an example; C" =6.16, C," =381.7 K, T,;;=411 K. The line is a fit to the WLF
equation (2.39) (Topas 8007).

2.1.5 Origin of the liquid-to-glass “transition”

A complete theoretical understanding of the liquid-to-glass “transition” is not yet
available. The origin of the dramatic “slowing-down” of the relaxation times (1) of a
system (liquid or polymer) as it approaches its “glass temperature” (T) is still an
unresolved issue. The origin of this process is one of the most fundamental problems in
polymer physics of liquids, in general, with several technologically important aspects
such as physical aging, refractive index stabilization, etc.>®3® Identifying the main
control thermodynamic parameter that dominates the slow dynamics in glass-forming
liquids that give rise to the dynamic arrest at T, is a point of debate. Theoretical
predictions consider two extreme cases:

— Thermally activated processes on a constant density “energy landscape™®*’

. 31,394
— Free-volume theories®" > *°

In the former picture the controlling parameter is temperature (T), the landscape is
considered as fixed and the super-Arrhenius dependence of relaxation times on T
(©(T)) is attributed to changes in the barriers and the minima encountered in the
exploration of the landscape. In the latter picture, the controlling parameter is volume
(V) or better density (p) and the slowing-down results from the decrease of the
available (or free) volume. Clearly these pictures should be considered as extreme cases
since, molecular transport in general, is driven by thermal activation processes with
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potential energy barriers hat depend on local density.*' Both approaches are described
below.

A. Free volume theories of the glass “transition”

Free volume theories assume that, if conformational changes of the polymer chains
are to take place, there must be space available for molecular segments to move into.
The total amount of free space per unit volume of the polymer is called the fractional
free volume Vy. As the temperature of the polymer system decreases towards the glass
temperature the macromolecules rearrange to reduce the free volume until, eventually,
the polymer chains become so slow that they cannot rearrange within the time-scale of
the experiment and the volume of the material contracts like that of a solid. If V, is the
fractional free volume at T,, then ideally, above T,, the fractional free volume can be
expressed as

V.=V, +a,(T-T,) (2.44)

where o is the expansion coefficient of free volume.
Based on experimental data for monomeric liquids, Doolittle’s equation*” relates the
viscosity to the free volume through

B
n= Aexp(v—j (2.45)

f

where A and B are constants. Taking into account the relation between zero shear
viscosity and the shift factor

170(T) _
Mo (Teet)

)

exp| —

a =—Vf=ex g L _! (2.47)

: (B} TV v |
exp

Vi

a (2.46)

we obtain that

where Vi is the fractional free volume at T and V; is the fractional free volume at the
reference temperature. If the reference temperature is set as the glass transition
temperature and if fractional free volume at this temperature is V£, the following
equation results
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ap = exp(B(vL - %D (2.48)

Insertion of equation (2.44) into equation (2.48) gives

a; =exp Ve (2.49)
— |+ T-T,
Qp
Taking the logarithm of equation (2.49) results in
_B (T -T,)
2.303V¢ ¢
loga, =— (2.50)

g
(VfJ+T—Tg
Oy

which is the WLF equation (2.39) with C, =B/2.303V¢ and C, = V§/a,. It will be

shown below that the WLF equation is equivalent to the Vogel Fulcher Tammann
(VFT) equation, and hence the latter can also be derived from the free volume theory.

» Vogel-Fulcher-Tammann (VFT) relation

An empirical equation that successfully relates viscosity to temperature was
introduced by Fulcher™ * and Tammann and Hesse™

1,(T) ZAGXP(T_BT ] (2.51)

o0

B*
lo T)=1logA + 2.52
g7,(T) =log (T TJ (2.52)

o0

where 7, is the zero shear viscosity, A =7,(T

ref

), B is the “activation parameter”,

B* =Bloge and T, is a temperature at which the viscosity becomes infinite. Taking
into account the relation between zero shear viscosity and relaxation time

n(M _ (M _
770 (Tref) z-(Tref) !

(2.53)

we obtain that

(T) = Aexp[T —BT ] (2.54)

0
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B*
logz(T) =logA + 2.55
g7(T) = log (T - ij (2.55)
Equations (2.51, 2.52) or, equivalently equations (2.54, 2.55), are known as the Vogel-
Fulcher-Tammann (VLF) equation.
» Equivalence of VFT and WLF equations

Having an equation for the temperature dependence of the viscosity (2.52), we may
also formulate the shift factor loga. . Equations (2.53) and (2.52) yield

17,(T)

loga. =1lo
g ' gUO(Tref)

= log 770 (T) - lOg 770 (Tref)

*

B 10gA+B—
T_Too Tref_Too

e
(T-T )T ~T..)

=logA +

B* T-T,

- . (2.56)
Tref - Tco T - Tref + (Tref - Tao)
The last part of this equation can be expressed as
C(T-T
loga, = S0 -Ty) (2.57)
C,+T-T,
where
B*
C, :—TandC2 =T,-T, (2.58)

ref ©

This indicates that WLF and VFT equations are in fact equivalent.

A comprehensive conversion list of VFT into WLF parameters and vice versa is the
following

A =logz(T,)—-C, logr(T..) = A+ B’
ref Tref _Too
B" =C,C, __ B (2.59)
1 Tref _Too
Too = Tref _CZ C2 = Tref _Too
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B. Thermally activated processes

The second approach to the liquid-to-glass “transition” is associated with the
thermally activated processes on a constant “energy landscape” that is considered as
fixed (does not change while cooling) for the whole system (all conformations of the
particles). A schematic representation of such an energy landscape is illustrated in
Figure 2.11. The potential energy depends on the spatial location of all the particles

Transition states
Bfiin (saddle points)

Amorphous
inherent
structures

Potential energy —

| Crystal

permutations

Particle coordinates —-

Fig. 2.11 A schematic diagram of the potential energy (“energy landscape”) in the
multidimensional configuration space for a many-particle system (after F.H. Stillinger,
Science 1995).

constituting the system, and includes contributions from electrostatic multipoles and
polarization effects, covalency, hydrogen bonding, electron-cloud-overlap repulsions
and intermolecular force fields among other things.>’ The minima in Fig. 2.11
correspond to mechanically stable arrangements of all particles; any small displacement
from such an arrangement gives rise to restoring forces to the undisplaced arrangement.
Equivalent minima can be achieved by permutations of identical particles. The lowest
lying minima are occupied by the system provided that is cooled to absolute zero slowly
enough to maintain thermal equilibrium; pure substances become then virtually perfect
crystals.’” Higher lying minima correspond to less ordered systems with some or
completely amorphous regions.

C. Quantitative measure of the relative contribution of density and temperature
on the segmental dynamics

As already indicated, liquid-to-glass “transition” is a contentious issue and, hence,
the domination of one of the two parameters (density or temperature) controlling the
slowing-down process is still an open question. It is possible, however, to determine,
which one of the two parameters plays the most important role with respect to the
dynamics. This can be made by calculation the ratio of the activation energy at constant

volume to enthalpy of activation, E3,/H". This dynamic quantity provides a quantitative
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measure of the relative importance of density and temperature on the dynamics*® of the
a-process. Defining the enthalpy of activation as

. Olnt
H _R(—G(I/T)l (2.60)

and the activation energy at constant volume as

. olnt
E| = RK—G(I/T)]V’ (2.61)

it can be shown that the ratio E},/H" can be expressed as***":

EZ =1—[8—Pj (6—Tj (2.62)
H ot ), \ap ).

%)
oT ), P ). 263)
ntj

(aln Tj
_L (2.64)

Since changing temperature (T), affects both the thermal energy (kgT) and the density
(p), it is impossible to separate the two effects by T alone. In order to disentangle the

effects of T and p on the dynamics, pressure-dependent measurements have been of

paramount importance**>? since pressure (P) can be applied isothermally (affecting only
p), and have been employed to provide a quantitative assessment of their relative

importance. Pressure-dependent experiments provide not only the T,(P) dependence but
also the origin of the freezing of the segmental relaxation times (ts) at the liquid-to-
glass transition. For example, measuring the relaxation times as a function of the
thermodynamic variables T, P coupled to the equation of state, allow quantifying the

role of temperature and density on the segmental dynamics.*® ****>* The ratio E,/H"

can vary from 0 (corresponding to volume dominated dynamics) to 1 (thermal energy
dominates) with the monomeric volume to play a key role in controlling the actual
value.” This ratio can in principle be calculated for any substance provided that it is
possible to measure the ts(T) and t5(P) dependencies, normally through dielectric
spectroscopy measurements and the equation of state from PVT measurements.
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However, the low dielectric activity in the ethylene/norbornene copolymers precludes
such an investigation.

Ferrer et al.”’, however, have shown that the same ratio of activation energies can be
obtained from the ratio of the isobaric a, =(AInV/T), to the isochronic

o, = (8 InV/ 8T)T thermal expansion coefficients as

E*
v_ 1 (2.65)
H _Op
o

T

The origin of the liquid-to-glass transition in the cycloolefin copolymers will be
discussed in the results and discussion (Section 4.4).

» Thermodynamic scaling of the glass transition dynamics

Various approaches have been proposed to account for the scaling of the relaxation
time and the very different E{,/H" values for different polymers and glass-forming
liquids. A few scaling variables were proposed so far:

In7—y 47,5256
\

o logtocT where v is a material constant that provides a measure of the

relative importance of p as opposed to T. The y =4 is of particular interest since it
can be linked** > with the soft-sphere repulsive forces (~r~") that constitute the first
(repulsive) part of the more general distance-dependent potential:
U(r) 48[((5/1”_12) —(G/I’)_é], where ¢ and o have the units of energy and length,
respectively. However, very low x values found for some glass-forming systems
(with v as low as 0.13°%), leading to excessively long-ranged repulsive interactions.

e Intoc(p—p )T, where p° is an adjustable parameter. This thermodynamic

scaling gives in many cases equally good results’ ™ except perhaps under very large

T and p ranges.’

e monomer volume V_ and its correlation to the dynamic quantity Ej,/H". It has

been shown that E{,/H'~ 0.72-0.77 V,, for a series of glass-forming liquids
suggesting that the reason for the low E,/H" values in a number of glass-forming

liquids and polymers is their large monomer size. This last approach suggests that
monomer volume and local packing play a decisive role in controlling the dynamics.

D. Other possibilities beyond free volume and thermal activation
In general, molecular transport is driven by thermal activation processes with

potential energy barriers E that depend on local density.*' Then, the probabilities for
local rearrangements can by given by

P(V.T) = exp(— %} (2.66)
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Based on eq. 2.66, it becomes apparent that the Arrhenius and the free volume models
are two extreme cases of the E vs. V (V is the local volume) dependence (Figs. 2.12a
and 2.12b). In the case of the Arrhenius model, a volume independent activation energy
is assumed, whereas, in the case of the free volume model, the assumptions made can be
interpreted as a discontinuous change of the activation energy at certain V., from an
infinite value below V. to 0 above Vc.41 Figure 2.13 shows the temperature
dependencies of relaxation times for the considered models for E(v) in the form of the
so called Angel plot. This indicates that a variation of behavior of the model system can
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Fig. 2.12 Various dependences of the activation energy for local molecular
rearrangements vs. local volume: (a) corresponding to the Arrhenius model, (b)
corresponding to the free volume model and (c-e) some other possible dependencies
(after T. Pakula, J. Mol. Lig. 86, 2000, 109-121).

60

404 " C
= ] _D
g |
204 ',*
- ‘1"'. .-.:',,1'_.. &
l-'-"'"u"_""'.’.‘f‘- -
01— ;

L
00 02 04 06 08 1.0
T,JT

Fig. 2.13 Temperature dependencies of relaxation times calculated using E(v)
dependencies shown in Fig. 2.12 (lines A-E correspond to cases (a)-(e) of Fig. 2.12,
respectively) (after T. Pakula, J. Mol. Lig. 86, 2000, 109-121).
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be obtained which approximately corresponds to the variation of properties observed for
real systems. The different activation energies and relaxation time dependencies should
be regarded only as examples illustrating the possibilities to describe a class of
behaviors ranging between the Arrhenius case, on one side, and the typical non-
Arrhenius case described by the traditional free volume model, on the other side.

2.1.6 Proposed fit function for the master curve

In order to fully describe the frequency dependence of storage and loss moduli, all
the master curves were successfully fitted to the following function

A A, ]

— 1
y= log(lobl(xm) + IO*bz(x*hI) + lO*bz(X*ltz) + 10—b4(X—ltz)

(2.67)

_ 1 Al A2
Z= Og lofcl(xfltl) +10702(X71t1) + 10703(X71t2) +10—C4(X—lt2)

where A, A, are related to the height of the plateaus of the real part of the modulus
(storage modulus) above the frequency corresponding to the reciprocal relaxation
time;lt, = -logr , It, =logz, (7, and 7, are the segmental and chain relaxation times,
respectively); by,..., bs, cy,...,c4 are parameters that describe the slopes on both sides of

the characteristic frequency related to the reciprocal relaxation. All the fit parameters
are illustrated in Figure 2.14.
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e logG" Al =2
o logG'
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Fig. 2.14 Fit parameters of the empirical function (eqs. 2.67).
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2.2 Pressure-volume-temperature dilatometry

Pressure-volume-temperature (PVT) measurements are concerned with the
dimensional changes of matter that occur in response to temperature and pressure
variations. PVT is a direct thermodynamic method that provides all the required
thermodynamic parameters of the system. We will employ this method in studying the
dependence of the glass temperature on pressure but in principle it can be applied for
studying any phase transitions (crystallization/melting etc.).

If the volume of the material is a function only of the current values of external
variables, such as temperature and pressure, and does not depend on the past history of
these variables, the material is said to be in an equilibrium state. In this state the volume
can be expressed by an equation of state, which describes the dependence of volume on
the state variables (T, P).®’ Several empirical and theoretical equations of state are
available to describe polymer melts, crystals and glasses. Most useful and used in this
work is the empirical Tait equation that describes melts as well as the glassy state®*

P
V(P,T) = V(0, T){l —C- ln(l + %D (2.68)

where V(0,T)=A,+A,T+A,T?, B(T) is a temperature dependent constant with the

same dimension as pressure (MPa), V is the specific volume given in cm’/g, T in °C and
P in MPa; C is a constant (best average value: C=0.0894). The temperature dependent
factor B(T) can be expressed by

B(T)=B,e ™" (2.69)

where By (in MPa) and B, (in °C™") are empirical constants. These parameters for the
different copolymers will be given in Chapter 4.
> Pressure dependence of glass temperature Ty(P)

Increase in pressure results in the increase of the glass transition temperature; this
relation can be described using the empirical equation®* ©°

T,(P)=T, (0)(1 + 2. P]V (2.70)
7,

where T,(0) 1s the glass transition temperature at pressure P=0; v (dimensionless), pt
(MPa) are constant parameters, (P in MPa).

From the PVT data (temperature and pressure dependencies of volume), some useful
parameters of the material can be determined. For example, the volume thermal
expansion coefficient o, can be calculated as
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o, (P.T) = —\ (GV(P’T)j @2.71)
V(P,T)\ oT ),
and the isothermal compressibility coefficient «k is defined as
o (P,T) = —— (‘W(P’ T)J 2.72)
T

VP, T) 0P

Knowledge of the Tait equation of state allows extracting all required thermodynamic

parameters.
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2.3 Positron Annihilation Lifetime Spectroscopy

Positron annihilation spectroscopy (PAS) is a common name for a set of techniques
based on measurements and analysis of the annihilation characteristics of a positron e*
(antiparticle of electron) and its bound form with an electron e™, so-called positronium
(Ps)®°.

Positron annihilation lifetime spectroscopy (PALS) measures positron and
positronium lifetimes and their relative intensities, giving information about the
physical microstructure of polymers such as the mean free volume hole size, the free
volume hole size distribution, the anisotropy of free volume holes and the free volume
hole fraction®. PALS probes the inter- and intra-chain space on the molecular level,
which is related to the chain packing and chain dynamics.®’

The principle of the technique is as follows: positrons are generated by the
radioactive decay of certain unstable isotopes, usually 7;Na in the form of **NaCl.
Injection of the positrons into a material causes the loss of their kinetic energy by a
sequence of inelastic collisions with the particles of the material. Finally, the positrons
annihilate due to interaction with electrons of the substance. Prior to the annihilation, a
positron can exist in polymers in a free nonbounded state or as a bound metastable form
of positron and electron (positronium - Ps).

There are two ground states of positronium:

1. singlet para-positronium (p-Ps) with antiparallel spins with the total spin of the
system S=0
2. triplet ortho-positronium (o-Ps) with parallel spins with the total spin S=1

Both the positron and positronium annihilation is accompanied by emission of y rays;
two and three y photons from p-Ps and o-Ps annihilations, respectively.

The various states of positrons in the condensed phase differ in their lifetime: a short
lifetime of p-Ps with 7, =0.1-0.2 ns, a middle lifetime of free positron annihilation

with 7, =0.3-0.4 ns, and a long lifetime of o-Ps with 7, =0.5—-5ns. Of particular
interest is the o-Ps (7;) lifetime, which is sensitive to the free-volume hole size in
polymers.

The positron lifetime 7 is a function of the electron density at the annihilation site.
The annihilation rate A, which is the reciprocal of the positron lifetime 7, is given be

the overlap of the positron density p, (7) = ‘1//+ (fX2 and the electron density p_(T)

A= % = 7rrozcj.‘t//+(f12 p ()d’r (2.73)

where 1, is the classical electron radius, c¢ the speed of light, and 1 the position vector.
Since 7, is inversely proportional to the square of the overlap of the positron

component of the Ps wave function with the lattice or cavity wall electron wave
function, it is therefore related to the size of low electron density free-volume sites.®®
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Assuming spherical free-volume sites of radius Ry, obtained by using a spherical
potential of radius R, with an electron layer of thickness AR=R;,-R,, a
semiempirical equation between 7, in ns, Ry and R, in A was established and

optimized (by fitting the observed lifetimes in molecular compounds, such as zeolites
and molecular crystals, with the known hole and cavity sizes) with AR =1.656 A for
molecular solids® !

-1
- Ry (2R (2.74)
2 R,

Equation (2.74) can be used for the determination of hypothetical radii and volumes of
free-volume holes.

The o-Ps formation probability is called o-Ps intensity, I3, and is proportional to the
number of holes (free volume hole density) in polymers.”” The free volume fraction is
then given by the semiempirical equation

f, =CV, (D)L (T) (2.75)

where C is the proportionality coefficient and Vj, is the mean hole volume.

» Positron annihilation lifetime spectroscopy measurements

All PALS measurements reported herein were made in the Institute of Physics of
SAS by Dr. Josef Bartos. PALS spectra were obtained by the conventional fast—fast
coincidence method using plastic scintilators coupled to Philips XP 2020
photomultiplier tubes. The time resolution for the prompt spectra was about 320 ps. All
samples were measured for longer than two hours with **Na positron source of 4 MBq
activity. Measurements were performed in the temperature range from 15 — 300 K under
vacuum. A standard PATFIT — 88 software package’ was used to perform a common
three component analysis in terms of two short-term components: para — positronium
(p-Ps), 11, and “free” positron, t,, as well as a long-term one, related to free volume
microstructure: ortho - positronium (o-Ps), t3.

Samples were prepared by heating around 100°C above T, and then press moulded
under low pressure (<10 MPa) to the thickness of 2 mm. Then they were cut with a
diamond saw (to avoid cracks formation) in pieces of 10x10 mm.
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2.4 Wide angle X-ray scattering

Wide angle X-ray scattering (WAXS) is a technique used for investigating polymer
structure within the size range of around 0.2 to 5 nm. Typically, it is used to provide
information about the degree of crystallinity, orientation and the size of any repeat
distance in the polymer system. The unit cell, space group and full structure of a
crystalline or semicrystalline polymer may be determined as well.”* In case of
amorphous systems inter- and intrachain distances can be obtained, as discussed below.

The scattering of X-rays occurs as a result of interaction with electrons in the
material. The X-rays scattered from different electrons interfere with each other and
produce a diffractive pattern that varies (if the polymer is not amorphous) with
scattering angle. The variation of the scattered intensity with angle provides information
on the electron density distribution, and hence the atomic positions in the material.

The sample is irradiated with a collimated beam of X-rays and the scattered
intensity as a function of the scattering angle 26 (the angle between the scattered and
incident beam) is measured (Fig. 2.15).

1(s)

LA W

S,

—

sample S=S— gg

Fig. 2.15 Scattering of X-rays of the intensity 1, and the wavelength A . Definition of
the scattering vector s .

The incident and the scattered beams are described by the unit vectors S,and S,

respectively. The scattering vector s is defined as

5-3,
A

where A is the wavelength of the X-rays. The length of the scattering vector s is then

S =

, (2.76)

2sin @
S =

/1 (2.77)

In the literature the scattering vector q is often used, which is defined as the difference

between the scattering wave vector Es and the incident wave vector Ei

=k, -k, (2.78)
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Therefore the length of the q vector is equal to

g = 47ﬂ-sin : [gj (2.79)

From equation (2.77) and (2.79) the relation between the two scattering vectors is

=273 (2.80)

The X-ray waves scattered coherently from individual electrons interfere with each
other. The total amplitude of the X-ray beam scattered from a group of n atoms in the
direction s gives the structure factor F(S)

F3) = ifu (0)exp(2is - T.) (2.81)

where f_ (@) is the atomic structure factor (or scattering factor) for the nth atom located
at the position T,. When the discrete points in positions r, can be replaced by a
continuous function, that is, the electron density distribution p(r), equation (2.81)
becomes

F(S) = j p(T)exp(27is - T)dv, (2.82)

where v is the volume sampled.

The scattered intensity I(s) is proportional to the scattering factor squared
1(3) oc FG)E" (3) o< [F(3)|" (2.83)

where F*(8) is the complex conjugate of F(s).

The WAXS spectra of semicrystalline polymers show sharp diffraction peaks whose
intensities and widths reflect the frequencies and periodicities, respectively, of some
characteristic distances, which can be determined by Bragg’s law 2dsin®=A. The
scattering patterns of amorphous polymers lack the sharp diffraction peaks, and hence,
they consist of one or more diffusive peaks, called also amorphous halos. Thus, the
assignment of a Bragg spacing from the maximum of these halos is only a crude
approximation. Hence, in amorphous systems we can only speak about the equivalent
Bragg spacings.”” The peak at low and high scattering vector q (or §) is usually
referred to as the low van der Waals (LVDW) and van der Waals (VDW) peak,
respectively. In amorphous polymers the relative contribution of inter- and intra-
molecular correlation to the WAXS curves is still an open issue.






3. Samples and sample characterization

3.1 Samples

Polymers investigated in this work are statistical amorphous cycloolefin
copolymers (COC) consisting of ethylene (E) and norbornene (NB) comonomers
provided by Dr. M. Bruch, Ticona, Germany. The samples were prepared according to
the methods described in ref [9, 76]. The monomers are copolymerized using
metallocene catalysts in a solution process. The amount of ethylene can be varied easily
by changing the ethylene pressure applied during the polymerization. The glass
temperature T, of the copolymers can be adjusted within a broad range by variation of
the concentration of norbornene and the pressure of ethylene. The molecular weight can
be adjusted by addition of hydrogen to the reactor vessel. The commercially available
copolymers differ in composition from around 36 to 62 molar % of NB, have similar
molecular weights (about 10° g/mol), and polydispersities in the range from 1.8 to 2.0.
The sample characteristics, i.e. number and weight average molecular weights and
composition are given in Table 3.1. For comparison purposes a polynorbornene (PNB)
sample was examined as well.

Table 3.1 Sample characteristics and thermal properties obtained from DSC (rate 10

K/min).
Sample | Myx 10° | M,x 10’ NB T, Ac,
[g/mol] [g/mol] content [K] [J/e/K]
[mol %]
COC1 2.8 1.2 40 326 -
cocC2 4.0 1.7 39 320 -
COC3 4.1 2.0 68 423 -
COcC4 4.9 1.5 68 420 -
COC5 14.6 5.5 41 327 -
COC6 21 8.1 54 372 -
cocC7 26 9.9 66 416 -
COC8 35 14.2 63 403 -
COC9 51 20 67 417 -
COC10 67 16.5 52 415 -
COCl11 73 24 65 470 -
COC12 102 52 53 420 -
5013° 92 45 50 408 0.37
6013* 101 56 52 415 0.31
8007° 104 59 36 352 0.39
6017* 106 51 62 454 0.30
6015° 109 53 56 434 0.35
PNB ¥ ¥ 100 647 0.30

* commercially available copolymers

*: The PNB molecular weights could not be determined because of solubility reasons
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3.2 Copolymer microstructure (NMR)

Nuclear Magnetic Resonance (NMR) was employed to identify the microstructure of
the copolymers investigated. NMR spectra were obtained using a Bruker DMXS500
spectrometer operating at 125.76 MHz for 13C with a 10 mm diameter sample at 363 K.
Samples were dissolved in C2D2Cl4, which was used as a reference (chemical shift of
74.00 ppm). The current and earlier NMR® 77 and X-ray studies® ' ' 1** 2 (see also
Section 3.3) of the microstructure and local packing provided sufficient evidence for
morphological heterogeneity driven by the copolymer microstructure. >C NMR spectra
from all the commercial copolymers (see Table 3.1) are shown in Figure 3.1. Different
resonances are shown that are assigned to the different carbons as indicated. The
resonance at 47.65 ppm has been assigned to C2/C3 methine carbons in alternating units
of the polymer chain. The resonance at 47.0 ppm has been assigned to C2/C3 methine
carbons bonded to at least two ethylene units. The broad resonance group between 48
and 52 ppm with a peak at 48.9 ppm has been assigned to C2/C3 methine carbons in
blocks of two or more norbornene units. With increasing NB content the relative
intensity of the signals at 47.65 and 47.0 ppm decreases suggesting the decrease of the
fraction of C2/C3 methine carbons bonded in alternating units and bonded to ethylene
sequences of at least two units, respectively. In contrast to this, the relative intensity of
the signal at 48.9 ppm increases with increasing NB content. Therefore, in the
copolymers with norbornene content above 50 mol%, the structure consists of blocks of
norbornene of varying length, linked in both stereogenic positions, together with some
alternating norbornene/ethylene units. With decreasing NB content to below 50 mol%,
the NMR spectra change; now the intense resonances at 47.65 and 47.0 ppm suggest an
increasing fraction of C2/C3 methine carbons bonded in alternating units and to at least
two ethylene units, whereas the signal at 48.9 ppm arising from blocks of norbornene is
diminished (below 15% in the 8007 copolymer with 36 mol% in NB). Therefore in the
copolymers with low norbornene content (below 50 mol%) the structure consists mainly
of alternating norbornene/ethylene sequences and some ethylene sequences of two or
more units. Overall the NMR data on the current copolymers are in agreement with the
ones from ref [8] suggesting the same microstructure in both systems.
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47

6017

ppm

Fig. 3.1 C NMR spectra of all the commercial copolymers investigated. The
resonances at 47.65 and 47 ppm are related to C2/C3 methine groups in alternating
units and C2/C3 methine carbons bonded to at least two ethylene units, respectively.
The broad resonance group between 48 and 52 ppm with a peak at 48.9 ppm has been
assigned to C2/C3 methine carbons in blocks of two or more norbornene units.
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3.3 Structure analysis (WAXS)

WAXS 2D patterns were recorded at room temperature using the X-ray beam with
a pinhole collimation and a two-dimensional detector (Siemens Serial A102647) of
1024x1024 pixel resolution. A double graphite monochromator for the CuK  radiation

(A=0.154 nm) was used. The beam diameter was about 0.5 mm and the sample to
detector distance was 83.5 mm. The recorded scattered intensity distributions were
integrated over the azimuthal angle and are presented as functions of the scattering
vector s (see Eq. 2.77).

As already indicated in section 3.2, the NMR studies provided clear evidence for
morphological heterogeneity driven by the microstructure. This microstructural
heterogeneity reflects also on the local packing as revealed by the wide angle X-ray
(WAXS) diffraction patterns of the copolymers and the bulk PNB (Fig. 3.2). The
copolymers with less than 50 mol% in NB that, according to the NMR study, have
alternating ethylene/norbornene sequences together with ethylene sequences, display a
single broad peak in the wide-angle region characteristic of all amorphous polymers (the
VDW peak).” The peak reflects the closest approach of atoms and for “isotropic”, i.c.,
spherically symmetric molecules, the relation between the diffraction angle maximum
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Fig. 3.2 Wide angle X-ray diffractograms of cycloolefin copolymers and the bulk
polynorbornene.

(0m) and the distance of closest approach (dy) 1s 2d sind  =KA,where A is the
wavelength and K=1.23 assuming nearest neighbor correlations only.”” The obtained
VDW distance amounts to 0.6 nm for all copolymers. In contrast, the copolymers with
higher NB content (above 50 mol%) display increasing intensity at a position
characteristic of the bulk PNB scattering with a characteristic distance of 1 nm. This
peak (the low van der Waals (LVDW))®, reflects mainly intramolecular correlation of
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the PNB backbone. The existence of the LVDW peak in the NB-rich copolymers is a
manifestation of sequence of norbornene units along the chains. This is in accord with
the NMR results (see Section 3.2) that have shown the existence of blocks of NB
comonomers, together with some alternating norbornene/ethylene units. In the next
Chapter (4) we will explore the dynamic consequences of this “static”
morphological/structural heterogeneity.

3.4 Differential Scanning Calorimetry (DSC)

A Mettler 30 DSC was used to determine the glass temperatures and the associated
step in specific heat. Experiments were conducted with cooling and heating rates of 10
K/min. The glass temperatures (T,) were determined from the second heating run at the
inflection point. The T,’s and associated specific heat steps Ac, can be found in Table

3.1.

3.5 Pressure-Volume-Temperature (PVT)

For the PVT measurements a GNOMIX high-pressure dilatometer was used, based
on the confining fluid principle. In this technique the sample is at all times immersed in
a confining fluid (mercury in this case) and the combined volume changes of sample
and confining fluid are measured. PVT data consists of records of the specific volume
of a material as a function of pressure and temperature. The volume changes in the
sample can be calculated by subtracting the known volume change of mercury. A
detailed description of the apparatus can be found in the book of Zoller’®. Prior to the
first run (in isothermal mode) every sample was heated to remove the internal stresses
caused by press moulding of the specimens. The samples in the shape of a cylinder were
made from around 1g of the material.

Measurements of volume changes were first carried out in the isothermal mode. At a
fixed temperature, starting at low temperature (heating mode), the pressure was
increased from 10 to 200 MPa. On completion of measurements along one isotherm, the
temperature was decreased, then the pressure changed and a new measurement begun.
These isothermal measurements were followed by the measurements in the isobaric
mode in the range of 10 to 200 MPa and for temperatures in the range from 293 to 590
K. Starting from low pressures, the volume change was measured in the heating mode.
Absolute density measurements of the copolymers, at ambient temperature, were made
using a helium pycnometer (Quantachrome micropycnometer model MPY-2). The
temperature dependencies of specific volume for various pressures obtained in the
isobaric mode were fitted simultaneously to the Tait equation (2.68); the regions below
and above the glass transition were fitted separately.
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3.6 Dynamic mechanical spectroscopy (DMS)

Dynamic mechanical spectroscopy measurements on the copolymers were made
with a Rheometrics Mechanical Spectrometer RMS 800, which is schematically
illustrated in Figure 3.3. For the measurements above the glass temperature, samples
(pellets of 6 mm diameter and around 1 mm thickness) were placed between two
parallel plates. The specimens were first heated above T, to become soft, and therefore a
good contact to the plates could be established. The measurements started from high
temperatures and proceeded to lower temperatures. The examination at low
temperatures (below the glass temperature) was performed using a rectangular bar
geometry (Figure 2.2 ¢) and nitrogen as a cooling medium. In this latter experiment the
sample dimensions were 60 x 10 x 1 mm. Different shear experiments were made:

=  “isothermal” strain sweeps at different temperatures aiming at separating the
linear from the non-linear viscoelastic regimes. The strain dependent torque was
measured and compared with the strain dependence of storage (G’) and loss (G”’)
moduli (Fig. 3.4).

=  “isothermal” frequency sweeps, aiming at obtaining the compete viscoelastic
response. In the frequency range of 0.1-100 rad/s the storage (G’) and loss (G””)
moduli were determined at various temperatures (Fig. 3.5). The value of the
torque (the deformation) was chosen to within the linear regime.

=  “isochronal” temperature scans at selected frequencies (1, 10 and 100 rad/s),
aiming at obtaining the different dynamic processes, particularly at low
temperatures (sub-glass processes). The G* and G’” moduli for these frequencies
were obtained simultaneously using the so-called multiwave temperature ramp
test in which the sample is subjected to deformation being a superposition of
sinusoidal signals of these three frequencies (Fig. 3.6). The results from the
isochronal sweeps all correspond to the linear regime.

FORCE
TRANSDUCER

T- control

Fig. 3.3 A schematic illustration of the dynamic mechanical spectrometer system. The
deformation (shear strain) input signal D(t) is applied by the motor and the resulting
torque F(t) is measured by the force transducer. The sample is placed between two
parallel plates with the possibility of temperature control measurements.
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Fig. 3.4 Isothermal strain sweep for an ethylene-norbornene copolymer taken as an
example. The sample is sheared between two plates (see Figure 2.2) and the resulting
torque is recorded. Notice the insensitivity of the shear moduli to the applied strain
(linear viscoelastic regime).
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Fig. 3.5 Exemplary isothermal (T=135°C) frequency sweep (0.1-100 rad/s) from an
ethylene-norbornene copolymer sample. The storage (G’), loss (G’’) modulus and tan o
were determined from equations (2.15).



52 Samples and sample characterization

i G'
1 09 E : 5{3{.(((((_(((‘@««««( (@ (@@ (@
E .Zr;
— o 1radls 'L;g
D‘? - A 10rad/s
— 10° 100 rad/s
O
10" 4
T ] 2
] i AV/D0!
o Bo
— 10° 4 DA%A ADDAO
= E O
O ] AT A AL
| ]
1 05 i A
1 T T T T T T T T T T T T
100 150 200 250 300 350 400

Fig. 3.6 Temperature dependence of storage G’ and loss G’° moduli obtained with the
rectangular bar geometry (see Fig. 2.2, geometry c). All the frequencies (1, 10, 100
rad/s) were measured simultaneously. The different dynamic processes in the glassy
state will be explained later in Chapter 4.



4. Results and discussion

4.1 Free volume in cycloolefin copolymers (PALS)

Positron annihilation lifetime spectroscopy (PALS) is a technique that allows
obtaining information about the free volume in the polymer system (see Section 2.3 for
details). PALS was applied in an effort to understand how the free volume affects the
molecular mobility below the glass temperature. To study the dynamic processes in the
glassy state we employ rheology and perform isochronal heating experiments on three
copolymers (8007, 6013 and 6017). The results of these experiments are depicted in
Figure 4.1. Notice that within the temperature range shown the storage moduli of these
copolymers display values typical of glassy polymers (G’~10° Pa). Three different
molecular processes were found: the segmental a-process, and the low temperature f3 -
and vy - processes.

The high temperature segmental process is related to the unfreezing of the backbone
dynamics. The position of this process displays a strong dependence on NB content and
shows the influence of the more rigid NB units on slowing-down the copolymer
backbone dynamics. The effect of NB content on the temperature dependence of
dynamics of both segmental and terminal relaxation times is described in Section 4.5.
The origin of the a-process will be discussed in Section 4.4 with respect to the thermal
(see Section 4.2) and thermodynamic (Section 4.3) results.
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Fig. 4.1 Isochronal (=10 rad/s) heating runs of the storage (G’: open symbols) and
loss (G’’: filled symbols) shear moduli for three copolymers: (circles): 36% in NB,
(squares): 52%, (triangles): 62 %. Three main processes are seen denoted as y, p and o.
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At T~120 K the stepwise decrease of the storage moduli and the concomitant
maximum in the loss moduli signify the presence of a process (y-process) well within
the glassy state. The strength of this process is increasing with ethylene content and its
location is suggestive of a local process of the ethylene units in the copolymers. In
Figure 4.2, the relaxation times corresponding to the maximum loss are plotted in the
usual Arrhenius representation. The temperature dependence of the characteristic
frequency at the G’ can be parameterized according to the Arrhenius equation

T =7,exp (%) (4.1)

where 19 is the attempt rate at high temperatures and E is the activation energy. The
values of 19, and E are 6.8x10"14, 1.6x10"17, 4x10% s and 30, 39 and 52 klJ/mol for the
copolymers with 36, 52 and 62 % of NB, respectively (the very fast time for the 62%
results from the limited frequency range over which was determined). The increasing
activation energy with increasing NB content suggests an increasing hindrance by the
presence of NB. Therefore, although the y-process originates solely from the ethylene
units, the increasing NB content hinders its mobility at least in the copolymers with the
higher NB content.
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Fig. 4.2 Temperature dependence of the relaxation times in the usual Arrhenius
representation. The relaxation times correspond to the segmental (o) process (filled
symbols) and to the local (y) process (open symbols). The lines are fits to the VFT
(T>Tg) and Arrhenius (T<T,) temperature dependencies (see text): (circles): 36%,
(squares): 52%, (triangles): 62 %.

At even higher temperatures another broad process appears which is more clearly
seen in the loss modulus (B-process). The origin of this very weak glassy process is
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unclear at present but its small amplitude, the weak temperature dependence, the
dependence on thermal history and its location, being in the vicinity of the primary
segmental process, suggests inhomogeneous stress relaxation.

In order to understand how these molecular processes in the glassy state are affected
by the free volume, o-Ps annihilation measurements were conducted on a series of
copolymers (8007, 6013 and 6017), as well as on the bulk PNB, at room temperature
(see Fig. 4.3). We can observe that the o-Ps lifetime, T3, increases gradually with
increasing percentage of molar mass of norbornene comonomer. The minimal 13 value
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Fig. 4.3 Mean o-Ps lifetime, t3 (filled symbols), and relative intensity, I3 (open symbols),
on a series of copolymers (8007, 6013 and 6017) and the pure polynorbornene, at room
temperature, plotted as a function of the composition.

is found for the copolymer with the highest content of ethylene comonomer, while the
maximal t3 value is reached for the pure norbornene polymer. The other o-Ps
annihilation quantity, o-Ps relative intensity I3, exhibits a non-monotonous trend over
the compositional range investigated. After an initial increase in I3 with increasing
molar % of NB from 36% up to 62%, the value for pure PNB falls on a level of the
copolymer with the lowest content of NB.

The mean o-Ps lifetime, T3, as a measure of the spatial extent of local region of reduced
electron density, can be converted into free volume hole radius, Ry, by means of
the simple quantum - mechanical model following equation (2.74) (Section 2.3). Figure
4.4 shows the mean hole volume given by V}, = (4n/3)R},’, as a function of norbornene
molar fraction (xng). As expected, Vy, increases with increasing xng, and the highest
volume corresponds to the pure PNB.
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Fig. 4.4 Mean free volume hole size, V; (symbols), and van der Waals volume of
copolymer “unit”, V" (solid line), plotted as a function of norbornene content at
ambient temperature.

To get some idea about the relative size of free volume hole regions, the V;, values can
be compared to van der Waals volumes of both the respective monomer units as well as
the compositionally averaged van der Waals volume of the copolymer “unit”. The latter
can be calculated from the following equation

VEVKcofNB =(1-xyg )ng +X NBVI\\JA]/S 4.2)

where Vg and VVyg are the van der Waals volumes of ethylene and norbornene
monomer, being 34.2 A or 95.3 A’ respectively. From comparison of V, (Xyg) with

V' oons(Xng) it follows that the mean free volume hole size is larger than the

corresponding basic structural units of both monomer units as well as the
compositionally averaged monomer “unit” of copolymers. At low contents of NB the

mean free volume hole sizes reach about (1.4-1.5)x V¥ . s (Xxg). On the other hand,

for the pure PNB the mean free volume hole size reaches to a value about twice the size
of the NB monomer unit. These findings can be related to a difference in the chemical
constitution of the respective monomers as well as their “statistical” (see Section 3.2 for
details about the COC microstructure) distribution along the chains. Ethylene structural
units are generally known to be flexible compared to norbornene ones as demonstrated,
e.g., by a huge difference in the respective T, values (see subsequent section). The
rigidity of NB comonomers manifests profoundly also in the slowing-down process of
the relaxation times as it approaches its glass temperature, and hence affects the origin
of the liquid-to-glass transition (see Section 4.4). Thus, the similar values of Vj, for the
8007 and 6013 copolymers suggest a localization of free volume holes in the vicinity of
ethylene units linking larger NB units. On the other hand, the higher content of NB
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comonomer implies larger mean hole volume size due to less effective packing of chain
segments from relatively more rigid NB units. The observed large holes in bulk PNB
and the finding of the minimal relative intensity, I5, (being proportional to the free
volume hole density’?), suggests that a lower number of free volume holes but of a
larger size are present in PNB.

It is of interest to make comparison between the mean free volume hole size and the
actual comonomer volume. For this purpose PVT and the absolute density
measurements (using a helium pycnometer) were made on the different copolymers
with NB content: 36, 52 and 62 mol %. The results for the specific volume, at P = 0.1
MPa, are depicted in Figure 4.5; the complete thermodynamic equation of state will be
discussed in more detail with respect to the origin of the glass transition (see Section
4.4). Notice the
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Fig. 4.5 Temperature dependence of the specific volume at P=0.1 MPa, for three
copolymers; (circles): 36%, (squares): 52%, (triangles): 62 %. Notice the change in
slope at the respective Ty.

change in slope at the respective T,’s that are in good agreement with the results from
DSC and rheology (extrapolated a-relaxation times to a time of 100 s). From the slopes
(B =d(InV)/dT) the thermal expansion coefficients were determined below and above

T, and are given in Table 4.1. The values of these coefficients decrease with NB
content, which is observed both, below and above the glass transition temperature. The
macroscopic volume of NB and E comonomers ( Vi, 5 ) as a function of weight fraction

can be determined from

(I-Xyg) Mg + X5 My
PN,

(4.3)

VE+NB =
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Table 4.1 Characteristics of the copolymers samples.

Norbornene My, T, p p*10* | p*10™
content [g/mol] K] [g/cm’] [I/K] | [U/K]
[xng Yomol | T<Tg | T>Tg

36 104000 352 1.0031 2.29 6.05

52 101000 415 1.0177 1.47 5.73

62 106000 454 1.0260 1.42 543

where M, and M, are the molar weights of ethylene and norbornene molecules,

being 28.054 and 94.156 g/mol, respectively. The density p increases with increasing

norbornene comonomer content from 1.0031 to 1.0260 g/cm’ for specimens of 36 and
62 mol % of NB, respectively (Table 4.1). In Figure 4.6 the result of the analysis of the
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Fig. 4.6 Dependence of the free volume on norbornene content for the cycloolefin
copolymers at room temperature. The filled squares give the average hole volume
(PALS), the open squares the macroscopic volume of the ethylene-norbornene
comonomer “unit” calculated from eg. (4.3), the filled circles give the van der Waals
volume (V") calculated from eq. (4.2), the filled triangles give the empty free volume
determined as VE+NB—VW. The dashed line shows the free volume as determined from
PALS. Solid lines represent linear fits of the above-described quantities. In the inset the
empty fractional free volume (f.) is plotted as a function of composition for the same
copolymers.
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mean free volume hole size and its relation to the macroscopic volume of comonomer
“unit” of COC is presented. It can be observed that the total macroscopic volume of E
and NB molecules, V., .z, is comparable to the mean free volume hole size, Vi,

determined by PALS, and that both quantities are increasing functions of the NB molar
content. The macroscopic volume of copolymers, Vi, 5, increases faster than the van

der Waals volume, the latter being determined by eq (4.2). The empty free volume in
polymer matrices can be obtained by subtracting the van der Waals volume (V' s)

from the macroscopic volume (V. ,z). The thus calculated empty free volume, Vy, is

also plotted in Figure 4.6. Clearly, the empty free volume, connected with the structural
unit, increases with NB content and is smaller than the corresponding mean free volume
hole size. This points to a heterogeneous distribution of free volume accessible for o-Ps
probe in the real systems. In addition to the free volume size, the fractional empty free
volume, often used to characterized solid state chain packing, can be calculated as

V, A
fe — E+NBV E—co—NB (44)

E+NB

where V., is the specific volume of system from eq. 4.3, and V. . . is the

compositionally averaged van der Waals volume from eq. 4.2. This quantity is also
plotted in Figure 4.6 as an inset and displays an increase with increasing NB content.
The difference in the respective slopes for the fractional free volume, f;,, determined
from PALS (f, ~ V,-1,) and f; can be attributed to the fact that while the fractional

empty free volume represents the entire free space in static structure for an infinitely
small probe (such a probe has spatially unlimited access), the measurable free volume
hole fraction from PALS, fj, reflects its part accessible for the finite size of 0-Ps probe
in the real fluctuating structure.”

The results of the free volume analyses, namely the increase of (i) the mean free volume
size, Vp, of (i1) the free volume hole fraction from PALS, f, ~V, -1, as well as of (ii1)

the empty free volume, f., from PVT with NB content is attributed to packing
irregularities associated with the larger NB monomer as compared to ethylene.
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4.2 Thermal properties

The DSC traces of the ethylene/norbornene copolymers and the bulk
polynorbornene (PNB) are shown in Figure 4.7. The glass transition and the associated

specific heat step, Ac_, are included in Table 3.1. The thermograms reveal a single

glass temperature that increases with the content of the NB comonomer in the backbone.
The T, of PNB (647 K) occurs prior to the degradation, which was determined by
thermogravimetric analysis to appear at around 683 K (Fig. 4.7, right).
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Fig. 4.7 (left): DSC traces obtained during the second heating run (rate 10 K/min) for
the copolymers and the polynorbornene (PNB) homopolymer, the traces have been

shifted vertically for clarity, (right): thermogravimetry of polynorbornene (rate 10
K/min)

-0.6

Despite the large variation of ethylene comonomer in the copolymer, no crystallization
could be observed. This means that the copolymers are fully amorphous within the
investigated composition range. The single glass transition and the absence of any trace
of ethylene crystallization suggest miscibility. However, as it was already shown in
section 3.2 and 3.3 and will be shown in sections 4.3 and 4.4, the pressure dependence
of T,, the temperature dependence of the o-relaxation times and the ratio of activation
energies Ey/H" used to quantify the origin of the liquid-to-glass transition, provide
evidence for local dynamic heterogeneity.

Several equations relating glass temperature of initial components to the glass
temperature of the resulting blend, provided that the system is completely miscible. One
of the most frequently used is the Fox equation
1 _Wee Wi

T T PE T PNB

g g g

4.5)

where w. is the weight fraction of the components and Tgi the corresponding glass
temperature.
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Fig. 4.8 Dependence of glass temperatures Ty on PE composition in the copolymers.
The circles correspond to interpolations from various copolymer compositions. For the
PNB and PE homopolymers the temperatures of 647 K and 208 K were used,

respectively. The dashed line gives the prediction of the Fox equation (eq 4.5), whereas
the solid (red) line is the prediction of the DiMarzio equation (4.6) with r=0.253. The
dotted line is the linear rule.

For the homopolymer glass temperatures the measured T, of PNB and the literature™
value for PE (T; ® ~ 208K) were used. From Figure 4.8 can be seen that this equation

(dashed line) does not adequately describe the compositional dependence of the glass
transition temperature. Alternatively, the DiMarzio equation® (solid line), with one
adjustable parameter (r = 0.253)

PE PNB
W Ty AW T,

. (4.6)
Wopp +1 Wiy

provides a better (albeit not perfect) description of the experimental data (Fig. 4.8).
Nevertheless, both egs. (4.5 and 4.6) have a shortcoming: both require knowledge of the
pure component T,’s. Although the T, of PNB is measured here, the T, of PE is still an
open issue (depends strongly on crystallinity, etc.)
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4.3 Thermodynamic properties

The discussion on the origin of the liquid-to-glass transition requires knowledge of
the system’s thermodynamic state, i.e., of the PVT equation of state. The PVT
measurements of the different copolymers are shown in Figures 4.9-4.12. The empirical
Tait equation (2.68), was used to describe both the melt and the glassy state of the
cycloolefin copolymers. The values of the fit parameters, Ay, A;, Ay, and By, B;, below
and above T, are summarized in Table 4.2.

Table 4.2 Parameters of the Tait equation used to describe the PVT data.

Sample A() A1 A2 B() B1
(cm’/g) (cm’/ 2/°C) | (cm’/g/°C?) (MPa) °ch
8007
T<T, | 0.995 9x107 8x10” 282 1.5x107
T>T, | 0952 | 6.5x10™ -5x10” 272 4.2x107
5013
T<T, | 0974 | 1.3x10" 2x10” 233 5.7x10™
T>T, | 0919 | 5.7x10" 1x10” 236 3.7x10°
6013
T<T, | 0981 | 1.1x10™ 1x10” 302 1.2x107
T>T, | 0.927 | 5.5x10" -3x10™ 238 3x107
6017
T<T, | 0.974 9x107 2x107 265 8.7x10™
T>T, | 0912 | 5.6x10™ -2x1077 188 2.2x10°

All the temperature and pressure dependencies of the V(T,P) data shown in
Figures 4.9-4.12 were simultaneously fitted to this equation. However, the regions
below and above the glass transition were fitted separately. From the crossing of the
respective V(T) “isobars” below and above T,, the Ty(P) can be obtained and is plotted
in Figure 4.13. A strong and non-linear pressure dependence, which agrees with the
majority of polymers and glass-forming liquids, can be observed. The T,(P) dependence

can be parameterized according to T,(P) =T, (0)(1 +v/u- P)”V (eq. 2.70). Thevand pn

fit parameters in this equation are summarized in Table 4.3. The initial slope
(dT,/dP),_,, from the Ty(P) dependence is also included in this Table. It can be seen

that the slope exhibits composition dependence with significantly higher values for the
copolymers with higher NB content; these values are among the highest reported for
homopolymers.”™ This suggests an even stronger Te(P) dependence in bulk PNB,
however, the high glass temperature of PNB precludes PVT measurements above Ty.
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Fig. 4.9 PVT data for the 8007 copolymer obtained under “isobaric” conditions.
Different isobars are shown within the pressure range 10-200 MPa. Notice the change
of slope at the glass temperature. The lines are fits to the Tait equation (see text).
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Fig. 4.10 PVT data for the 6013 copolymer obtained under “isobaric” conditions.
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Fig. 4.11 PVT data for the 5013 copolymer obtained under “isobaric” conditions.

— T T T T T T T T T T T T T 7 T 1
330 360 390 420 450 480 510 540 570 600
TIK]

Fig. 4.12 PVT data for the 6017 copolymer obtained under “isobaric” conditions.
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Fig. 4.13 Pressure dependence of the glass temperatures obtained from PVT; (squares):

8007, (circles): 5013, (up triangles): 6013 and (rhombus): 6017. The lines are fits to eq.
(2.70).

Table 4.3 Parameters of the Ty(P) dependence.

Sample T4(0) v u dTg
[K] [MPa] | gp|
[K/MPa]
8007 352 3.87 792 0.44
5013 403 2.83 836 0.48
6013 411 2.77 807 0.51
6017 448 3.08 723 0.62

Nevertheless, these distinct dependencies call for some type of heterogeneity along the
backbone that is exemplified in COC with higher NB content. As we will see below the
pressure dependence can be used to quantify the origin of the liquid-to-glass “transition”
in the copolymers.
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4.4  Origin of the liquid-to-glass “transition” in the copolymers

The ratio of activation energies, E|,/H", can be obtained from the isobaric o, and
the isochronic o, thermal expansion coefficient as follows: E{/H" =1/(1-a /a.)

(see Section 2.1.5, eq. 2.65). The isobaric thermal expansion coefficient eq. (2.71) is
determined from the Tait equation above T, generated for 0.1 MPa; it is the slope of the
linear region in the InV vs. T plot (Fig. 4.14). The isochronic coefficient is calculated
from o, =d(an(Tg))/dTg(P), illustrated by the arrow in Figure 4.14, under the

assumption that T, occurs at isochronal conditions.
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Fig. 4.14 PVT data for the 6013 copolymer. Determination of the isochronic a., and
isobarica., thermal expansion coefficients. In the inset: (squares): isobaric coefficient,

(circles): isochronic coefficient as a function of norbornene content.

The thus obtained Ej/H" values are shown in Table 4.4. The ratio Ej,/H™ can vary

from 0 (corresponding to volume dominated dynamics) to 1 (thermal energy
dominates). These results show increasing contribution from volume/density to the
structural relaxation (segmental dynamics) with increasing NB content. The latter is
anticipated by the higher monomeric volume of PNB as compared to PE>> and suggests
the existence of blocky structures. Thus the origin of the glass transition differs; in the
copolymers with the lower NB content, glass formation is primarily due to the
insufficient thermal energy required to explore the energy landscape, whereas in the
copolymers with the higher NB content is primarily due to the insufficient free volume
giving rise to a packing frustration at T,. These results suggest increasing structural
heterogeneity along the backbone.
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Table 4.4 Activation energies ratio at the glass temperature.

Sample Eyv/H
at T,
8007 0.58+0.02
5013 0.51+0.01
6013 0.48+0.01
6017 0.46+0.01

The higher (lower) values of Ej/H" for the copolymers with the higher (lower)

ethylene content is in agreement with the recent experimental finding that the value of
this dynamic quantity (E%,/H") is controlled by monomer size and packing properties.>

The expectation is that bulk PE and bulk PNB would posses high and low Ej /H"

values, respectively. The extremely high T, of PNB precludes, however, similar PVT
analysis to obtain the dynamic ratio (due to the excessive temperature involved).

Similarly, bulk PE is crystalline and this precludes measurements of EJ/H".

Nevertheless, computer simulations®* suggest values of E,,/H" in the range 0.71-0.85.

These high values for PE are in accord with the expectation born out by the monomer

volume.
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4.5 Viscoelastic properties

The dynamic mechanical investigation of COCs were carried out as described in the
section Dynamic mechanical spectroscopy (DMS). Every master curve was fitted with
the function (2.67) to obtain the relevant parameters like e.g. relaxation times.

The aim of rheological investigation was

= to test the validity of thermorheological simplicity in the copolymers
= to extract the relevant time scales for the segmental and terminal relaxations

According to the principle of time-temperature superposition (tTs) (see Section 2.1.4),

the frequency dependence of complex shear modulus G* at any temperature can be
obtained from a master curve at the reference temperature (T,.r) according to:

G (»;T)=b,G"(a;®;T,;) 4.7)

When the tTs is valid, then at each temperature, a single frequency-scale shift factor ar
and a single modulus-scale shift factor by allow superposition of all viscoelastic data at
temperature T with the results at the reference temperature T, The superposition
procedure involves independent estimation of the two shift factors by first shifting the
loss tangent (tand=G’’/G’) data on the frequency scale, thus obtaining ar, and

subsequently determining br by an independent modulus-scale shift of G”.
Alternatively, if the sample geometry is controlled and remains the same for the
different temperatures, then the G’ and G’’ need only to be shifted horizontally, i.e.
br=1. Herein a controlled sample geometry have been used, hence only horizontal (i.e.
frequency scale) shifts were performed. The result of the shifted storage (G’), loss (G”)
modulus and tand are shown in Figure 4.15-4.19 for all copolymers investigated. In the

G" master curve, the two relaxation regimes of segmental (high frequencies) and
terminal relaxation of chains (at low frequencies with G’~®> and G”~w) are well
distinguishable. A quantitative method of checking the thermorheological simplicity of
a given material can be made by using the temperature dependence of the local
minimum in the loss tangent (tanod_. ). The tand . is located near the rubbery plateau

min min

and its T-dependence is a sensitive probe of the T-variation both of the high frequency
modes associated with the segmental relaxation and the low frequency modes associated
with the chain relaxation. These dependencies for the commercial copolymers are
summarized in Figure 4.20; they indicate a very weak T-dependence with values given
in Table 4.5 typical for thermorheologically simple polymers, i.e., polymers where tTs
is valid. From this can be concluded that all ethylene/norbornene copolymers within the
investigated composition range obey tTs except for a narrow T-range in the vicinity of
the segmental process. The latter has been discussed in the literature®™ ™ and its origin
can be found in slightly different T-dependence of the terminal and segmental modes.**"
% It is also known that rheology is not as sensitive as, for example, dielectric
spectroscopy. In the Ilatter technique the broader frequency range makes the
identification of the different shift factors an easier task. However, the low dielectric
activity of the ethylene/norbornene copolymers prevents such an investigation. The
temperature dependence of the frequency-axis shift factors, ar(T), for the copolymers
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Fig. 4.15 Master curve for the storage modulus (G’, open circles), the loss modulus
(G”, filled circles) and the loss tangent (tano, triangles) for Topas 8007 using data in
the T-range 87 <T< 260°C. The reference temperature was at 138°C. The lines are fits
to eq. (2.67).
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Fig. 4.16 The same as in Fig. 4.15 for Topas 5013. T-range 138 <T< 245°C. The
reference temperature was at 185°C. Notice that tTs is valid except for a narrow T-
range in the vicinity of T,.
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Fig. 4.17 The same as in Fig. 4.15 for Topas 6013. T-range 155 <T< 280°C. The
reference temperature was at 185°C. Notice that tTs is valid except for a narrow T-
range in the vicinity of Ty.
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Fig. 4.18 The same as in Fig. 4.15 for Topas 6015. T-range 168 <T< 290°C. The
reference temperature was at 185°C. Notice that tTs is valid except for a narrow T-
range in the vicinity of Ty.
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Fig. 4.19 The same as in Fig. 4.15 for Topas 6017. T-range 185 <T< 300°C. The
reference temperature was at 185°C. Notice that tTs is valid except for a narrow T-
range in the vicinity of Ty.
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Fig. 4.20 Temperature dependence of the loss tangent minimum for the different
copolymers; (squares): 8007, (circles): 5013, (up triangles): 6013, (down triangles):
6015 and (rhombus): 6017. The dtand,, /dT values are summarized in Table 4.5.
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Table 4.5 Values of the local minimum in the loss tangent used to quantify the efficacy

of tTs.
Sample NB content | dtano,,

[mol %] dT
8007 36 3.26E-4
5013 50 -8.68E-4
6013 52 -3.46E-4
6015 56 -1.95E-4
6017 62 -6.07E-4

Table 4.6 Williams-Landel-Ferry (WLF) and Vogel-Fulcher-Tammann (VFT)

parameters.

Sample NB content ct ct A B Ty

[mol %] (K] [s] (K] [K]
8007 36 13.5 49.6 3x10° | 1390 | 307.5
5013 50 13.0 32.9 6x10"° | 1290 | 365.1
6013 55 15.9 35.1 4x10"° | 1320 | 378.5
6015 56 13.7 43.1 3x10° | 1360 | 390.9
6017 62 12.4 45.7 4x10"° | 1360 | 406.8

obeys the Williams-Landel-Ferry (WLF) equation (2.39).*' The C, and C, parameters
occurring in this relation can be re-calculated”' at the respective glass temperature to

obtain C[* and C)* (2.40, 2.41); the results for the different copolymers are

summarized in Table 4.6. As already shown in Chapter 2.1.5 the WLF equation is an
equivalent representation with the Vogel-Fulcher-Tammann (VFT) relation (2.54)
giving the temperature dependence of the relaxation times as a function of three

parameters A, Band T, (T, =T, — C1*%). Figure 4.21 gives the temperature dependence

of the segmental () and chain (7..) processes obtained by applying the ar dependence

(see eq. 2.23) to the crossings of G’ and G’ at high and low frequencies, respectively.
These dependencies can be well described by the VFT equation as indicated by the solid
lines in this Figure; the VFT parameters are also summarized in Table 4.6.

In addition to the segmental and terminal dynamics, the shown master curves allow the
estimation of the entanglement molecular weight (entanglement strand), M., from
M, =pRT /Gy (eq. 2.24). The M, values together with the densities and plateaus for

all the copolymers are listed in Table 4.7. For the copolymers with higher NB content
M. ~ 1.3x10" g/mol.

The molecular weight dependence of the chain relaxation times can also be used in
obtaining the critical molecular weights for entanglements. In Figure 4.22, the
normalized chain relaxation times for a series of cycloolefin copolymers are plotted as a
function of molecular weight. Actually it is the ratio of the chain to segmental times that
is plotted, that reflects chain dynamics independent of other effects, such as temperature



Results and discussion 73

-log[t/s]

| segmental

chain

1.8

T T
20 22

T
2.4

26

1000/T [K]

2.8

Fig. 4.21 Segmental (filled symbols) and chain (open symbols) relaxation times for the
different commercial copolymers in the usual Arrhenius representation, (squares):
8007, (circles): 5013, (up triangles): 6013, (down triangles): 6015 and (rhombus):
6017. The lines are fits to the VFT equation.

Table 4.7 Plateau modulus and entanglement molecular weight.

Sample Mw Plateau Density M.
[g/mol] | fromtand,;, [g/em’] | fromtand,

[Pa] [g/mol]
8007 | 10.4x10* 5.7x10° 1.0031 5.2x10°
5013 9.2x10* 2.1x10° 1.0180 18.9x10°
6013 | 10.1x10* 3.0x10° 1.0177 11.3x10°
6015 | 10.9x10* 3.4x10° 1.021 12.3x10°
6017 | 10.6x10° 3.6x10° 1.0260 13.3x10°
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Slope=1.9
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34 36 38 40 42 44 46 48 50 52
logM

Fig. 4.22 Molecular weight dependence of the longest (chain) relaxation time
normalized to the corresponding segmental time. The dashed and dotted lines with
respective slopes of 1.9 and 3.9 are fits to the low - and high - molecular weight data.
The approximate critical molecular weight (M.), obtained from the crossing of the two
curves, is at ~31000 g/mol.

and chain-end effects. Two regimes can be identified with respective molecular weight
(M) dependencies as t~M'” and 1.~M"’ at low and high molecular weights, that are
close to the Rouse® (t~M>") and terminal®' (t.~M>?) scaling regimes for unentangled
and entangled chains, respectively. From the line intersection a critical molecular
weight for entanglement M~31000 g/mol, i.e., M.~2.3M, can be determined.

For classification of relaxation processes in glass-forming systems the concept of
“fragility” is used. It is often discussed in terms of the energy landscape model.
According to this model a measure of the steepness of the excitation profile is given by
the topology of the energy landscape, i.e., by the number of energy minima and the
barrier heights in between. Fragile (strong) liquids are considered the ones that explore
many (few) configuration states and this gives rise to substantial (smaller) changes in
the relaxation times or the viscosity. Knowledge of the exact z (T) dependencies for

the different copolymers investigated allows their classification with respect to the
“fragility” obtained directly from the steepness index as®’ **

m = ddogz,) (4.8)
d(T,/T)|

Figure 4.23 shows the segmental relaxation times for the copolymers as a function of
reduced temperature, where T, is defined here as the temperature where the segmental
relaxation time is at 1 s. It can be observed that the copolymers have distinctly different
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75 (T) dependencies. In the inset, the fragility parameter m obtained from equation (4.8),

is plotted as a function of norbornene content. There is a clear trend towards increasing
fragility with increasing norbornene content suggesting a higher fragility for bulk PNB.
This dynamic signature of heterogeneity reflects again the existence of norbornene
blocks of varying lengths in the copolymers with the high norbornene content, as
revealed by NMR studies.”

Based on ideas from the landscape model it has been proposed® that the dynamic
fragility, m, can be obtained directly from thermodynamic quantities of glass-forming
liquids as m = AT,Ac_/AH,, , where A is an adjustable parameter (~56), and AH  is the

enthalpy of fusion. This dependence predicts a direct proportionality of m with the heat
capacity step at T, and has been verified for glass forming liquids.*” Figure 4.24
provides a test of this proportionality for the ethylene/norbornene copolymers and
displays the lack of such scaling as it was the case with some other homopolymers.” In
energy landscape terms, the heights of the saddle points on the potential energy
landscape do not scale with the depth of the connected minima.

04 1201
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v
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Fig. 4.23 Segmental relaxation times for the copolymers plotted as a function of
reduced temperature; (squares): 8007, (circles): 5013, (up triangles): 6013, (down
triangles): 6015 and (rhombus): 6017. The glass temperature (T,) is defined here as the
temperature where the segmental relaxation time is at 1 s. In the inset the fragility
parameter m, extracted from these data, is plotted as a function of the norbornene
content. Notice the trend towards increasing fragility with increasing norbornene
content.
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Fig. 4.24 Fragility versus heat capacity step at Ty for the different copolymers;

(squares): 8007, (circles): 5013, (up triangles): 6013, (down triangles): 6015, and
(rhombus): 6017.
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4.6 Miscibility of cycloolefin copolymers

4.6.1 Experimental results

Blending existing copolymers can be an efficient way of producing new copolymers
with desired compositions. However, this procedure requires knowledge of their
miscibility phase diagram. For this purpose we are studying the miscibility of binary
copolymer blends.

In the present work three ethylene/norbornene copolymer blends were investigated:
8007/6013 (36/52 mol % NB), 8007/6015 (36/56 mol % NB) and 8007/6017 (36/62 mol
% NB). Each blend was prepared by a solution process in five different compositions
with weight fractions: 0.1, 0.3, 0.5, 0.7 and 0.9. Pure Topas copolymers were dissolved
in toluene, blended and precipitated in acetone. The obtained blends were dried in
vacuum for several days. The thermal and rheological properties were studied aiming at
obtaining the miscibility window. The results from rheology are compared to the
theoretical predictions proposed by C. Delfolie et al.”’

A. Thermal properties

Thermal analysis was performed by Differential Scanning Calorimetry (DSC) as
described in Chapter 3.4. The DSC traces of the COC blends and the pure components
are shown in Figures 4.25, 4.27 and 4.29. The curves indicate a single - albeit broad -
transition except for three compositions: 50/50 in 36/56, 50/50 and 30/70 in 36/62 mol
% NB blends. The width of the transitions is presented in Figure 4.31 as a function of
the 8007 blend component (36 mol % NB); the values of the glass transition
temperatures, determined from the inflection point of the heat flow curve, are also
included in Table 4.8. In Figures 4.26, 4.28 and 4.30 the derivatives of the heat flow
curves are shown for all blend compositions, together with the pure components. The
blends exhibit a transition range, which is noticeably broader as compared to that for the
pure copolymers; the width of these transitions, AT,, are given in Table 4.8. Notice that
AT, increases and attains maximum values for the symmetric compositions. The
broadening of the transition region is associated with the different molecular mobilities
of the blend components resulting from the structural heterogeneity along the backbone
(see Chapters 4.3-4.5). Based on the single T, from the calorimetric study, for the
majority of blends, one might draw the erroneous conclusion that the blends are
thermorheologically simple. Despite this, rheology (see below) clearly shows the lack of
thermorheological simplicity for the vast majority of blends.
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52 mol % NB
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Fig. 4.25 DSC traces of the 36/52 mol % NB blends of various compositions (0.9/0.1,
0.7/0.3, 0.5/0.5,0.3/ 0.7, 0.1/0.9) and the pure components obtained during the second
heating run (rate 10 K/min). Notice the single T, in the blends. The traces have been
shifted vertically for clarity.

(dH/dt)/dT

-6.0x10° 36 mol % NB
1 ——52 mol % NB
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Fig. 4.26 Derivatives of the heat flow curves for the 36/52 mol % NB blends and the
pure components. Notice the broadening of the transition at intermediate compositions.
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Fig. 4.27 The same as in Fig. 4.25 for the 36/56 mol % NB blends. Notice the bimodal
T, for the symmetric composition.
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Fig. 4.28 Derivatives of the heat flow curves for the 36/56 mol % NB blends and the
pure components. Notice the dual transition for symmetric composition.
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Fig. 4.29 The same as in Fig. 4.25 for the 36/62 mol % NB blends. Notice the dual
transition for some compositions (50/50 and 30/70).
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Fig. 4.30 Derivatives of the heat flow curves for the 36/62 mol % NB blends and the
pure components.
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Fig. 4.31 Glass transition temperatures of the copolymers blends as a function of weight

fraction of Topas 8007 obtained from DSC. Notice that a single T, with a smooth Tg(w)

dependence exists only for the 36/52 mol % NB blend. For the other blends, with the
higher disparity in NB content, the Tyw) dependence is not smooth and at some
intermediate compositions two Tg’s can be seen.

Table 4.8 Thermal properties of the ethylene/norbornene blends obtained from DSC.

Blend NB Tgl ATgl ng ATg2
composition content [°C] [°C] [°C] [°C]
[mol%]
36/52 mol % NB
52 mol % NB 52 142 20 - -
10/90 50 134 28 - -
30/70 47 115 38 - -
50/50 44 108 47 - -
70/30 41 92 35 - -
90/10 38 83 26 - -
36 mol % NB 36 79 28 - -
36/56 mol % NB
56 mol % NB 56 161 24 - -
10/90 54 150 35 - -
30/70 50 140 47 - -
50/50 46 88 25 128 31
70/30 42 89 34 - -
90/10 38 83 30 - -
36/62 mol % NB
62 mol % NB 62 181 20 - -
10/90 59 170 35 - -
30/70 54 163 93 88 10
50/50 49 158 32 88 29
70/30 44 86 26 - -
90/10 39 82 28 - -
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B. Rheological properties

Blends of cycloolefin copolymers, in addition to the pure COCs (see Section 4.5),
were examined by shear rheology to check the composition ranges that the different
blends behave as thermorheologically simple, and thus could be effectively considered
as one component systems (i.e. miscible). All three COC blends were investigated by
dynamic mechanical spectroscopy (Section 3.6): 36/52, 36/56 and 36/62 mol % NB. An
attempt to superimpose the moduli and the loss tangent (tand=G'"/G') for the
symmetric blends is shown in Figures 4.32-4.34; master curves for the remaining
compositions (90/10, 70/30, 30/70, 10/90) can be found in the Appendix.

We recall here that the pure components of the blends obey the time-temperature-
superposition principle (tTs, see Chapter 2.1.4) indicating that thermorheological
simplicity prevails (Figs. 4.15-4.19). To quantify the efficacy of tTs in the copolymer
blends the same criterion as for the pure COCs is employed, namely the temperature
dependence of the local minimum in the loss tangent, dtand ; /dT. The temperature

dependence of tand . in the copolymers and the blends is plotted in Figures 4.35-4.37.

n

It can be observed that while tand, , shows very weak dependence in the pure

components, it is temperature dependent for the majority of blend compositions. This
dependence is the strongest for the symmetric blends and, additionally, increases with
the difference in NB content between the blend compositions (later we will provide the
details on the compositions for which the blends are immiscible). The values of the
dtano, . /dT for the different blends are given in Table 4.9. Notice that the magnitude

for the majority of compositions is characteristic of blends that are acknowledged to
violate thgl, 1.e.,

dtand,

>5x107*K™" () (4.9)

The temperature dependence of the tand_. is controlled by the difference in the

temperature dependences of the terminal relaxations of the blend components. In the
blends, the higher T, component chains have a stronger temperature dependence of
terminal relaxation times than the lower T, component chains, yielding

dtand_. /dT < 0.” In addition, the values of dtand__/dT increase with the increase
in the widths of the glass transition of the blends (see Tab. 4.8).

The theoretical predictions of miscibility of ethylene/norbornene copolymers and
the comparison against the rheology data is presented in Section 4.6.3.

" For COC copolymers the violation of tTs is assumed to occur for dtand . /dT > 6x107*
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Fig. 4.32 Master curve for the storage modulus (G’, open circles), the loss modulus
(G”, filled circles) and the loss tangent (tand, triangles) for the 50/50 composition of
the 36/52 mol % blend using data in the T-range 105 <T< 230°C. The reference
temperature was at 180°C.
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Fig. 4.33 The same as in Fig. 4.32 for the 50/50 composition of the 36/56 mol % blend
using data in the T-range 129 <T< 240°C. The reference temperature was at 180°C.
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Fig. 4.34 The same as in Fig. 4.32 for the 50/50 composition of the 36/62 mol % blend
using data in the T-range 150 <T< 240°C. The reference temperature was at 160°C.
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Fig. 4.35 Temperature dependence of the loss tangent minimum for the different
compositions of the 36/52 mol % NB blend and the pure components. The lines
represent linear fits.
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Fig. 4.36 The same as in Fig. 4.35 for the 36/56 mol % blend.
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Fig. 4.37 The same as in Fig. 4.35 for the 36/62 mol % blend.
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Table 4.9 Values of the local minimum in the loss tangent for the 8007/6013,
8007/6015, 8007/6017 blends and the pure components used to quantify the efficacy of
the tTs. In red are indicated blend compositions that do not pass the stringent test of
miscibility (i.e., eq. 4.9).

NB content . NB content .
36/52 (mol%] % 36/56 (mol%] %
mol % NB g mol % NB 1
(K] (K]
0/100 52 -3.5E-4 0/100 56 -1.9E-4
10/90 50 -2E-4 10/90 54 -11E-4
30/70 47 -14E-4 30/70 50 -24E-4
50/50 4 -14E-4 50/50 46 -81E-4
70/30 41 -17E-4 70/30 42 -7.5E-4
90/10 38 -14E-4 90/10 38 -9.3E-4
100/0 36 3.3E-4
36/62 NB content | dtand,,,
mol % NB [mol%e] dT
0/100 62 -6E-4
10/90 59 -26E-4
30/70 54 -19E-4
50/50 49 -301E-4
70/30 44 -7.4E-4
90/10 39 -1.6E-4

4.6.2 Theoretical models of COC miscibility

A theoretical model for the analysis of the mutual miscibility of the cycloolefin
copolymers was proposed by Delfolie et al.?” It was designed to determine how the size
and stiffness disparities of the ethylene and norbornene comonomers, and the
microstructure (monomer sequence distribution) affect the miscibility patterns.

The simplest model for describing binary random copolymers is an extension’ ** of
Flory-Huggins theory to random copolymers. For a blend of two copolymers of the
same nature but different compositions (X, y), Flory-Huggins theory predicts that the
miscibility region exists for

x—y] <[x-y

C

where subscript ¢ denotes a critical value. Thus, the miscibility region is independent of
the copolymer composition.”

To explain departures from random copolymer Flory-Huggins (FH) theory, a theory
based on the so-called “united atom model” was applied to ethylene/norbornene
copolymers. The theory is an extension of the lattice cluster theory (LCT)’*®*; LCT
includes contributions from local correlations and specifies structures for individual
monomers. The limitations/assumptions of the theory include: (i) blend
incompressibility, and (ii) the inability to describe monomers containing closed rings.
Hence, the norbornene molecule is represented in an approximate way as shown in
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Figure 4.38. Such a computation structure — which is different from the real NB

MNorbornene monomer

Computation structure

Fig. 4.38 United group model of norbornene. Each circle represents a single united
atom CH, (n=1, 2) group (Delfolie C. et al., Macromolecules 1999).

monomer — is designed to reflect the overall size and shape of the actual norbornene
monomer, which is the important feature in computing the “entropic” portion of the
interaction parameter .

On the other hand, the “enthalpic” part of i is determined solely by one structural
property of the monomers, namely, the numbers of united atom groups in the monomers
of each species. Assuming a binary blend of N E, ~and N E, random copolymers,

1-x
the enthalpic portion 7y, of the interaction parameter y is obtained by extending the FH

random mixing counting methods to random copolymers composed of monomers with
: 2
united atoms groups as !

2
S\Sp(x—y)| ze
= 4.10
X { $,S, } 2kT (4.10)

where sy and sg are the lattice sites of norbornene and ethylene, respectively. The
norbornene monomer in Figure 4.38 contains seven united atoms groups and therefore
occupies seven lattice sites, hence sy=7, while the ethylene molecule is a two-bead
dimer composed of two CH, that cover sg=2 lattice sites; x and y are the amounts of
norbornene in the components of the binary blend; s, and s are defined as

s, =syX+s;(1-x) (4.11)

S, =syy+sg(1-y) (4.12)

and designate the average numbers of united atom groups in the monomers of
component 1 and 2, respectively.99 z is the lattice coordination number and is taken as
z=6, k 1s Boltzmann’s constant, T is the absolute temperature, and € =& + &z — 2€y

is the exchange energy with €, €. and €., denoting the attractive van der Waals
energies between united atom groups and the respective monomer pairs, assuming for
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simplicity that all united atom groups of a given monomer interact with the same
energy.
The “entropic” portion 7y, of the interaction parameter y results from the high

molecular weight athermal incompressible limit of the LCT as

2 Tl
ke == i | = Y (4.13)
M, M, z S8,

where N’ and N are the numbers of distinct pairs of consecutive bonds in single
chains of copolymer species 1 and 2, respectively, and s}/ denotes trifunctional united

atom groups in norbornene monomers. M; and M, are the site occupancy indices for the
single N E,  and N E,  chains, respectively, and are defined as

M, =s,n'™ +s,n; (4.14)
M, =s,n\" +s,n} (4.15)

where n!™ and n'” are the average numbers of norbornene and ethylene monomers in

copolymers of species i that satisfy:

™) N)
n n
1 2
—————=xand————=y (4.16)
(N) +n(E) n(zN) +ngE)

Three models are discussed: the first assumes fully flexible bonds. Combining
entropic and enthalpic portions the interaction parameter for this model can be
expressed as

(S tr1 7E
=Y. +Y, = +(S\Sp) —— 4.17
X=%s TAn = {5152 :| |: i Sy E) KT ( )

The second model (rigid) introduces rigidity in the norbornene monomer by making the
two (vertical) pairs of side group bonds (Fig. 4.38) completely stiff. By introducing the
modification into y leads to the following expression of the interaction parameter

_ [s (sy — 2)] g
X—{ s;s, } |: i +(sy E) 2kT:| (4.18)

The third model (semiflexible) is based on the assumption that adjacent norbornene
monomers are connected by semiflexible bonds. The idea behind this model is based on
the high disparity of chain stiffness between PE and PNB chains. The different bending
energies for conformational transitions within the PNB chains (see Fig 1.4) may affect
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the miscibility to some extent. In this case the enthalpic portion %, remains unchanged,
while the entropic y, is modified to

1 {s;isﬁ(x—ym(g—l)(sN —spxy(x—y) +2(g—Dsy (x> —y) |
Z

Xs = } (4.19)
8,8,

where g=12z/ [Z —1+exp(E,/ kT)] and E, is the trans-gauche energy difference.'” The

latter can be taken for example from Figure 1.4.
The predictions for the y parameters in the three models are summarized in the Table
4.10 below.

Table 4.10 The enthalpic (y, ) and entropic () blend interaction parameters for the
various theoretical models.”’

Model A As
fully flexible | [ s (x—y) zﬁ 1 [sts, (x—y) 2
boqu 8187 2k1 2_2 1S,
(flexible)
stiff NB side | The same as for 1 [x=yp] D
groups flexible ) [ E( N _2)]
.. 4 $1S,
(rigid)
semiflexible | The same as for i 2232
1 —y)+2(g-D(sy - —y)+2(g-1 -
OB boree e _Z{stE(x ¥)+2(g—Disx sz;):cy(x ¥ +2g-Dsp (x* - )}
(semiflexible) ? =

For each of the above models, the stability condition (i.e. spinodal line) for a mixture of
two random copolymers is provided by

1 1
+

Mo, M,0,

S=

—2%=0 (4.20)

where @, are the volume fractions (@, + ¢, =1). Volume fractions are obtained from
weight fractions (w) as

2+5x
¢, = — (4.21)
5+ 5x 4 (28+66x)(1-w,)(2+5y)
w, (284 66y)

Below we have employed the stability condition to calculate the region of miscibility
for our copolymer blends and for each of the models above.
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4.6.3 Comparison between theory and experiment

As mentioned above, three different models for cycloolefin copolymers were
proposed by Delfolie et al., ranging from a fully flexible chain model to models that
include chain stiffness arising within each norbornene unit or from the steric
interactions between neighboring norbornene monomers (semiflexible backbones). As
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Fig. 4.39 Phase diagram of the different copolymers for equal weight fraction blends
(symmetric) obtained from DSC. Squares and triangles denote the compositions (x,y)
for which the system is miscible and immiscible, respectively.

already stated in Section 4.6.1, the calorimetric method is not sensitive enough to draw
a conclusion about the thermorheological simplicity/complexity of the blends.
Comparison of the phase diagrams obtained from DSC (Figs. 4.39 and 4.40 for the
symmetric and asymmetric compositions, respectively) with these ones obtained from
rheology (Figs. 4.41 and 4.42 for the symmetric and asymmetric compositions as well)
show many discrepancies due to the above mentioned low sensitivity of the former
technique. For that reason only the rheological data are compared with the theoretical
models to test their validity for various COC compositions.

The miscibility diagrams in Figures 4.41 and 4.42 are constructed using the validity
criterion of the time-Temperature-superposition (eq. 4.9). Except for two blends (10/90
in 36/52 and 90/10 in 36/62 mol % NB) all others are thermorheologically complex and
thus immiscible. Notice, however, that the “degree” of immiscibility, given by the
values of dtand , /dT (Tab. 4.9), differs for the different blend compositions.

Prior the direct quantitative comparison of the experimental results with the
theoretical models, we test these models aiming at obtaining the general tendencies
(conditions) for the mutual miscibility of ethylene/norbornene copolymers. We first
check the sensitivity of the parameters involved in the models and their effect on the
miscibility (or immiscibility) regions. In the first example we explore the effect of the
different models (fully flexible, stiff NB side groups, semiflexible NB bonds) on the
values of the total interaction parameter y. In the Figure 4.43 the blend interaction
parameter for N E, /N E,  blends is plotted as a function of norbornene content (x)
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Fig. 4.40 Miscibility diagram of the different copolymers for various weight fraction
blends obtained from DSC: (a) 10/90, (b) 30/70, (c) 70/30, (d) 90/10; the first
component of each blend is the copolymer with 36 mol % in norbornene. Denotation is
the same as in Fig. 4.39, i.e., | miscible, A: immiscible.

for different compositions y of the second copolymer (y=0.36, 0.52, 0.62 and 0.75). The
dimensionless exchange energy was taken &/kT=0.005, while the dimensionless

bending energy was chosen as E,/kT=0.7 for the semiflexible model (the particular
choice for these energies will be explained below). Notice the highly asymmetric shape
of the y(x) dependence that is independent of the particular model. This suggests that
N.E, ,/NJE,_  binary blends are more miscible for y>x and are immiscible for

y <x. For the same |X—y| the result on blend miscibility may be very different

depending on the actual values of x and y. As expected, the region of miscibility is not
governed solely by |x - y| . Another finding, which is surprising, is that the miscibility

in enhanced when rigidity is incorporated in the side-chain of NB monomer; indeed, the
model with the rigid NB side groups shows the lowest y, and hence, the highest ability
of mixing.

As a second example we test the N — dependence on the miscibility of
N.E,_, /NyEl_y binary blends of within a particular model. Figure 4.44 shows the



92 Results and discussion

1.0 e LI TrrrTTrTT TrrrrTTTT LR ]
[0 miscible
A immiscible | ]
0.84 3
-+ ]
C
2 A O
S 0¢1 A o E
(5] A O
Q 0.4
z 7 O AAA
>
0.2 E
0.0 ++rrrrrrrr LR TrrrrrTTT TrrrrrrT LR ]
0.0 0.2 0.4 0.6 0.8 1.0

X - NB content

Fig. 4.41 Phase diagram of the different copolymers for equal weight fraction blends
(symmetric) obtained from rheology. Denotation is the same as in Fig. 4.39. Notice that,
in contrast to DSC, all symmetric blends are practically immiscible.
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Fig. 4.42 Miscibility diagram of the different asymmetric blends for various weight
fractions obtained from rheology: (a) 10/90, (b) 30/70, (c) 70/30, (d) 90/10; the first
component of each blend is the copolymer with 36 mol% in norbornene. Denotation is
the same as in Fig. 4.39. Notice the similarities of the diagrams for the 30/70 and 70/30
compositions with the symmetric case (Fig. 4.41).
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Fig. 4.43 Computed total interaction parameter y, for N E,_ /N E,_ binary blends,

from the three models and for four different compositions of the second copolymer
(y=0.36, 52, 62 and 0.75), the dimensionless exchange energy is taken as &/kT =0.005,

while the dimensionless bending energy for the semiflexible model is chosen as
E,/kT = 0.7 (see text). Solid, dashed, and dotted lines refer to the models with fully

flexible bonds, with semiflexible backbone, and with stiff norbornene side groups,
respectively.

phase boundaries for the different N’s (N=1000, 2000 and 10000) for one of the models
(with the stiff NB side groups). We mention here that this model gives the widest
miscibility window and thus more effectively separates the miscible/immiscible regions.
Therefore, it will be employed later to predict the miscibility for all asymmetric blend
compositions. Notice in Figure 4.44 the large influence of the degree of polymerization
on the phase boundaries, in particular between N=1000 and N=2000. Increasing N
reduces the miscibility window, which is consistent with the experiment findings. The
strong sensitivity of the phase boundaries on N made necessary its calculation for all the
components of the blends (N=2664, 2261, 2160 and 2009 for COCs with 36, 52, 56, 62
mol % of NB, respectively). As a good approximation of these values we employ N;=
N,=2500 for the subsequent analysis.

As a third example we test the influence of the dimensionless b=E,/kT term,

associated with the chain backbone stiffness, i.e. with the bending energy of NB
backbone bonds connecting adjacent norbornene units. The phase boundaries for the
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Fig. 4.44 Influence of the polymerization index (N) on the phase boundaries (spinodals)
for the model with the stiff norbornene groups (rigid).
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Fig. 4.45 The effect of the bending energy b=E,/kT on the phase boundaries. The

polymerization indices N;= N,=2500 and the exchange energy is taken as
a=¢&/kT =0.005 (see text).

semiflexible model shown in Figure 4.45 were calculated for b=0.2, 2 and 10, and for
e/kT=0.005 and N;= N,=2500. The former b values are considered as representative of
the real NB sequences (i.e. a value of b = 10, that is, E, = 25 kJ/mol is very close to the
calculated energy barriers for trans-to-gauche conformations (Fig. 1.4). Notice the
insensitivity of the phase boundaries to the particular b values, especially for low x
values. This suggests that backbone stiffness is not the major factor affecting the
miscibility of N E, /N E,  binary blends. This is a rather surprising result, given the
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fact that backbone stiffness, in many cases, plays an important role in polymer blend
miscibility.

Testing the theoretical predictions against experimental data requires some control
of the parameters involved, namely the polymerization indices, the bending and
exchange energies. First, as we tested in Fig. 4.45, the miscibility window is not
sensitive to the bending energy, therefore we employ E, /kT=0.7, i.e. a value close to

the thermal energy. Second, the phase boundaries are sensitive to the degrees of
polymerization, therefore in calculating the exact phase boundaries we employ N values
that are close to the experimental ones (N;= N,=2500). Third, the phase boundaries are
very sensitive to the exchange energy reflecting the attractive van der Waals energies
between united atom groups of the respective monomer pairs. Decreasing the exchange
energy makes a wider miscibility region due to the smaller interaction between
monomers. The maximal value of &/kT for the model with the rigid NB side groups,

being still in agreement with the experimental data, was found to be 0.005. This value of
the exchange energy was chosen from the model with the rigid NB side groups due to
its outermost phase boundaries. Notice, however, that the boundaries obtained for all the
models lie relatively close to each other.

As a last step we applied the thus determined value of the exchange energy (0.005),
the bending energy and degrees of polymerization from the symmetric blends, and
critically tested the predictions of the model (rigid NB side groups) for the asymmetric
blend compositions (Fig. 4.47). It was found that the model correctly predicts all the
70/30 and 30/70 compositions, together with the 10/90 in 36/52, 10/90 in 36/62, and
90/10 in 36/62 mol % NB blends. For the blends 10/90 in 36/56, 90/10 in 36/52 and
90/10 in 36/56 mol % NB the model failed. Notice that the model was successful for all
the compositions of the 36/62 blend. From these results it can be concluded that the
theoretical model works at best for the “middle” (70/30-30/70) compositions, and
(partially) fails for the extreme ones. These results are shown in a tabulated form in
Table 4.11.

It is surprising that, despite a number of approximations, such as blend
incompressibility, lack of the dependence of the contact probabilities on monomer
structure and simple structure for the NB monomer,”’ the model predicts correctly the
miscibility of many (asymmetric) blends. On the other hand, there are also some
experimental uncertainties, related to the polydispersity of chains (affecting the N
values), and the value of the criterion set for tTs violation (eq. 4.9). Given the above, the
overall the agreement between theory and experiment is reasonable.
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Table 4.11 Prediction of the model (rigid) against the experimental data for the different
asymmetric composition blends; (Vv ): successful and (x) unsuccessful prediction

Blend Prediction of
compositions the model
36/52 mol % NB
10/90 Vv
30/70 \
70/30 \
90/10 X
36/56 mol % NB
10/90 X
30/70 \
70/30 \
90/10 X
36/62 mol % NB
10/90 Vv
30/70 %
70/30 %
90/10 Vv
1_0-.-,-.-,-.-.-..-.-.-
i LY i
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Fig. 4.46 Determination of the maximal value of the exchange energy (e/kT)

applicable for the symmetric blends (see text). Comparison of the different models for
the same set of parameters: &/kT =0.005, N;= N,=2500, E,/kT =0.7. The value of the

exchange energy was adjusted so as to correctly predict the experimental data (circles
(@) denote the different blend compositions). This value is then kept fixed in comparing
the theoretical and experimental data for the asymmetric blends (see Fig.4.47 below).
Solid, dashed, and dotted lines refer to the models with fully flexible bonds, with

semiflexible backbone, and with stiff norbornene side groups, respectively.
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Fig. 4.47 Parameter — free test of the model with rigid NB side groups against the
experimental data. Lines give the phase boundaries for the asymmetric blends
(e/kT =0.005, N;= N,=2500) and circles (&) denote the different blend compositions.

There is reasonable agreement of the theoretical predictions with the experimental data
(see also Tab. 4.11).






5. Conclusions

Cycloolefin copolymers of ethylene and norbornene exhibit several unique
properties that make them suitable materials for a range of industrial applications.
Understanding these properties is essential in the strive towards the design of new
COCs, suitable for particular applications. Properties that are of fundamental
importance in the design of these materials include: a control of the microstructure,
knowledge of the thermorheological state (i.e. simplicity/complexity), relation between
structural and dynamic heterogeneity, dynamics in the glassy state in relation to the free
volume, the origin of the liquid-to-glass transition and finally criteria for miscibility
when designing binary copolymer blends.

Herein, we have employed structural (NMR, X-rays), thermodynamic (pressure-
volume-temperature, differential scanning calorimetry) and dynamic (rheology) probes
to explore the issues above. The main results of the present work can be summarized as
follows:

» Thermorheological simplicity/complexity of the copolymers.
For this purpose a total of 17 copolymers were employed with compositions in the
range from 36 to 68 mol % (5 copolymers were commercially available and 12 were
made for the purpose of this study) and investigated the thermal and rheological
properties of both the segmental and chain (terminal) processes. The
thermorheological simplicity was tested by making use of the time-Temperature
superposition (tTs) principle. To quantify the efficacy of tTs the temperature
dependence of the minimum of loss tangent (dtand , /dT ) was employed. A weak

T-dependence was found in all copolymers investigated suggesting that tTs is valid
and that the systems are thermorheologically simple. Furthermore, both segmental
and therminal dynamics in the copolymers could be well described by the Vogel-
Fulcher-Tammann or the Williams-Landel-Ferry equations.

» The critical molecular weight for entanglements (M,).
The molecular weight dependence of the chain relaxation times (t.;) was used in
obtaining the critical molecular weight for entanglements. Two regimes were
identified from a total of 17 copolymers with respective molecular weight
dependencies as 1~M" and 1~M>*’° for unentangled and entangled chains,
respectively. From the crossover regime the critical molecular weight was estimated
as M¢~31000 g/mol.

» The origin of the liquid-to-glass transition in the copolymers.
In order to explore the origin of the dynamic arrest at T, we employed
thermodynamic measurements (i.e., Pressure-Volume-Temperature) providing the

equation of state in an effort in obtaining the ratio of the activation energy E\, to the

enthalpy of activation H*, E|/H". This ratio is used to quantify the relative

contribution of density and temperature on the segmental dynamics. From the value
of this dynamic quantity we found that free-volume becomes increasingly important
with increasing NB content. In contrast to this, in copolymers with low NB content
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the segmental dynamics are largely determined by the thermal energy required to
explore the energy landscape.

» Relation between structural and dynamic heterogeneity.
The structural probes (NMR, X-rays) provided able evidence for increasing
structural heterogeneity with increasing NB content. For example, the NMR
investigation revealed that in copolymers with NB content above 50 mol % the
structure consists of blocks of norbornene of varying lengths, linked in both
stereogenic positions, together with some alternating norbornene/ethylene units. In
contrast, in copolymers with low norbornene content (below 50 mol %) the structure
consists mainly of alternating norbornene/ethylene sequences and of some ethylene
sequences comprising two or more units. This microstructural heterogeneity was
also revealed by the wide-angle X-ray diffraction patterns. We have investigated a
possible connection between the structural and dynamic heterogeneity the latter

based on the values of the activation ratio E},/H", the pressure coefficient of T, and
the values of the dynamic fragility m. We found that the initial slope, (dT,/dP),_,,,

exhibits a pronounced composition dependence with higher values for the
copolymers with the higher NB content. Furthermore, the dynamic fragility m, being
another sensitive quantity to the microstructural heterogeneity, increased with
increasing NB content. These results suggested a coupling between the structural
and dynamic heterogeneity in the copolymers.

» Relation of glassy dynamics to free volume.

The positron annihilation lifetime spectroscopy allowed determining the o-Ps
lifetime, 73, and thus the free volume in the bulk copolymer. It was found that the
mean hole volume increases with increasing norbornene content, reaching the
highest value for the pure polynorbornene. The o-Ps relative intensity I (being
proportional to the free volume hole density) exhibits a non-monotonous trend over
the investigated composition range. This means that a lower number of free volume
holes but of a larger size are present in polynorbornene. Free volume holes are
probably located in the vicinity of ethylene units linking larger norbornene units. In
addition, the existence of subglass relaxation processes in rheology was found to
affect the PALS signal.

» Mutual miscibility of COC blends.
Three different ethylene/norbornene copolymer blends were investigated by
rheology and differential scanning calorimetry: 8007/6013 (36/52 mol % NB),
8007/6015 (36/56 mol % NB) and 8007/6017 (36/62 mol % NB) in five different
compositions. The aim of the thermal investigation was to provide the T, as well as
the width, AT, as a function of blend composition; these results were compared
with the pure components of the blends. The thermal analysis revealed a single —
albeit broad — glass temperature for all the different (symmetric and asymmetric)
compositions in the 36/52 mol % COC blends. On the other hand, the blends with
the larger difference in norbornene content exhibited dual transition temperatures in
the blends with 36/56 and 36/62 mol % of norbornene, respectively. Rheology,
providing a very stringent test of miscibility, was employed in order to test the range
of validity of the time-temperature superposition principle, i.e., thermorheological
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simplicity. It was found that the vast majority of the various binary blends
(N,E,,/NJE, ) violates the tTs, i.e. they are thermorheologically complex, and

hence immiscible. The experimental data from rheology were compared to the
lattice cluster theory (LCT), which demonstrated a dependence on the x and y
compositions on top to the [x-y| dependence. Prior to this comparison, we tested

the effect of the various parameters involved in the theoretical model, such as the
degree of polymerization (N), dimensionless bending (b=E, /kT) and exchange

(a =¢/kT) energies. We found a large influence of the degree of polymerization on

the phase boundaries; an increase of N reduced the miscibility window. The b term,
associated with the chain backbone stiffness, i.e., with the bending energy of
norbornene backbone bonds connecting adjacent NB units, was insensitive to the
phase boundaries, especially for low blend compositions. The exchange energy, a,
reflecting the attractive van der Waals energies between united atom groups
(representing the norbornene molecule) of the respective monomer pairs, had a large
influence on the boundaries of the miscibility window. Moreover, the analysis of the
interaction parameter showed that the norbornene/ethylene (N E, /N E, ) binary

blends were more miscible for y > x and became immiscible for y < x . Eventually,

a test of the theoretical model against the experimental data obtained from rheology
was performed. We first adjusted the values of the above parameters in order to
generate complete agreement with the experimental phase boundaries for the
symmetric blends. We employed E,/kT =0.7 and N;= N,=2500. The maximal value

of €/kT for the model with the rigid NB side groups, being still in agreement with

the experimental data, was found to be 0.005. We applied the above values of the
parameters from the symmetric blends and critically tested the predictive power of
the model for the asymmetric blend compositions. The comparison of the
rheological data with the model resulted in nine successful predictions and three
failures. From these results it can be concluded that the theoretical model works at
best for the “middle” (70/30-30/70) compositions, and (partially) fails for the
extreme ones. Such success of the LTC theory with the experiment is appreciated,
taking into account the number of approximations involved such as blend
incompressibility, the oversimplified structure of the norbornene monomer, as well
as experimental uncertainties originating from the polydispersity, and the value of
the criterion set for tTs violation and thus of miscibility.

Overall our experimental results together with the theoretical predictions can be
employed as recipes in designing new COC copolymers with desired compositions
and hence controlled material properties
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Fig. A.1 Master curve for the storage modulus (G’, open circles), the loss modulus (G,
filled circles) and the loss tangent (tand, triangles) for the 10/90 composition of the
8007/6013 blend using data in the T-range 135 <T< 240°C. The reference temperature
was at 155°C.
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Fig. A.2 The same as in Fig. A.1 for the 30/70 composition of the 8007/6013 blend
using data in the T-range 120 <T< 270°C. The reference temperature was at 135°C.
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Fig. A.3 The same as in Fig. A.1 for the 70/30 composition of the 8007/6013 blend
using data in the T-range 95 <T< 250°C. The reference temperature was at 180°C.
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Fig. A.4 The same as in Fig. A.1 for the 90/10 composition of the 8007/6013 blend
using data in the T-range 80 <T< 240°C. The reference temperature was at 180°C.
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Fig. A.5 The same as in Fig. A.1 for the 10/90 composition of the 8007/6015 blend
using data in the T-range 150 <T< 260°C. The reference temperature was at 180°C.
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Fig. A.6 The same as in Fig. A.1 for the 30/70 composition of the 8007/6015 blend
using data in the T-range 139 <T< 240°C. The reference temperature was at 180°C.
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Fig. A.7 The same as in Fig. A.1 for the 70/30 composition of the 8007/6015 blend
using data in the T-range 90 <T< 240°C. The reference temperature was at 180°C.
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Fig. A.8 The same as in Fig. A.1 for the 90/10 composition of the 8007/6015 blend
using data in the T-range 82 <T< 240°C. The reference temperature was at 180°C.
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Fig. A.9 The same as in Fig. A.1 for the 10/90 composition of the 8007/6017 blend
using data in the T-range 165<T< 290°C. The reference temperature was at 180°C.
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Fig. A.10 The same as in Fig. A.1 for the 30/70 composition of the 8007/6017 blend
using data in the T-range 150<T< 250°C. The reference temperature was at 180°C.
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Fig. A.11 The same as in Fig. A.1 for the 70/30 composition of the 8007/6017 blend
using data in the T-range 90<T< 210°C. The reference temperature was at 105°C.
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Fig. A.12 The same as in Fig. A.1 for the 90/10 composition of the 8007/6017 blend
using data in the T-range 85<T< 220°C. The reference temperature was at 95°C.
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Abstract

Commercial as well as tailored-made cycloolefin copolymers of ethylene and
norbornene were studied with respect to the structural, thermal, thermodynamic, and
rheological properties using NMR, wide-angle X-ray scattering, positron annihilation
lifetime spectroscopy (PALS), differential scanning calorimetry, pressure-volume-
temperature, and dynamic mechanical techniques in view of the increasing industrial
interest. The structural analysis provided evidence for increasing structural
heterogeneity with increasing norbornene content. The NMR investigation revealed that
in copolymers with NB content above 50 mol % the structure consists of blocks of
norbornene of varying lengths, linked in both stereogenic positions, together with some
alternating norbornene/ethylene units. In contrast, in copolymers with low norbornene
content (below 50 mol %) the structure consists mainly of alternating
norbornene/ethylene sequences and of some ethylene sequences comprising two or
more units. In addition, the microstructural heterogeneity was also revealed by the wide-
angle X-ray diffraction investigation; the copolymers with less than 50 mol% in
norbornene displayed a single broad peak in the wide-angle region characteristic of all
amorphous polymers, while the copolymers with higher norbornene content (above 50
mol%) showed increasing intensity at a position characteristic of the bulk
polynorbornene. The PALS study revealed the size and density of cavities within the
glassy state; it was found that the size of free volume holes increases with increasing
norbornene content. On the other hand, increasing norbornene content causes worse
packing and reduces the density of the cavities. All copolymers obey the principle of
time-temperature superposition, i.e, they can be considered as thermorheologically
simple. Despite this, the results on (i) the ratio of activation energies Ev/H" used to
quantify the origin of the liquid-to-glass transition, (ii) the pressure coefficient of the
glass temperature Ty(P) and (ii1) the dynamic fragility m, suggest increasing dynamic
heterogeneity with increasing norbornene content that is driven by the structural
heterogeneity along the backbone.

In addition, the mutual miscibility of ethylene/norbornene copolymers (symmetric
and asymmetric binary blends) was investigated by rheology and differential scanning
calorimetry aiming at testing the range of validity of the time-temperature superposition
principle, i.e. the thermorheological simplicity, and to provide the glass temperature T,
as well as the width, AT,, as a function of blend composition. The thermal analysis
revealed a single (albeit broad) or dual glass temperatures, depending on the difference
in norbornene content of the blend components. On the other hand, rheology provides a
more stringent test of miscibility. It was found that the vast majority of the various
binary blends (N E, /N E, ) violates the tTs, i.e. they are thermorheologically

complex, and hence immiscible. The experimental data from rheology were compared
to the lattice cluster theory (LCT), which demonstrated a dependence on the x and y
compositions on top to the |x-y| dependence. This comparison resulted in nine

successful predictions and three failures. From these results it can be concluded that the
theoretical model works at best for the “middle” (70/30-30/70) compositions, and
(partially) fails for the extreme ones.






Streszczenie (abstract in polish)

Kopolimery cykloolefinowe etylenu (E) i norbornenu (NB) zawieraja elementy
wywodzace si¢ z liniowych 1 cyklicznych olefin. Badania przedstawione w niniejszej
pracy zostaty przeprowadzone dla kopolimerow o nazwie handlowej Topas®. Materiaty
te wykazuja uzyteczna kombinacje wlasciwosci, takich jak, na przyktad, bardzo wysoka
przezroczysto$¢, niska gestosé, bardzo niska absorpcja wody, nieprzepuszczalno$¢ pary
wodnej 1 niska dwojtomnos¢é. Wtasciwosci te, wraz z unikatowa charakterystyka
mechaniczna, taka jak duza sztywno$¢, wytrzymato$¢ i twardos¢, oraz znakomita
odpornos$¢ na rozpuszczalniki organiczne sprawia, ze kopolimery cykloolefinowe
znajduja zastosowanie m.in. w urzadzeniach medycznych, optyce, czy farmacji.
Wiasciwosci kopolimerow etylenu 1 norbornenu, w szczegdlnosci ich temperature
przejscia szklistego, mozna zmienia¢ w szerokim zakresie. Wynika to z obecnosci
elementu struktury pochodzacego z monomeru norbornenu, ktéra nadaje sztywnosc
fancuchowi i tym samym zwigksza temperaturg przejscia szklistego.

Statystyka 1 stereoselektywno$¢ fragmentéw  pochodzacych z norbornenu w
fancuchu moze by¢ kontrolowana przez uzycie odpowiednich katalizatorow.
Mikrostruktura ~ kopolimeréow  cykloolefinowych  zalezy  od  katalizatorow
metalocenowych, a dokladnie od ich symetrii i rodzaju ligandu. Metalocenowe
podstawniki 1 ich symetria stanowia o taktycznos$ci 1 rozkladzie (blokowym,
statystycznym, czy przemiennym) sekwencji wywodzacych si¢ z etylenu 1 norbornenu.
Monomery kopolimeru Topas® sa kopolimeryzowane rdéwniez przy uzyciu
katalizatorow metalocenowych, aczkolwiek doktadne dane obj¢te sa tajemnica.

W niniejszej pracy przeprowadzono badania kopolimerow etylenu i norbornenu w
celu uzyskania informacji o ich strukturze (z zastosowaniem magnetycznego rezonansu
jadrowego (NMR), szerokokatowego rozpraszania rentgenowskiego (WAXS),
spektroskopii anihilacji pozytronéw (PALS), skaningowej kalorymetrii rdznicowej
(DSC), badan termodynamicznych (PVT: Pressure-Volume-Temperature) 1 dynamice
(z zastosowaniem dynamicznej analizy mechanicznej (DMA)).

Badania strukturalne (NMR, WAXS) dowiodly wzrostu niejednorodnosci
strukturalnych wraz ze wzrostem udziatu fragmentéw wywodzacych sie z norbornenu w
kopolimerze. Badania NMR wykazaty, ze w kopolimerach o zawartosci ,,fragmentow
norboronenowych” powyzej 50 % molowych, tancuchy skladaja si¢ z blokow
norbornenu o zmiennej dtugosci, potaczonych w stereogenicznych pozycjach 2 1 3, oraz
czgsciowo z przemiennych sekwencji pochodnych norbornenu 1 etylenu. Natomiast w
kopolimerach z niska zawartoscia ,,fragmentéw norboronenowych” (ponizej 50 %
molowych), struktura sktada si¢ gtéwnie z przemiennych sekwencji wywodzacych si¢ z
norbornenu 1 etylenu, i czesciowo z sekwencji wywodzacych si¢ z etylenu
zawierajacych dwie lub wigcej jednostek. Niejednorodnos$¢ strukturalna zostata
rowniez zaobserwowana w dyfraktogramach WAXS. Ponadto zbadano potencjalna
zalezno$¢ migdzy strukturalng 1 dynamiczna niejednorodnoscia. Niejednorodnosé

dynamiczna zostala oceniona na podstawie stosunku energii aktywacji (Ej/H"),
zaleznosci od ci$nienia temperatury przejScia szklistego Ty(P) 1 warto$ci tzw. parametru
krucho$ci dynamicznej m. Analizujac zaleznos$ci Ty(P) stwierdzono, ze poczatkowe
nachylenie, (dT,/dP), ,,, wykazuje znaczna zaleznos¢ od sktadu kopolimeru, przy

czym najwigksze wartosci przyjmuje dla kopolimeréw o najwigkszej zawartosci
norbornenu. Ponadto dynamiczna krucho$¢ m, ktéra jest rowniez wielko$cia czula na
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niejednorodnos¢ strukturalna, wzrasta wraz ze wzrostem zawarto$ci norbornenu.
Wyniki te sugeruja zwiazek pomigdzy niejednorodnoscia strukturalng i dynamiczna w
badanych kopolimerach.

Kopolimery etylenu i norbornenu badane byty pod katem ich termiczno-
reologicznej prostoty/ztozonosci przy uzyciu DMA. W tym celu uzyto 17 kopolimerow
o zawarto$ci norbornenu od 36 do 68 % molowych (5 kopolimeréow jest dostgpnych
komercyjnie, a 12 zostalo przygotowane specjalnie dla celow niniejszych badan) i
poddano badaniom ich wlasciwosci termiczne 1 reologiczne w odniesieniu do procesow
relaksacji segmentalnych 1 terminalnych (fancuchowych). Prostota termiczno-
reologiczna byla okres§lana przy uzyciu zasady superpozycji czasowo-temperaturowe;j
(tTs). W celu oceny ilosciowej zasady tTs poddano analizie zalezno$¢ temperaturowa
minimum tangensa stratno$ci (dtand , /dT). Analiza ta wykazata staba zalezno$¢ tej

wielko$ci od temperatury dla wszystkich kopolimerow, potwierdzajac waznos$¢ zasady
superpozycji czasowo-temperaturowej, i tym samym wskazujac, ze badane kopolimery
sa materiatami termiczno-reologicznie prostymi. Zaréwno dynamika segmentalna, jak i
terminalna, mogly zosta¢ dobrze opisane przez rownania Vogela-Fulchera-Tammanna,
czy Williamsa-Landela-Ferry’ego.

Zalezno$¢ tancuchowego czasu relaksacji (1) od masy molekularnej zastosowano w
celu wyznaczenia krytycznej masy molekularnej dla splatah M,. Znaleziono dwa
rodzaje zaleznosci dla 17 kopolimeréw o réznych masach molekularnych: te~M'? i
1~M>? dla odpowiednio nie splatanych i splatanych taéuchdéw. Z punktu przecigcia
tych dwoch zaleznosci wyznaczono krytyczna mas¢ molekularng dla splatan réwna
M~31000 g/mol.

Aby zbadaé naturg przejsécia ze stanu ptynnego do szklistego, poddano kopolimery
badaniom termodynamicznym (pomiary dylatometryczne metoda PVT), ktore
pozwolily na cato$ciowy opis uktadu przy pomocy réwnania stanu. To za$ pozwolilo
uzyska¢ stosunek energii aktywacji (E ) do entalpii aktywacji (H"), E,/H".
Wielkosci tej uzyto do ilosciowego wyznaczenia wzglednego wpltywu gestosci i
temperatury na dynamike segmentalna. Z wartos$ci tej wielko$ci dynamicznej wynika,
ze objetos¢ swobodna odgrywa tym wigksza rolg, im wigkszy jest udziat norbornenu w
kopolimerze. Z dugiej strony, dla kopolimeréw z niska zawarto$cia norbornenu,
dynamika segmentlna jest w duzm stopniu zdominowana przez energi¢ termiczna
potrzebna do pokonania barier energetycznych.

Spektroskopia anihilacji pozytronowej (PALS) pozwolita na okreslenie czasu zycia
(t3) orto pozytronium (0-Ps), a tym samym na wyznacznie objetosci swobodnej w
kopolimerach. Stwierdzono, ze $rednia objetos¢ dziur wzrasta wraz ze wzrostem
norbornenu, osiagajac najwyzsza wartos¢ dla czystego polinorbornenu. Natomiast
wzgledna intensywno$¢ I3, ktéra jest proporcjonalna do gestosci dziur objgtosci
swobodnej, wykazuje niemonotoniczna zalezno§¢ w badanym zakresie skladu
kopolimeréw. Oznacza to, ze w czystym polinorbornenie wystgpuje mniejsza liczba
dziur. Dziury zlokalizowane sa prawdopodobnie w otoczeniu jednostek etylenu
taczacych wigksze jednostki norbornenu.

Druga czg$¢ niniejszej pracy poswigcona jest wzajemnej mieszalno$ci kopolimerow
etylenu 1 norbornenu. Mieszaniny trzech r6znych par kopolimeroéw zbadano przy uzyciu
technik DSC 1 DMA: 8007/6013 (36/52 mol % NB), 8007/6015 (36/56 mol % NB) i
8007/6017 (36/62 mol % NB). Badane mieszaniny mialy pig¢ roznych sktadow. Celem
badan termicznych bylo uzyskanie informacji zarowno o temperaturze przejscia
szklistego (T,), jak 1 jego szerokosci (AT,), jako funkcji sktadu mieszaniny; wyniki te
porownano z danymi dla wyjSciowych skladnikdéw mieszanin. Analiza termiczna
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wykazata pojedyncza, aczkolwiek szeroka, temperatur¢ przejscia dla wszystkich
sktadow mieszaniny 8007/6013. Z drugiej strony, w mieszaninach kopolimeréw o
wigksze] réznicy sktadu (8007/6015, 8007/6017) pojawity si¢ dwie temperatury
przejScia. Badania reologiczne, wykazujace duza zdolno$¢ do okreslania stopnia
mieszalno$ci polimeréw, zostaty przeprowadzone w celu zbadania obszaru waznosci
zasady superpozycji czasowo-temperaturowej, tzn. prostoty termiczno-reologiczne;j.
Stwierdzono, ze przewazajaca wigkszo$¢ binarnych mieszanin (N E,_ /N E, ) nie

spelnia zasady superpozycji czasowo-temperaturowej, tzn. sa one termiczno-
reologicznie ztozone, a zatem niemieszalne. Dane eksperymentalne uzyskane z badan
reologicznych poréwnano do teorii klasterow sieciowych LCT (ang. lattice cluster
theory) ktora, wedtug doniesien literaturowych, uzaleznia mieszalno$¢ zaréwno od
sktadow x iy, jak i ich roznicy [x-y|. Przetestowano wplyw roéznych parametrow

obecnych w modelu teoretycznym takich, jak stopien polimeryzacji (N), czy
bezwymiarowa energia zginania (b =E,/kT) 1 bezwymiarowa energia oddziatywan

(a =¢/kT). Stwierdzono duzy wptyw stopnia polimeryzacji na granice fazy; wzrost N

prowadzit do redukcji obszaru mieszalnos$ci. Parametr b natomiast, zwiazany ze
sztywnoscia lancucha, tzn. z energia zginania wiazan taczacych przyleglte do siebie
jednostki norbornenu, nie miat wpltywu na granice diagramu fazowego, w szczeg6lnosci
dla mieszanin o niskich zawarto$ciach norbornenu w komponentach wyjs$ciowych.
Energia oddzialtywania a, odzwierciedlajaca energi¢ przyciagania van der Waalsa
migdzy tzw. united atom groups (reprezentujacymi molekutg norbornenu), wykazywata
duzy wplyw na granice okna mieszalnosci. Ponadto, analiza parametru Flory-Huggins’a
x pokazata, ze binarne mieszaniny norbornenu i etylenu (N E, /N E, ) sa bardziej

mieszalne dla sktadéw y > x, a staja si¢ niemieszalne dla sktadow y < x . Ostatecznie

poréwnano wyniki modelu teoretycznego z danymi eksperymentalnymi uzyskanymi z
badan reologicznych. Nastepujace wartosci parametrow zostaty zastosowane w modelu:
E,/kT=0.7 i Nj= N,=2500. Maksymalna warto$¢ &/kT dla modelu ze sztywnymi

grupami bocznymi norbornenu, zgodna z danymi eksperymentalnymi, wyniosta 0.005.
Powyzsze wartosci parametrow zostaly tak dobrane, aby odpowiadalty danym
eksperymentalnym dla mieszanin symetrycznych. Przy tych samych warto$ciach
parametréw sprawdzono zgodno$¢ przewidywan modelu z wynikami badan
reologicznych dla mieszanin asymetrycznych. Uzyskano dziewi¢¢ trafnych
przewidywan i trzy niepowodzenia. Reasumujac, z poréwnania teorii z eksperymentem
wynika, ze model teoretyczny sprawdza si¢ najlepiej dla ,,$srodkowych” (70/30-30/70)
mieszanin, a zawodzi (czg$ciowo) dla mieszanin skrajnych. Zwazywszy na fakt, ze
teoria ta postuguje si¢ przyblizeniami takimi, jak nie$cisliwo$¢ mieszanin i uproszczona
struktura molekuty norbornenu, mozna wigc mowic o sukcesie teoriit LCT w odniesieniu
do kopolimeréw norbornenu i etylenu. Ponadto, pewna nieokreslono$¢ wynika z
polidyspersyjnosci 1 wartosci kryterium waznosci zasady 75, a tym samym
mieszalnosci.

Podsumowujac, eksperymentalne wyniki badan wraz z przewidywaniami teorety-
cznymi, moga poshuzy¢ do zaprojektowania nowych kopolimeréw cykloolefinowych o
zadanym sktadzie, a zatem o pozadanych wtasnos$ciach materialowych.
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