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Inter-relationships between tie-molecule

concentrations, molecular characteristics

and mechanical properties in metallocene

catalysed medium density polyethylenes

J. J. JANIMAK∗, G. C. STEVENS
Polymer Research Centre, School of Physics and Chemistry, University of Surrey Guildford,
Surrey, GU2 7XH

Classical tie-molecule concentrations in a series of metallocene catalysed medium density
polyethylenes have been computed and comparisons made with literature data on
non-metallocene catalysed systems over a comparable density range. It is shown that a
complex inter-relationship exists between the concentration of classical tie-molecules and
molecular weight, lamellar thickness and crystallinity and the X-ray long period where the
latter is influenced by the concentration of short chain branches. Tie-molecule
concentration levels increase steeply beyond a short chain branch (SCB) content of
approximately 4 butyls/1000 C atoms with a maximum value for a metallocene sample
containing 9.7 butyls/1000 C atoms. Relative tie-molecule concentrations corrected for
volume crystallinity decrease sharply with increasing X-ray long period and decreasing
short chain branch content. Comparisons among the different catalyst systems revealed
that a chromium catalysed polyethylene with 6.8 butyls/1000C atoms had a similar
tie-molecule concentration to a metallocene catalysed polyethylene with 11.5 butyls/1000C
atoms. Tear and impact strength data showed a continuous increase with increasing short
chain branching, varying slightly with catalysts type but differing significantly at the highest
concentration levels of short chain branching. These mechanical property – SCB content
correlations are closely related to those between classical tie-molecule concentrations and
the degree of short chain branching. C© 2001 Kluwer Academic Publishers

1. Introduction
Crystalline domains within semicrystalline polymers
influence such low strain rate properties as modulus,
yield stress, slow crack growth and environmental stress
cracking [1–13]. High strain rate properties like impact,
tear and fast fracture resistance are viewed as being
controlled largely by the amorphous regions [14, 15].
However, both low and high strain rate properties are
influenced by tie-molecules that traverse the amorphous
interface between adjacent lamellae.

Tie-molecules can exist in a variety of different
forms, with some more permanent and having different
relaxation characteristics under imposed strain. Fig. 1
shows two tie-molecules, one marked in bold the other
(dashed line) not, connecting three lamellar crystals. In
this 2-D picture of the lamellae and interlamellar shar-
ing of molecules, the simplest tie-molecule is a single
chain traversing the amorphous phase from one lamella
to another. This “classical” tie-molecule is able to trans-
fer stress effectively from one lamella to the next when
strained. Calculating the probability of formation of
this type of tie-molecule and its influence on properties
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is the subject of this paper. Other forms of topologi-
cal tie-molecules arising from entanglements can also
exist where the interaction level can range from be-
ing strong, in the case of adjacent re-entry to weak in
the case of simple physical entanglements of emergent
chains from lamellae into the amorphous entanglement
network. For brevity, these types are not considered
here.

In chromium catalysed ethylene copolymers, the
influence of random short chain branching leads
to a marked decrease in lamellar thickness and a
sizeable increase in tie-molecule concentration. This
observation first reported by Huanget al. [16] was
explained in terms of branch size and concentration,
which influences lamellar thickness and subsequent
lamellar thickening processes immediately following
the initial stages of chain folding. The presence of
branches inhibits the motion of tie-molecules through
the amorphous and crystal phases by branch pinning
to the surfaces of lamellar crystals. It was suggested
that probably the optimum condition for tie-molecule
formation in the case of branched chains is when the
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Figure 1 Schematic representation of an individual chain shared be-
tween several different lamellar crystals. A collection of various mole-
cular arrangements in neighbouring lamellae are drawn connected by
tie-molecules.

spacing between branches is about equal to the thick-
ness of the lamella. This would favour branches being
rejected periodically onto the fold surfaces of lamel-
lae. By examining metallocene catalysed medium den-
sity polyethylenes (mMDPEs) the possibility of regular
inter-branch sequences offers different rejection possi-
bilities to that in heterogeneously branched systems.
In this case, the exploration of different chain confor-
mations and folding intervals presumed to occur for the
latter because of mixed branch free sequences is denied
in the case of regularly branched materials [17].

Mechanically, evaluating the nature and potential
concentrations of tie-molecules usually involves the
use of complementary techniques, including theoret-
ical methods, but until now the main thrust has been
experimental. Usually the measurement of a physical
property is required in parallel with molecular infor-
mation derived from calculation [18]. Properties like
brittle fracture toughness and electron spin resonance
measurements of free radicals associated with broken
tie-molecules have been used to assess tie-molecule
concentrations [8]. Inevitably, fracture, crazing and
slow crack growth measurements are used to infer in-
formation on tie-molecules [19, 20]. In the case of
craze strength, tie-molecule concentrations have been
evaluated from the modulus of oriented samples (dur-
ing necking) with the aid of a simple Takayanagi
model [21]. Spectroscopic techniques like Raman and
infrared dichroism after deformation of chlorinated
films can be used to extract more detailed informa-
tion on tie-molecules [22, 23]. Post yield true stress-
strain data and an interpretational approach based on
rubber elasticity theory can also provide an estimate of
the concentration of static and dynamic tie-molecules
in a semicrystalline network [9]. Post yield experi-
ments assume that tie-molecules and entangled chains
in the amorphous phase behave like a rubbery network.
Additionally, in the drawing and strain hardening re-
gion of the stress-strain curve beyond the yield point,
tie-molecules are steadily pulled out from fragmented
lamellae and become part of the oriented amorphous
state. This description however excludes formation of

voids in the necked region, which cannot easily be
accounted for in terms of tie-molecule characteristics
alone.

In this paper, we have attempted to theoretically pre-
dict the concentration of classical tie-molecules in a
series of branched mMDPEs using only chain dimen-
sions as first proposed by Huang and Brown, denoted
hereafter as (H&B) [16] and the lamellar microstructure
based on crystal melting points and small angle X-ray
determined long period spacing. These tie-molecule
concentrations were then compared with published data
on heterogeneous catalysed branched polyethylenes.
Refinements to the H&B calculation were also inves-
tigated following developments by Patelet al. [24]. In
this modification of the H&B model, the associated ef-
fects of volume fraction crystallinity are incorporated
into the tie-molecule calculations, leading to a more
precise evaluation of the classical tie-molecule frac-
tion. Finally, standard experimental dart impact and tear
strength measurements on 40µm thick films were cor-
related against tie-molecule concentrations as a func-
tion of the degree of short chain branching.

2. Materials and equipment
Our medium density polyethylenes with known branch
content, molecular weight and polydispersity were
kindly provided by Fina Research (Belgium) through
the Fina-Surrey Scholar research programme. Details
of as received materials and their molecular characteris-
tics are listed in Table I. Molecular weights were deter-
mined using Gel Permeation Chromatography (GPC)
following standard procedures for polyolefins.

2.1. Specimen preparation for
mechanical testing

The Elmendorf tear strength in 40µm thick films was
evaluated in the machine direction, because the ratio of
tear strength parallel and perpendicular to the machine
direction biased the most polydisperse polymers. The
Elmendorf tear strength tester determines the force re-
quired to propagate a tear catastrophically across a pre-
split film specimen. These measurements conformed to
ASTM standard D1922. The dart impact test evaluates
the resistance to impact failure of polyethylene film. In
this experiment, a dart is dropped onto a tightly clamped
film specimen from a height of 660 mm. A series of
10 specimens were used for each sample where each
sample was subjected to increasingly heavier weights.
Impact strength (measured in grams) is defined as be-
ing at the 50% failure rate for each set. These impact
measurements complied with ASTM standard D1709.
In each of these different experiments, 40µm thick film
specimens were prepared and tested at Fina Research
(Belgium).

3. Results and discussion
Calculating the relative density of classical tie-
molecules was first derived by Huang and Brown [16].
The basic approach requires that the root-mean-square
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TABLE I Molecular and melting characteristics of as received material. Short chain branch content was assessed using C13 NMR

Surrey Reference Polymer A Polymer B Polymer C Polymer D Polymer E Polymer F

Catalyst Type Units Cr Met Met Met Met Met
Density kg/m3 934 922 927 931 943 924
Mn kDa 17 25.8 37.9 28 49 22.3
Mw kDa 223 172 83 107 123 118
Mw/Mn 13.2 6.7 2.2 3.8 2.6 6.3
SCB(/1000C)(a) 6.8 9.7 4.3 5.4 0.4 11.5
Tm

◦C 123.3 116.1 123.5 122.4 131.3 118
1Hm

(b) J/g 128.4 123.9 139 143 176 126
ωc (c) % 44 42 47 49 60 43
νe (d) % 39 37 41 44 54 38
2lc+ la(e) (nm) 50.4 37.3 48.4 44.2 72.2 39.6
Lp

(f) (nm) 21.7 16.1 20.1 20.0 29.5 15.5

Cr= Chromium.
Met= Metallocene.
(a)= 1-hexene comonomer.
(b)= 100% crystallinity (293 J/g).
(c)=Weight fraction crystallinity (DSC measurements).
(d)= Volume fraction crystallinity [νc = (ωc · ρ)/ρe].
(e)= The lamellar thickness was calculated from the Thomson-Gibbs equation as follows:Tm = T◦m (1− 2σe/1Hf lc), where the parameters used
T◦m = 141.5◦C, σe = 93 mJ/m3 and1Hf = 293 J/g. The amorphous layer thickness was calculated usingla = ρclc(1− ωe)/ρaω

c whereρc = 1000
kg/m3 andρa = 852 kg/m3.
(f) = Long Period estimated from SAXS using Bragg Maximum [17],Lp = lc + la.

end-to-end distance,〈r0〉 of a polymer chain in the
isotropic melt phase be equal to or greater than the mean
distance between adjoining crystallites. Based on rep-
tation arguments,〈r0〉 should be at least approximately
the same size as the lamellar long spacing for a tie-
molecule to form. If this is the case, formation of a
tie-molecule is statistically unlikely with〈r0〉 values
less than this critical value. In other words, formation
of a tie-molecule does not necessarily lead to complete
disentanglement or extension of a polymer chain in the
molten state. This event is viewed as unlikely because
that part of the polymer chain not involved in crystal-
lization (forming a lamellar crystal) becomes confined
to the amorphous region.

The equation which gives the probability of forming
a tie-molecule assumes also that the end-to-end distance
of a random coil in the melt is greater than (2lc+ la),
and thus the probability of tie-molecule formation for
a given molecular weight is simply:

P(Mw) = 1

3

∞∫
2lc+ la

r 2 exp(−b2r 2) dr

∞∫
0

r 2 exp(−b2r 2) dr
(1)

wherer = end-to-end distance of a random coil,b2=
3/2〈r 〉2 and lc= crystal thickness (uncorrected for
chain inclination) andla the thickness of the amor-
phous layer. The factor 1/3 was introduced into
the model because thea and b-axis dimensions of
a lamella are approximately 100 times larger than
the long period (generally along thec-axis). In cal-
culating lc we used the Gibbs-Thomson equation
as applied by H&B for folded lamellar crystals
{lc(nm)= 0.624× 414.7/(414.7− Tm(K))} [16]. The
weight fraction crystallinity and peak melting temper-
atures were also obtained from calorimetry. Using the
approach of a two-phase model, we were able to esti-

matela. Tie-molecule calculations using the lower inte-
gration limit of 2lc+ la (based on calorimetric measure-
ments) were compared with experimentally determined
Lp (X-ray long period). Our polymers exhibit a range
of polydispersites. However, since there is a distribu-
tion of molecular weights and a distribution of long
periods, the above equation can easily be modified to
consider these variables. This is the subject of another
paper that focuses attention exclusively on metallocene
catalysed high density polyethylenes (mHDPEs) [25].
Here we have simply used the weight average molecular
weight, the average of 2lc+ la andLp values. The X-ray
long period is taken as corresponding to the first Bragg
maximum in the small angle X-ray scattering patterns,
which will be reported in a separate paper [17].

Fig. 2 shows estimated tie-molecule concentrations
for each of our mMDPEs that are compared with results
from H&B on a heterogeneous series of 1-hexene ethy-
lene copolymers. Our data set also includes a chromium
catalysed medium density polyethylene, identified here
as polymer A. The H&B data are shown represented by
filled circles and our mMDPE data by the open cir-
cles. Both sets of data show an increase in tie-molecule
fraction, starting from zero and rising to 9% for the
H&B data and to 18% for our data. In the case of the
H&B data, the rise in tie-molecule concentration is rela-
tively linear with short chain branching. This condition
is only observed beyond approximately 4 butyls/1000 C
atoms in the metallocene catalysed polymers. Interest-
ingly, both sets of data exhibit a familiar pattern up
to polymer A (shown labelled) where there exists rea-
sonable overlap in the short chain branch content. A
straight line (dashed) is drawn connecting the H&B
data that includes polymer A. The tie-molecule frac-
tion would appear to reach a maximum at polymer B
for a short chain branch content of approximately 9.7
butyls/1000 C atoms. Similarly, for molecular weights
above 105, the concentration of tie-molecules increases
quite steeply but there is a reduction for polymer F
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Figure 2 Calculated tie-molecule concentrations between data from
Huang & Brown (heterogeneous system) with our metallocene medium
density polymers. The comparison is represented as a function of short
chain branching.

Figure 3 Plots of the relative tie-molecule fractions as a function of
density for short chain branching corrected and uncorrected for volume
fraction crystallinity.

which has the highest branch content and the lowestLp
value.

Fig. 3 shows the dependence on density of the vol-
ume fraction crystallinity corrected tie-molecule con-
centration. Relative to the equilibrium polymer melt,
Patel et al. were the first to introduce volume frac-
tion crystallinity into the H&B model because of the
indirect association to short chain branch content and
the corresponding link with tie-molecule concentra-
tion [24]. Their results showed that a maximum in the
relative tie-molecule concentration existed for all het-
erogeneously branched 1-alkene polyethylene copoly-

mers. This maximum shifted to higher crystallinities
with increasing molecular weight and density. Nitta
et al. used a similar approach to good effect in esti-
mating tie-molecule concentrations in heterogeneous
ethylene-propylene copolymers and polypropylene ho-
mopolymers [4].

Our results are in close alignment with the study of
Patelet al., similar to their work we found no sim-
ple correlation of density and tie-molecule concentra-
tion. We found a pronounced maximum in the rela-
tive tie-molecule fraction versus density curve. The
maximum in our data in Fig. 3 occurred close to a
density of 920 kg/m3. The profiles of these curves in
many ways reflect the broad SCB compositional range.
Interestingly, the difference between volume fraction
crystallinity corrected tie-molecule concentration and
uncorrected tie-molecule concentration is more signif-
icant at higher comonomer loadings, indicating the im-
portance of crystallinity particularly at the high end
of the short chain branch concentration. This observa-
tion reinforces the importance of the underlying poly-
mer morphology in determining the tie-molecule con-
centration because similar crystallinities and densities
can easily obscure wide variations in supermolecular
structure [17].

Nitta et al. also estimated tie-molecule probabili-
ties as a function of lamellar thickness and discov-
ered that it decreased monotonically with lamellar size.
The probability of tie-molecule formation approached
zero when the size of the interlamellar region (amor-
phous phase) exceeded five times the X-ray long pe-
riod (whereLp= lc+ la) [4]. In estimating the extent
to which tie-molecules of mMDPE extend across stacks
of contiguous lamellae, we have calculated the proba-
bility of tie-molecule formation as a function of long pe-
riod for the weight average molecular weight. In Fig. 4
we compare tie-molecule concentrations with the num-
ber of long period repeats (n) and the number required
for tie-molecule concentrations to decay to zero. The
starting point for each simulation is the SAXS long
period for each polymer. These values are different
for each polymer because the experimentally observed
long period is very sensitive to the degree of short chain

Figure 4 Plot of the relative tie-molecule fractions corrected for volume
fraction crystallinity against the number (n) of selected long periods
based on SAXS data.
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branching, crystallization behaviour and morphology.
While all our polymers show a similar behaviour, poly-
mer E having the largest long period within this set of
materials decayed the fastest. Polymer B on the other
hand having by far the broadest molecular weight distri-
bution and a comparatively small long period decayed
the slowest. Polymers A, C, D and F, followed the same
trend but were intermediate in character. Comparing
our results with published data by Nittaet al.we found
that when the projected long period approaches 60 nm
(3 times 20 nm) for the lowest molecular weight poly-
mer (polymer C), or 100 nm (approximately 6 times
16 nm) for the highest molecular weight polymer (poly-
mer B), the tie-molecule probability decayed to zero.
These sizes fall within the approximate range of 4 to
5 times the interlamellar spacing, which corresponds
closely to the observed results of Nittaet al.[4]. In fact,
we believe this length scale is probably representative
of a large number of semicrystalline polymers and it re-
veals a particular limitation of classical tie-molecules
to extend significantly beyond 5 to 6 times the inter-
lamellar spacing.

Modifications to the above approach by Yeh and
Runt [15] suggest that the critical tie-molecule length
should be approximately twice the X-ray long period,
Lp. The reason for this is that the diameter of gyration
(rather than the radius of gyration) of a random coil in
the melt must be larger than twice the long period in
order for it to possesstrue tie-moleculeforming prop-
erties. In other words, a molecule will not crystallize as
a tie-molecule if the diameter of gyration is less than
twice the long period. Yeh and Runt have shown that
from knowing the relationship between radius of gy-
ration and mean square end-to-end distance that the
lower limit for the formation of tie-molecules should
be 2.45Lp. One salient observation of their work when
applied to folded lamellar crystals with large lateral
dimensions, in contrast to models based on fringed mi-
celles, is the invalid application of the Gibbs-Thomson
equation† in calculating,lc andla.

The resistance of polyethylene film material to tear-
ing and impact is of particular importance to many
packaging applications. Illustrated in Fig. 5 is mechani-
cal property data for tear and dart impact strength on bi-
axially oriented 40µm thick films. The data set is taken
from films oriented along the machine direction. The
tear and dart impact strength is shown plotted as a func-
tion of short chain branch content. Both sets of results
show a continuous rise with comonomer concentration,
however, for polymer A, a discontinuity is observed
which is repeated for polymer F, this time in the dart
impact measurement. In fact, the dart impact strength
that rises to a maximum at polymer B (labelled) exhibits
the same profile as that of the calculated tie-molecule
concentration observed in Fig. 2. This interesting ob-
servation is not observed completely in the tear strength
behaviour. Tearing relative to dart impact is a low strain
deformation process where entanglement types of tie-
molecules can also actively contribute to the behaviour.
The dart impact test on the other hand is sensitive to the

† Gibbs-Thomson equation used to evalutelc from melting data requires
folded lamellar crystals.

Figure 5 Plot of tear and dart impact strength on 40µm thick films
versus short chain branch content.

response from classical tie-molecules, which explains
the apparent discrepancy with short chain branching at
larger tie-molecule concentrations.

4. Summary
Tie-molecule modelling in metallocene catalysed
medium density polyethylenes (mMDPEs) and its rele-
vance to mechanical properties has been demonstrated.
It is shown that a complex interrelationship exists be-
tween the concentration of classical tie-molecules and
molecular weight, lamellar thickness and crystallinity
and the X-ray long period where the latter is influ-
enced by the concentration of short chain branches.
Short chain branching primarily affects the crystalliza-
tion behaviour, lamellar thickness and supermolecu-
lar structure [17]. High molecular weights combined
with high short chain branching and smaller crystal
thicknesses leads to sizeable increases in the predicted
classical tie-molecule concentration. These values were
also lower than reported literature data on heteroge-
neous catalysed systems at equivalent density, indicat-
ing clearly the consequence of regular versus irregular
branching on the lamellar size and spatial distribution.
Tear and impact strength data showed a continuous
increase with short chain branching, varying slightly
with catalysts type but differing significantly at the
highest concentration levels of short chain branching.
These correlations are closely related to those between
classical tie-molecule concentration and the degree of
short chain branching.
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