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1. Introduction

During the 1950s, polymer chemists
succeeded in advancing polymer re-
search several steps forward. Contin-
ued improvements in instruments for
polymer study (such as the electron
microscope and new forms of spectros-
copy), detailed investigations into the
behaviour of polymeric reactions, and
accumulated industry know-how made
possible the building of molecules by
design. Control of properties at the
molecular level led to an array of poly-
mer uses and shapes. A major advance
in polymer synthesis was the develop-
ment of catalysts that exactly control-
led the positioning of atoms attached
to polymer chains, later known as ster-
eoregularity. In 1953 a research team led
by Karl Ziegler [1] discovered that or-
ganic compounds of metals, such as
aluminium alkyl, enabled gas ethylene
to polymerise at room temperature and
at normal atmospheric pressure. Ziegler
also found that his polyethylene did not

consist of ethylene units randomly at-
tached in a branched pattern, as was the
case with the polymers produced by
older methods. The compounds he and
his co-workers had created contained
very ordered, very long, straight-chain
molecules. Shortly after Ziegler’s group
obtained their new polyethylene, Giulio
Natta [2] announced that his laborato-
ry in Milan had used a Ziegler catalyst
to obtain a stereoregular polypropyl-
ene. In this polymer, the atoms of the
propylene units that were not part of
the main carbon chain occurred in a reg-
ular pattern either at one side or the
opposing side of the chain. In his po-
lymerisation of propylene, Natta ob-
tained a mixture of a rubber-like sub-
stance and a plastic material. The only
molecular difference between these two
polypropylenes as outlined by Battjes
& co-workers [3] was the position of the
side groups on the chain. When units
in the chain had the same side group
placement, they were plastic. When the
side groups were randomly placed,
they created a rubber. Changing the
catalyst altered the placement of these
side groups. They were either isotactic
(all on the same side of the chain), syn-
diotactic (alternately at one side and the

opposing side of the chain), or atactic
(randomly at one side or the opposing
side of the chain). By using Ziegler-
Natta catalysts, materials with special
arrangement of side groups in natural-
ly occurring polymers such as cis-
polyisoprene, the natural rubber, could
be duplicated as indicated by Warrick
et al. [4] The manufacture of stereoreg-
ular polymers increases the degree of
crystallinity, and with it the strength,
modulus and density of the polymer.
These catalysts are the basis of the pro-
duction of high-density polyethylene
(HDPE) and isotactic polypropylene.
HDPE has improved thermal, mechan-
ical, and chemical properties over low-
density polyethylene [5]. Isotactic poly-
propylene, consisting of regular ar-
rangements of stereocentres, is a crys-
talline thermoplastic material with
a melting point of nearly 187.7oC,
whereas atactic (stereorandom) poly-
propylene is an amorphous gum elas-
tomer [5,6]. Natta [2], however, report-
ed the polymerisation of rubbery poly-
propylene, which exhibits elastomeric
properties attributed to a stereoblock
microstructure. Blocks of crystallisable
isotactic stereosequences and amor-
phous atactic sequences give rise to a
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thermoplastic elastomer. These elas-
tomers, unlike vulcanised rubbers, sof-
ten and flow upon heating.

2. Metallocene catalyses
Many research groups [5,7-10] have re-
ported a new strategy for the dynamic
stereocontrol of the polymerisation of
1-olefins. They have described an ole-
fin polymerisation catalyst, the metal-
locene catalyst, which was designed to
isomerise between achiral (meso-like)
and chiral (rac-like) coordination ge-
ometries in order to produce atactic-
isotactic stereoblock polypropylene
with interesting thermoplastic elasto-
meric properties. The behaviour of the
catalyst has been interpreted in terms
of its isomerisation, through rotations of
the unbridged π ligands. Depending on
the reaction conditions, a wide distribu-
tion of the isotactic and atactic sequences
is obtained, which leads to polymer prod-
ucts with a wide variety of elastomeric
properties. The microstructure of the
polypropylene produced is considered to
be built up of blocks of atactic and isotac-
tic sequences, with the latter being of suf-
ficient length to co-crystallise with simi-
lar sequences on the other polymeric
chains. The rate of rotation of the catalyst
ligands was shown using dynamic NMR
to be quite rapid at room temperature; in
fact, this process could not be frozen out
even at -100oC [10]. A phenyl substituent
on the indene ligand could in fact [5] in-
hibit the rate of ligand rotation such that
it would be slower than that of monomer
insertion yet faster than the time required
to construct one polymer chain, so that it

will produce long atactic and isotactic
stereosequences. The high melting points
(Tm ~ 137oC) of stereoblock polypropyl-
ene with low percentages of isotactic
pentads (18% ≤  [mmmm] ≤  73%) sup-
port a blocky structure for these mate-
rials [11,12]. Whole polymers produced
using the metallocene catalysts consist
of several fractions that could be sepa-
rated using a series of boiling solvents.
The properties of the various fractions
vary from a semi-crystalline plastic
(with a yield) for the highest isotactic
content, otherwise referred to as the
heptane-insoluble, to a weak gum elas-
tomer with almost no isotactic content
for the ether-soluble fraction. The hex-
ane- or heptane-soluble fraction is
elastomeric in nature, and thus indicates
the presence of the stereoblock isotactic
sequences along with the atactic se-
quences. The isotactic pentad content,
[mmmm], increases with each succes-
sive fraction to reach ca. 70% for the
hexane-insoluble fractions. The distri-
bution of the block size also affects the
mechanical properties of the stere-
oblock polypropylene. Natta [2] report-
ed that, contrary to mixtures of amor-
phous and isotactic polymers with an
overall crystallinity value up to 25%
and accompanied by very low initial
elastic modulus, stereoblock polypro-
pylene with crystallinity values of 25%
shows considerable elastic properties
and reaches reversible elongation val-
ues up to 200%. Stress-strain diagrams
[13] of stereoblock polypropylene indi-
cate that such polymers have initial low
elastic moduli, reversible elongation,
and relative high tensile strength. The
small creep values observed for these

polymers could thus be attributed to the
isotactic crystals acting as cross-links
and thus opposing the flow of the
chains [2,13]. The productivity of the
catalyst as well as the molecular weight
of the produced polymers was found
to be sensitive to the reaction conditions
[5,14]. The increase in the propylene
pressure and the decrease in the polym-
erisation temperature usually lead to an
increase in the molecular weight, prob-
ably because of the increase in the mon-
omer concentration and the slowing
down of the ligand rotations. High mo-
lecular weights could also be obtained
using metallocenes [10], a possible con-
sequence of high regioselectivity [15].
However, molecular weight of the pro-
duced polypropylene had lower values
than those produced using industrial
catalysts [16]. This is probably due to
the increased rate of chain termination
and/or the decreased rate of olefin in-
sertion [17]. While polyolefins ob-
tained with heterogeneous catalysts
have large polydispersities of Mw/Mn

= 5~10 [18], homogeneous catalysts
produce polymers with polydispersi-
ties of 1.5~2.8 [19]. This was also pre-
dicted using the Schultz-Flory statis-
tics [20] for polymers arising from
identical catalyst centres with fixed
rates of chain propagation and chain
termination. Equilibrium melting
points were shown [16] to increase
with the increase in molecular weight
and the decrease in (narrowing of) the
molecular weight distribution.

The metallocene catalysts are usually
activated by the presence of MAO,
methylaluminoxane cocatalyst. Ewen
[21] indicated that a C2-symmetric eth-
anobridged-indenyl-titanocene/MAO
system is catalytic enough to perform
effective homogeneous isospecific pro-
pylene polymerisation. Titanocene
diphenyl, on the other hand, was
shown to afford isotactic polypropyl-
ene with a different microstructure. The
microstructure of the polymer pro-
duced using the former catalyst indi-
cated an enantiomorphic-site control,
while that of the latter indicated a chain-
end control [21,22]. Polymerisation ac-
tivities, stereoregularities, and polymer
molecular weight were all shown to
depend strongly on the co-catalyst iden-
tities and concentrations, thus suggest-
ing strong structure-sensitive ion-pair-
ing effects. Accordingly, it seems that
the unbridged metallocene catalyst fol-
lows a two-state propagation mecha-
nism [23]. The two different schemes
eventually determine the configuration
of the adding monomer units to the
growing chains. These are the chain-

Figure 1. Graphic representation of simulated chains of stereoblock polypropylene of various section repeat
lengths. The black and white squares represent the (d) and (l) stereoisomers respectively.
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end control and the enantiomorphic-
site control, otherwise known as the
catalyst control [24].

In the former, the catalyst may provide
necessary steric hindrance, but the con-
figuration of the chain ends determines
the configuration of adding monomer
units according to a Bernoullian prob-
ability [25]. In the latter, the catalyst is
considered to consist at any given time
of an equal number of D and L prefer-
ring sites. D or L preferring sites will
influence the configuration of the add-
ing units to be either (d) or (l) respec-
tively as defined in the older terminol-
ogy,  without the influence of the con-
figurations of the chain ends [26]. Pol-
ymers produced using these two differ-
ent schemes would have different
microstructures. The first scheme
would tend to give polymer chains of
the type ddddllll; a defect in this case is
followed by units of a similar configu-
ration. Alternatively, the other scheme
will produce a polymer of the type
ddddldddd, known thus as the self-cor-
recting propagation scheme. The prob-
ability that an adding unit in the sec-
ond case would have the same config-
uration as the preference of the catalyst
(D or L) at that particular site is known
as the enantiomorphic probability, α
[24]. Accordingly, Pdd, in the first case
will equal Pll, which is the probability
that a chain end will add a unit of the
same configuration, also known as the
replication probability, Pr. In the second
case, Pld = Pdd ≠ Pll = Pdl implying that
[24], at D preferring sites, Pdd is greater
than Pdl, whereas Pdd at the D prefer-
ring sites will equal Pll at the L prefer-
ring sites, so that α would usually have
a value of 0.5 or higher.

3. Nmr microstructure analysis
The nine resolvable pentad signals of
polypropylene as observed by NMR ex-
periments could be used to differentiate
between the two propagating schemes
used to produce polypropylene stereo-
chemical structures. Stereoblock poly-
mers produced from catalysts with chain-
end control (Bernoullian mechanism)
have the predominant stereochemical
defect as mmrm, and the population ra-
tios of the major pentads are [14]:

mmmr : mmrr : mrrm: mmrm = 1 : 0 : 0 : 1

where m refers to a pair of polypropyl-
ene units with similar configurations
(meso), and r refers to a pair of poly-
propylene units with opposite config-
urations (racemic). The self-correcting
propagation is observed by the signal
mrrm. The population ratio of the iso-
lated racemic pentads in this case will
be in the order of [14]:

mmmr : mmrr : mrrm: mmrm = 2 : 2 : 1 : 0

The sensitivity of the polymer micro-
structure to the reaction conditions [27]
could be depicted by evaluating the iso-
tactic pentad content, [mmmm].

Increasing propylene pressure and de-
creasing polymerisation temperatures
always increase the isotactic pentad
content, which is probably due to the
effect of monomer concentration on the
rate of monomer enchantment at both
sites of the catalyst, the rate of catalyst
isomerisation being independent of the
monomer concentration. Lowering the
polymerisation temperature would,
however, slow down the rate of the cat-

alyst isomerisation, and allows for long-
er sequence propagation times [28].

Statistical modelling of the 13C NMR
spectra of the polypropylene produced
using these catalysts could not be ac-
commodated with simple Bernoullian,
first-, second-order Markovian or enan-
tiomorphic-site control propagation
statistics [28,29], which implies that the
polymerisation mechanism follows the
two-state propagation scheme [23].
Cheng [30,31] has formulated per-
turbed probability analytical equations
based on the perturbations of the Ber-
noullian or the Markovian reaction
probabilities that take into account the
chain-end control and the enantiomor-
phic-site control schemes.

4. Influence of reaction
conditions

As discussed earlier, due to the isom-
erisation of the metallocene catalysts
between the achiral and chiral coordi-
nation geometries, atactic-isotactic
stereoblock polypropylene is pro-
duced. Depending on the reaction con-
ditions, a wide distribution of the iso-
tactic and atactic stereosequences is
obtained (see Figure 1), which leads to
polymer products with a variety of elas-
tomeric properties [10]. This, however,
could be evaluated by investigating the
isotactic pentad content, [mmmm]. In-
creasing propylene pressure and de-
creasing polymerisation temperature
always increases the isotactic pentad
content. This might [23] be due to the
effect of monomer concentration,
[mon], on the rate of monomer enchant-
ment at either site of the catalyst with

Figure 2. Degree of crystallinity of the polymers as a function of the isotactic
pentad content, [mmmm].

Figure 3. Young�s modulus at infinitesimal extension as a function of the
isotactic pentad content, [mmmm].
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er productivity. Interestingly enough,
hafnium catalysts are significantly
more stereoregulating than their zirco-
nium counterparts. This is probably
due to the rate of interconversion be-
tween the two states during polymeri-
sation. Changing the bridging atom
from carbon to silicon had a significant
effect on the molecular weight of the
polymer produced using these bridged
metallocene catalysts [14]. This was
due to the decrease in the rate of chain
transfer processes. Consequently, elas-
tomeric properties of polypropylene
were shown to depend to a great ex-
tent on the type of catalyst being used.
Catalysts that are capable of produc-
ing higher molecular weight and more
stereoregular polymers were found to
give rise to materials with high ulti-
mate extensions and excellent elastic
recoveries with toughness.

5. Kinetics of polymerisation
The kinetics of polymerisation, based
on the Coleman-Fox multistate mecha-
nism theory [23], takes into account
both the chain-end and the enantiomor-
phic-site control propagation schemes.

When the metallocene catalyst is in the
cis-position, atactic sequences are pro-
duced using a chain-end control prop-
agation mechanism. On rotation, the
catalyst switches to the trans-isomer,
thus producing isotactic sequences us-
ing an enantiomorphic-site control

the rate of the isomerisation of the cat-
alyst independent of [mon]. Propene
polymers obtained at room tempera-
ture had rather low degrees of polym-
erisation [32]. This must be due to an
increased rate of chain termination
and/or to a decreased rate of olefin in-
sertion. Nevertheless, the higher the
temperature, the faster the rotations of
the ligands, and consequently shorter
block sequences can be expected to be
produced. This corresponds experi-
mentally to the lower isotactic pentad
content observed at higher tempera-
tures. By varying the catalyst structure
and polymerisation conditions, it
might be possible to produce elasto-
meric polypropylene that exhibits re-
inforced elastic properties [14].
Bridged metallocene catalysts produce
elastomeric polypropylene that is uni-
form in composition, completely solu-
ble in ether and features a narrow mo-
lecular weight distribution. Zirconium
catalysts, unlike the titanium ones, pro-
duce low molecular weight material.
The catalyst is less active and in gen-
eral unstable at conventional polym-
erisation temperatures [33].

Titanium metallocenes failed to pro-
vide significant quantities of polypro-
pylene in toluene solution between -
50 oC and -80oC. The small amount pro-
duced was predominantly isotactic in
nature. The productivity was substan-
tially higher at conventional tempera-
tures [14]. The zirconium and hafnium
metallocenes, however, exhibited high-

propagation scheme. Polymerisation is
carried out according to [34]: *

The rate of rotation of the metallocene
catalyst is characterised by the rate
constants Kf and Kr of switching from
the trans- to the cis-positions and vice
versa respectively. Consequently, the
reactive end of a growing chain would
exist in two possible states that are in
dynamic equilibrium:

Kf [trans] = Kr [cis] (1)

The rate constant of this rotation, oth-
erwise referred to as the equilibrium
rate constant Keq, is defined by:

        Keq = Kf / Kr = [cis] / [trans] (2)

At a Keq of 1, there must be as many cis-
isomers of the catalyst as there are trans
isomers. Each one of these states is thus
capable of adding a monomer unit with
its own rate of propagation, Rp. In both
cases, however, the monomer units add
to the growing chain with a rate con-
stant Kp, since the rate of the catalyst
rotation is slow enough to allow for the
insertion of many consecutive mono-
meric units to a single sequence. The
propagation rate constants of the cis-
and trans-isomers as compared to that
of the ligand rotation could be safely
assumed to equal each other, known as
the special case II of the Coleman-Fox
theory [35]. The rate of propagation of
isotactic and atactic sequences could
thus be calculated from:

     Rp (isotactic) = Kp [M][trans] (3a)

     Rp (atactic) = Kp [M][cis] (3b)

However, the rate of initiation (forma-
tion), RI, of the cis- and trans-metal-
locene catalysts must be related to the
amount of cis- and trans-isomers avail-
able during the polymerisation reac-
tions. These are given respectively by:

               RI (trans) = Kr [cis] (4a)
               RI (cis) = KP [trans] (4b)

The kinetic chain length (υ) of a partic-
ular sequence is defined by [36]:

(5)

Therefore, the average block length of
the isotactic and the atactic sequences,
υi and υa, respectively, could be calcu-
lated from:

       υi = Kp [M][trans] / Kr [cis] (6a)Figure 4. Degree of crystallinity of the polymers as a function of the isotactic pentad content, [mmmm].
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       υa = Kp [M][cis] / Kf [trans] (6b)

At dynamic equilibrium, Kf [trans] = Kr

[cis]. Therefore,

     υi = Kp [M][trans] / Kf [trans]
       = Kp [M] / Kf

(7a)

and,

     υa = Kp [M][cis] / Kr [cis]
       = Kp [M]/Kr

(7b)

The relationship between both average
lengths could thus be calculated from:

   υi/υa = (Kp [M]/Kf) x (Kp [M]/Kr)
             = Kr/Kf = 1/Keq (8)

or,

    Keq = υa/υi (9)

which implies that the average block
length of atactic sequences is related
directly to that of the isotactic se-
quences by the rate of the catalyst ro-
tation which naturally depends on the
reaction conditions. Given the average
block length of isotactic sequences, υi,
the rate constant of the ligand rota-
tion, Keq, the Bernoullian (replication)
probability, Pr, and the enantiomor-
phic probability, α, fully representa-
tive polymeric chains could thus be
simulated.

6. The polymerisation model
The model of polymerisation assumes
the randomness of the stereochemis-
try of the first sequence, isotactic or
atactic. If isotactic, a preference is thus
randomly given to the catalyst site,
which is further used along with the

enantiomorphic probability, α, to
simulate this particular sequence. The
lengths of all the isotactic sequences
are determined by the average block
length of isotactic sequences, υι, on a
Gaussian distribution. If, however, the
sequence was determined to be atactic,
its length could be calculated using υi

and Keq on a Gaussian distribution.
The configuration of the first unit of
this atactic sequence is determined
randomly, and that of every consecu-
tive unit is determined by comparing
the replication probability, Pr, to a ran-
dom number [37]. Other isotactic and
atactic sequences are simultaneously
simulated according to the above-de-
scribed propagation schemes to as-
semble the polymeric chains fully
with respect to their microstructures
(see Figure 1).

The major nine pentads, mmmm,
mmmr, rmmr, mmrr, mmrm, rmrr,
mrmr, rrrr, mrrr, and mrrm, are calcu-
lated by examining the stereochemi-
cal structure of the simulated poly-
meric chains for every different set of
the polymerisation parameters υi, Keq,
Pr, and α, and are further compared
to those determined experimentally
using NMR techniques [26]. The effect
of these parameters on the pentad sig-
nals is made obvious by examining
the change in the major pentads,
mmmm, mmrm, and mrrm. As men-
tioned earlier, the last two pentads are
synonymous with the chain-end con-
trol and the enantiomorphic-site con-
trol propagation schemes respec-
tively. The investigation should there-
fore provide enough information on
the effect of the reaction conditions on
the propagation schemes. The rela-
tionship between the polymerisation

parameters and the reaction condi-
tions could be inferred from observ-
ing the change in the mmmm signal
as the increase in the propylene pres-
sure and the decrease in the polym-
erisation temperature, Tp, always in-
creases mmmm distribution values.
Sliding the chains past one another
longitudinally to search for the larg-
est possible number of matches was
carried out on model annealed sam-
ples (searched, „S” as opposed to
quenched, „Q”). The longitudinal
movement of the chains relative to one
another, out of register, approxi-
mately models the lateral sorting out
of sequences in polymeric chains dur-
ing the annealing process. In sliding
the chains by one another in these
searches, protruding sections were
relocated from one end of the array to
the other so as to keep the number of
comparison pairs constant.

7. The degree of crystallisation
Each unit in the chains was given the
opportunity to be involved in the crys-
tallisation process so long as they oc-
curred in a sequence of a minimum
length suitable for crystallisation and
neighboured with other isotactic se-
quences on neighbouring chains. The
minimum number of units in a se-
quence required for crystallisation is
taken to be fourteen units [6]. This
number corresponds to the thickness
of the smallest crystallite (3.0 nm) de-
tected for the ether-soluble elastomeric
low range isotactic polypropylene.
Isotactic sequences in proper arrange-
ments [38] with neighbouring se-
quences and of sufficient sequence
length would be expected to crystallise

Figure 5. Degree of crystallinity of the polymers as a function of the isotactic
pentad content, [mmmm].

Figure 6. Young�s modulus at infinitesimal extension as a function of the
isotactic pentad content, [mmmm].
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[39-42]. Crystallites formed during
slow crystallisation would grow lon-
gitudinally until meeting a unit of the
other type, and laterally so long as se-
quences of the crystallisable compo-
nent of a minimum sequence length
were available from the amorphous
regions. Values of the degree of crys-
tallinity of the various samples simu-
lated were determined by counting
the units involved in the melting se-
quences relative to the total number
of units. The results are shown in Fig-
ure 2 as a function of [mmmm]. As ex-
pected, the degree of crystallinity in-
creases with [mmmm] as a conse-
quence of the increase in the
crystallisable isotactic content.

The chain-matching process only re-
sulted in the decrease of the percent
crystallinity values. The crystallinity

values predicted for the quenched and
searched (annealed) cases are obvi-
ously less than those predicted using
the melting point depression relation-
ship [20], and are more comparable to
values determined experimentally [14].
It should be noted here that for the
whole range of [mmmm] crystallinity
had a positive value, in contrary to
atactic polypropylene which shows no
sign of crystallinity. This crystallinity
is the result of the presence of the
isotactic blocks in the stereoblock
polypropylene, which are capable of
segregation and separation from the
amorphous part of the polymer to
form crystallites. These crystallites
would act as cross-links, thus reinforc-
ing the polymer networks and caus-
ing the attractive properties of
stereoblock polypropylene as illus-
trated by Natta [2].

8. Moduli of the elastomeric
networks

The theory of rubber-like elasticity the-
ory [43,44] relates the modulus of elas-
ticity to the number of crystalline se-
quences acting as cross-links, with the
sequences in the amorphous state con-
tributing as elastomeric chains. If the
number of crystalline sequences per
unit volume is represented by υc, then
Young’s modulus at infinitesimal de-
formations is given by

               YO = 3RT (υc / N1) (10)

where
N1 is the number of the units actually
participating in the formation of the
crystallites. The values of Young’s
modulus predicted from the simulated

Figure 8. Characteristic ratio, Cn=<r2>o/nl2, of syndiotactic PP, PB, PH,
and PO as a function of the degree of polymerisation, X, calculated at 473K.

Figure 7. Characteristic ratio, Cn=<r2>o/nl2, of isotactic PP, PB, PH, and
PO as a function of the degree of polymerisation, X, calculated at 473K.

Figure 9. Characteristic ratio, Cn=<r2>o/nl2, of atactic PP, PB, PH, and PO
as a function of the degree of polymerisation, X, calculated at 473K

Figure 10. Probability distribution surface P(φi,φi+1) for the torsional angles
(φi,φi+1) of polyethylene

P
φφφφ φ i, φφφφ φ
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values of υc are shown in Figure 3. As
indicated in the figure, a wide variety
of polypropylene samples with differ-
ent mechanical properties could thus
be produced depending on the
isotactic content of these samples. The
samples could range from plastic poly-
mers with higher initial elastic modu-
lus, higher tensile strength and lower
elastic elongation, to true elastomeric
polypropylene.

9. Effect of block size
Different stereoblock polypropylene
fractions of increasing isotactic block
lengths were also simulated using
Monte Carlo methods to model the ef-
fect of increasing the isotactic block
length. Every simulated chain is di-
vided into equally long sections, and
every section will consist of one
isotactic sequence as well as one
atactic sequence. For all the computa-
tions carried out in this case, the in-
crease in the length of the isotactic
sequences is made at the expense of
the length of the atactic ones in order
to keep the section length constant. An
illustration of this arrangement is
shown in Figure 4.

The increase in the isotactic block
length will naturally be reflected on
the values of the isotactic pentad con-
tent, [mmmm]. The values of the de-
gree of crystallinity of various
polypropylene samples with different
isotactic block sizes are shown in Fig-
ure 5 as a function of [mmmm]. As
expected, the degree of crystallinity
increases with [mmmm] as a conse-
quence of the increase in the
crystallisable isotactic content. The
chain-matching process also resulted
in the decrease of the percentage crys-
tallinity values. The values of Young’s
modulus predicted from the simu-
lated values of υc in this case are
shown in Figure 6. It is obvious from
the figure that the increase in the
isotactic block length might have had
an increasing effect on the thermody-
namic properties of crystallisation,
but had no effect on Young’s moduli
for almost all the range of the isotactic
content. This is because the elasticity
of the samples will only depend on the
number of the amorphous sequences
present within the polymeric net-
works. At the vicinity of high isotactic
content, the number of the amorphous
sequences decreases as a result of the
joining of the crystalline isotactic se-
quences, hence the drop of the
elastomeric moduli.

10. Chain conformational
analysis

Conformational analysis of polyolefins
could be achieved using the rotational
isomeric state model (RIS) [45-47]. RIS
is normally used for vinyl chains for
the calculation of the random-coil un-
perturbed dimensions <r2>o of
polyolefins such as polyethylene
chains [45,48] and polypropylene
chains of various stereochemical com-
positions [48]. The characteristic ratio
is thus given by:

                 l/nrCn

22

0

= (11)

The characteristic ratios Cn calculated
according to Eq 14 for the various 1-
olefin homopolymers are shown in
Figures 7, 8 and 9 for the isotactic, syn-
diotactic, and atactic homopolymers,
respectively.

A gradual increase in Cn was observed
for all the different homopolymers
with X, the degree of polymerisation
(which levels off around X=100) indi-
cating that the characteristic ratio at
these levels is very close to its value in
the limit of very large X. This is also
an indication that the value of 200 units
chosen for the degree of polymerisa-
tion for the homopolymers and the
copolymers is sufficiently high, and

that the behaviour of the characteristic
ratio at this value is independent of the
degree of polymerisation and rather
dependent on the nature of the chain
microstructure of the various poly-
mers. For the isotactic case, Figure 7
illustrates the natural increase in Cn

with the increase in the side chain
length, since chains with a larger
substituent are highly strained and
experience stronger repulsive first-
order interactions. The behaviour ob-
served is consistent with suggestions
that persistence length begins to in-
crease owing to an increase in the side
group length [49]. Interestingly, a fur-
ther increase in the side chain length
results in the eventual decrease in the
characteristic ratio, as is the case with
1-octene homopolymer. This abnor-
mal result is due to the increased fre-
quency for potential overlaps between
the long side chains, giving rise to third-
and higher-order interactions. These
side chains mutually exclude each other
from otherwise accessible space, and
the longer the side chain is, the more
relevant this space exclusion must be.
At such a point, when the side chains
are long enough and much more ex-
cluded space is therefore necessary, the
main backbone chain may have to coil
onto itself to allow the longer side
chains to point outwards, giving rise to
a much lower value of the unperturbed
end-to-end distance and subsequently
lower values for the characteristic ratio.

Figure 11. Probability distribution surfaces P(φi,φi+1) for the torsional angles (φi,φi+1) in case of isotactic
homopolymers.
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Figure 13. Probability distribution surfaces P(φi,φi+1) for the torsional angles (φi,φi+1) in the case of
atactic homopolymers.

This conformational behaviour may in
fact explain the experimental observa-
tion that some sort of transition in the
physical properties such as the specific
volume or the intrinsic viscosity of
poly(1-olefin)s does occur with the in-
flection point around the poly(1-
hexene) and/or poly(1-heptene) [51,52],
with the melting point observed for
poly(1-octene) as low as –20 oC. Similar
observations could also be obtained for

the syndiotactic cases (Figure 8). The
curtailed increase in the characteristic
ratio of the syndiotactic polymeric
chains with the increase in the side
chain length is due to the influence of
the syndiotactic placements in obstruct-
ing the perpetuation of the preferred
helix conformation for the perfect
isotactic chain. The physical basis for
these results is that the syndiotactic
chain is being forced toward the helical

conformation represented by
(g+g+)(tt)(g-g-) (tt)(g+g+)(tt), etc. Com-
parison between the results obtained for
stereoregular cases (Figures 7 and 8),
and those obtained for the irregular
atactic polymer chains (Figure 9), indi-
cates the sensitivity of the unperturbed
dimensions of the polymeric chains to
the stereochemical microstructure.

In the case of the atactic polymer, Cn

did increase with the increase in the
side chain length, but showed no maxi-
mum at PB or PH. In fact, PO had the
highest Cn of all studied atactic
homopolymers due to the lessening of
the side group crowding effect.

11. Probability distribution
surfaces

Following the method of Mattice et al.
[52], utilising molecular dynamics
simulations of polymeric fragments of
ten repeat units in vacuum at 473K us-
ing the Cerius2 software package (MSI)
and employing the COMPASS
forcefield [53], the probability distribu-
tion surfaces of poly(1-olefins) could be
evaluated. The duration of the
simulations was chosen to be long
enough (10 ns) to allow sufficient sam-
pling of the conformational space. In all
cases, the initial conformation, where all
the internal backbone bonds are in the
trans state, was minimised using a con-
jugate gradient method. The simulation
was then performed by using the Verlet
algorithm [54] to integrate the equation
of motion for all atoms with time incre-
ments of 0.5 fs. Hydrogen atoms were
included explicitly.

Isothermal conditions were maintained
by rescaling the instantaneous velocities
of the atoms at intervals of 1 ps. From
the history of dihedral angles, a wide
variety of torsional states was observed
to have been visited by the backbone
bonds of all the fragments, with sub-
stantial fluctuations taking place over
time ranges of picoseconds. However,
a closer examination of the time and
space distribution of dihedral angles
indicated that the torsional motions of
the two bonds centred about the car-
bon atoms bearing the side chains are
not independent of each other but oc-
cur in a concerted fashion. A system-
atic analysis of pair correlation be-
tween neighbouring bonds is made
possible by examination of the prob-
ability distribution surfaces con-
structed as a function of two consecu-
tive bond rotations (Figures 10-13).
The basic procedure involves the

P
φφφφ φ i, φφφφ φ

i+
1

P
φφφφ φ i, φφφφ φ

i+
1

P
φφφφ φ i, φφφφ φ

i+
1

P
φφφφ φ i, φφφφ φ

i+
1

Figure 12. Probability distribution surfaces P(φi,φi+1) for the torsional angles (φi,φi+1) in the case of
syndiotactic homopolymers.
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consideration of the conformational
space defined by the complete revo-
lutions of two adjacent bond angles,
φ i and φ i+1, dividing it into small
subspaces (36 x 36) of dimensions (∆φi,
∆φi+1) = (10o, 10o) and recording the
overall residence time in each
subspace. Normalisation of the latter
yields the probability P(φi,φi+1) of oc-
currence of the joint state (φi,φi+1) rep-
resentative of a given subspace. Fig-
ure 10 illustrates the probability dis-
tribution surface for polyethylene. In
the figure, it is obvious that the most
preferred dihedral angle pair correla-
tion is tt which has the highest prob-
ability of occurrence. The dihedral
pairs of tg± and g±t do exist but with less
probability of occurrence, followed by
a small probability for the pairs g±g±, in
complete agreement with the well-
known data for polyethylene [45,48].
Figures 11, 12 and 13 represent the prob-
ability distribution surfaces for the vari-
ous isotactic, syndiotactic and atactic
homopolymers respectively. In all the
figures, a refers to PP, b refers to PB,
c refers to PH and d refers to PO. Fig-
ure 11 indicates the influence of in-
creasing the side chain length in case
of the isotactic homopolymers on the
probability of occurrence of a joint
state. It is obvious that the increased
length of the side chain has increased
the probability of the joint states g±t
on the expense of g±g± pairs leading,
therefore, to an apparent extension of
the polymeric chains. A further in-
crease in the side chain length, as is
the case of PO, has actually reversed
this effect as evident by its probabil-
ity distribution surface. This could be
illustrated by considering the proxim-
ity of the side chains in a polymer with
large substituents.

The side chains are separated by only
two bonds in the main chain between
the sites of attachments of the
branches; the first atoms in the two
successive branches can participate in
a second-order interaction. Side chain
crowding near the backbone produced
by a possible high density of the side
chains will occur.

This will lead to short range interac-
tions of higher order contribution to
the overall configuration partition
function. Similar behaviour was also
obtained for the syndiotactic stere-
ochemical structures (Figure 12). Inter-
estingly, syndiotactic PO had a better-
ordered pair correlation than isotactic
PO, which is due to the lessening in the
side chain crowding resulting from the
configurational placements of the side

chains along the two sides of the poly-
mer backbone.

The large substituents, all placed on
the same side of the backbone as in the
case of isotactic PO, force the main
backbone to favour more the gauche+

and gauche- dihedral states in order to
accommodate the side chain crowding.
In the case of syndiotactic PO, the side
chains force the polymer chain to as-
sume more of the trans-torsional an-
gle in order to accommodate the large
size of the substituents placed oppo-
site each other along the main back-
bone. The atactic polymers (Figure 13),
as would be expected, show less order
for the pair correlation of the dihedral
angles as compared to both the
isotactic and syndiotactic polymers
(Figures 11 and 12).

q
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