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ABSTRACT: A series of isotactic polypropylenes were investigated to account for total
defect content using xylene fractionation and carbon-13 NMR experimental methods.
The defects of interest were percent atactic content, copolymer content, and configura-
tional defects. Experimental equilibrium melting temperatures were obtained for each
material using the Gibbs-Thomson equation and extrapolation to infinite crystal thick-
ness or the Hoffman-Weeks analysis. The experimental equilibrium melting tempera-
ture was then compared with the theoretical equilibrium melting temperature pre-
dicted by Flory’s melting point depression model. Flory’s model was found to fit the
experimental data using an equilibrium melting temperature of 186°C when configu-
rational defects are ignored. However, to account for all defects, the equilibrium
melting temperature for 100% isotactic polypropylene must be increased from 186 to
192°C. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 81: 229–236, 2001
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INTRODUCTION

Isotactic polypropylene (iPP) is a polymer with
unique morphological properties. Slight changes
in tacticity, copolymerization, or elevated crystal-
lization pressures can produce one or more of
several types of crystal structures.1–9 Therefore,
the relationship of configurational chemistry,
chemical species, and physical states interact to
determine the stable phases and the thermody-
namic properties of iPP.

An extensive amount of research has been done
to understand the important molecular varia-
bles in iPP crystallization. Various authors3,4,10–13

have used solvent fractionations to link the influ-

ence of molecular variables with crystallization ki-
netics (both bulk and crystal growth) and thermal
properties such as melting temperature, crystalliza-
tion temperature, and latent heat of fusion. Another
body of studies14–20 has used propylene blends to
study the effects of diluent mixture on the various
resin properties. Although these studies have been
instrumental in understanding the effects of chem-
ical microstructure on observable polymer proper-
ties, the effects have not been correlated with
changes in iPP’s equilibrium melting temperature.

The present study is intended to show how
atactic content, configurational defects, and
comonomer content affect the equilibrium melt-
ing temperature of a-iPP. The primary method
used to determine the equilibrium melting tem-
peratures of the resins was extrapolation using
the Gibbs-Thompson equation and a combination
of wide-angle X-ray diffraction (WAXD), small-
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angle X-ray scattering (SAXS), and differential
scanning calorimetry (DSC). Recently, we pub-
lished an article detailing a WAXD/SAXS/DSC
study of isothermally crystallized metallocene
catalyzed iPP (miPP) resins.21 The work showed
the a-monoclinic equilibrium melting tempera-
ture was 186 6 1°C, for the miPP resins in the
study, as measured by this technique. In the
present investigation, the same resins used in the
earlier work will be studied further, along with
three additional resins that differ in molecular
weight, percent xylene solubles, comonomer con-
tent, and configurational defects.

THEORETICAL BACKGROUND

Flory and coworkers22–33 developed the effects of
atacticity, copolymerization, and configurational
defects on the melting temperature from the the-
ory of melting point depression. The change in
melting point occurs due to a difference in chem-
ical potential of the various chemical species in
the system under consideration.

In general, the chemical potential of a sub-
stance J is defined as:

mJ 5 S ­G
­nJ

D
p,T,n9

(1)

where G is the Gibbs free energy, p is pressure, T
is temperature, and n is the number of moles. The
subscript n9 signifies the amount of other compo-
nents in the system. When equilibrium is present
between the crystalline and liquid phases of the
polymer, the chemical potential of the polymer
repeat unit in the two phases must be equal
mu

l 5 mu
c . This thermodynamic relationship de-

fines the melting temperature (Tm) of the solid,
which varies with the composition of both the
liquid and solid phases. If a diluent is present in
the liquid phase, Tm is the temperature at which
the composition is a saturated solution. In a pure
liquid polymer mu

l [ mu
0, where mu

0 is the chemical
potential in the standard state of the pure liquid.
At the equilibrium melting point (Tm

0 ) of the pure
polymer, mu

0 5 mu
c . In the presence of impurities

or a diluent, mu
l will be less than mu

0. Thus, at the
equilibrium melting temperature of the pure
polymer, mu

l , mu
c . This necessitates a decrease in

temperature to reestablish equilibrium mu
l 5 mu

c ,
after addition of the diluent. Thus, the decrease in
equilibrium melting temperature, with addition

of impurities, results from a change in free energy
associated with the dilution of the pure liquid
polymer at a given temperature and pressure.

The impurity/melting temperature depression
relationship has been applied to situations were
there is a noncrystallizable diluent (which can be
a small molecule solvent or a polymer blend),
polymer chain end groups and copolymerization.
The present discussion concerns diluent and co-
polymerization effects. Configurational defects
are treated in a similar manner as copolymeriza-
tion, as explained below.

Diluent

For the case of a crystallizable liquid polymer
containing a diluent at equilibrium with the crys-
talline polymer (mu

c 2 mu
0 5 mu

l 2 mu
0), the effect

of the diluent on the melting point is given by the
Flory-Huggins expression34–36:

1
Tm

2
1

Tm
0 5

R
DHu

Vu

V1
@~1 2 y2! 2 x1~1 2 y2!

2#, (2)

where V is the molar volume of the chain repeat
unit (subscript u) and diluent (subscript l ), x is
the Flory-Huggins interaction parameter and y2
is the volume fraction of the crystallizable poly-
mer in the mixture, DHu is the heat of fusion per
repeat unit and Tm

0 is the equilibrium melting
temperature of the pure homopolymer. Using the
solubility parameter concept, x can be obtained
using37–39:

x 5
Vr

RT ~d1 2 d2!
2, (3)

where d1 and d2 are the solubility parameters
(square of the cohesive energy density) of the two
components, and Vr is the reference volume. The
solubility parameter concept is based on the the-
ory of regular solutions, where there is no heat of
mixing. If the two components form an ideal so-
lution, or the diluent is present in small concen-
trations, eq (2) reduces to the copolymerization
expression.

Copolymerization

In a copolymer consisting of A units which crys-
tallize and B units that do not crystallize, with
the two units occurring in random sequence along
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the chain, the presence of B units depresses the
melting point according to:

1
Tm

2
1

Tm
0 5 2

R
DHu

ln XA (4)

where XA is the mol fraction of A units in the
random copolymer. Equation (4) holds only if the
copolymer units are distributed at random along
the polymer chains. If A and B units of a copoly-
mer occur in separate sequences, the melting
point depression will be less than predicted by eq.
(4). If A and B units tend to alternate along the
chain, the melting depression will be greater.

According to Flory’s original description33 of
what is classified as a copolymer, vinyl polymers
that posses asymmetric carbon atoms consist of
mixtures of d and l structural units. A rigorous
application would include iPP as a copolymer of
meso and recemic diads.

EXPERIMENTAL

Materials

A total of seven resins, supplied by ExxonMobil
Chemical Company, were used in this work.

Three resins are Ziegler-Natta catalyzed isotactic
resins (zniPP) and the other four are metallocene-
catalyzed resins (miPP). One of the zniPP resins
is randomly copolymerized with ethylene
(ZN-5RCP) to give a nominal yield of 5% by
weight, ethylene content.

The molecular weight characteristics of the
resins are given in Table I. All the resins are high
molecular weight, fairly narrow molecular weight
distribution polymers.

Quiescent melting and crystallization temper-
atures, as measured by DSC, are shown for each
material in Table II. The heating and cooling
rates for each cycle are 20°C/min, with a hold time
at 230°C for 5 min before the crystallization cycle
to erase the sample’s thermal history. Under
these conditions the peak DSC melting tempera-
ture ranges from 134.6°C for the copolymer to
167.7°C for the ZNHT homopolymer.

Stereoregularity data for the materials are
shown in Table III. Xylene solubles fractionation
was done to quantify the volumetric amount of
atactic material. Carbon-13 NMR was performed
to analyze the configurational stereochemistry of
xylene insoluble material and to accurately calcu-
late the percent ethylene content. The earlier ar-

Table I Resin Molecular Weight Characteristics

Sample Code Catalyst MFRa Polydispersity Mz (Kg/mol) Mw (Kg/mol) Mn (Kg/mol)

M10 Metallocene 10 2.65 454.7 256.4 96.8
M22 Metallocene 22 2.25 324.9 192.1 85.4
M32 Metallocene 32 2.28 287.4 172.5 75.6
ZN35 Ziegler-Natta 35 3.29 427.9 189.1 57.5
M100 Metallocene 100 2.27 219.0 123.6 54.5
ZNHT Ziegler-Natta 36 2.22 — 131.1 59.0
ZN-5RCP Ziegler-Natta 31 2.26 — 150.1 66.5

a g/10 min at 230°C.

Table II Resin Thermal Properties as Measured by DSCa

Sample Code

Melting Temperature (°C)
Crystallization

Temperature (°C)
Melting Enthalpy

(J/g)Peak Onset Peak Onset

M10 149.0 140.8 104.1 109.1 80
M22 150.9 143.4 100.2 105.5 84
M32 150.6 143.2 100.2 105.7 84
ZN35 163.8 152.4 102.6 109.1 91
ZNHT 167.7 160.1 115.0 120.8 98
M100 147.1 140.1 103.6 108.4 81
ZN-5RCP 136.4 129.2 93.1 97.8 43

a Heating and cooling rates of 20°C/min.
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ticle21 should be referred to for experimental con-
ditions of xylene fractionation and cNMR proce-
dure.

Determination of Equilibrium Melting Temperature

The value of Tm
0 for all six homopolymers was

determined using SAXS, WAXD, and DSC mea-
surements. WAXD was used to determine the per-
cent crystalline fraction and DSC the melting
temperature of each sample. SAXS was used to
determine the long period, which was then mul-
tiplied by the WAXD percent crystallinity to yield
the lamellae thickness. A plot of melting temper-
ature vs. inverse lamella thickness was then
constructed. An extrapolation to infinite crystal
thickness was made to determine the Tm

0 , as
shown for ZN35 and ZNHT in Figure 1.

The copolymer’s Tm
0 was determined using the

Hoffman-Weeks method40–42: when performed
properly, the Hoffman-Weeks method also gives a
reliable value of Tm

0 for a material.

EXPERIMENTAL RESULTS

The molecular weight distributions for the resins
in this study are narrow with all materials having
a relatively high degree of polymerization, as
shown in Table I. Resin M100 has the lowest
degree of polymerization (Mn), with 1298 mono-
meric units. Therefore, the effects of chain ends
can be neglected for these resins, as the maxi-
mum depression will be 0.4 K when considering
chain ends as defects.33

The thermal properties of these materials are
given in Table II. The Ziegler-Natta catalyzed

homopolymer resins have the highest observed
peak melting temperatures, with the miPP ho-
mopolymers having significantly lower melting
temperatures. The copolymer (ZN-5RCP) has an
even lower peak melting temperature than the
miPP resins, by roughly 10 K. The melting en-
thalpy follows the same trend as melting temper-
ature.

The value of Tm
0 for each resin is given in Table

IV. ZNHT, M22, and M32 all have extrapolated
Tm

0 values of 186 6 1°C, while the other materials
fall below 186°C. The copolymer has the lowest
Tm

0 at 151 6 1°C. One interesting finding is that
ZN35 has the lowest Tm

0 , of the homopolymers,
despite having the second highest peak melting
temperature.

Table III Stereoregularity Characteristics of the Resins

Sample Code
% Xylene
Solubles

% (w/w)
Ethylene [meso]

Meso Run Length
(Number of Monomers)

Defects per 10,000 Units

Regio Stereo Ethylene Total

M10 0.60 — 0.9781 60 91 76 — 167
M22 0.36 — 0.9776 68 43 103 — 146
M32 0.35 — 0.9752 64 44 113 — 157
ZN35 3.62 — 0.9774 102 0 80 — 80
M45 0.41 — 0.9756 67 42 107 — 149
M70 0.48 — 0.9766 63 38 121 — 159
M100 1.33 — 0.9738 52 88 104 — 192
ZNHT 0.30 — 0.9840 200 0 50 — 50
ZN-5RCP 6.72 5.91 0.9827 13a 0 83 680 763

a Ignoring ethylene content would yield an average MRL of 121.

Figure 1 Equilibrium melting temperature of ZN35
and ZNHT determined by direct lamellae thickness
measurements using SAXS, WAXD, and DSC.
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Stereoregularity and xylene solubles data are
shown in Table III. The xylene soluble fraction is
composed of atactic polymer chains, which are
polymer chains that do not crystallize. The cNMR
data are the defect content values after xylene
fractionation to remove the atactic material. The
copolymer contains 5.91 wt % ethylene, of which
79% can be found in -PPPEPPP- sequences. The
mol fraction of meso diads is very similar for all
materials. The difference between the highest
and lowest mole fraction of meso diads is roughly
1%. The average meso run length is computed
from the number of defects per 10,000 monomeric
units. The zniPP homopolymer and copolymer
resins had the fewest configurational defects,
which we define as stereo and regio insertion
errors during polymerization. It is also worth not-
ing that the miPP resins have stereo and regio
defects, and that their total configurational defect
level is twice that of the zniPP homopolymer
resins.

DISCUSSION OF RESULTS

Xylene Insolubles

Atactic polypropylene (aPP) and iPP are soluble
in all proportions under most experimental con-
ditions in the liquid melt. Recent work19 has de-
termined that aPP has a value of d 5 15.14M-
Pa0.5 and iPP has a value of d 5 15.11M-Pa0.5.
When uDdu , 2, solutions usually form. The sol-
ubility parameters for iPP and aPP are extremely
close, which allows the use of an ideal solution for
an aPP/iPP blend.19,33 Therefore, we shall treat
the xylene solubles fraction as a diluent and use
eq (4) directly as the limiting form for the diluent
relationship.

The mol fraction of diluent for each resin is
calculated and tabulated in Table V.

Copolymerization

For the case of iPP copolymerized with PE, the
assumption is made that PE units are preferen-
tially rejected from the growth front under most
crystallization conditions. The samples in this
study were crystallized slowly at high crystalli-
zation temperatures, an environment that should
reduce or prevent any defect incorporation into
the crystal. This is not without fault43–47; exper-
imental results have shown that at high cooling
rates or under quench conditions some defect in-
clusion can occur due to kinetic effects.

The mol percent ethylene content for the copoly-
mer is given in Table V.

Configurational Defects

Isotactic polypropylene can be treated as a copoly-
mer consisting of meso and racemic diads.4,33 De-
fects found (ignoring branching) in zniPP resins
are stereo, while miPP resins have both regio and
stereo defects. There has been no direct experi-
mental evidence to show rejection of configura-
tional defects during the crystallization process in
iPP. However, it seems most probable based on
the knowledge that configurational defects dis-
rupt the helical structure of an iPP chain. Regio
defects would seem to be even more disruptive to
the helix, due to severe methyl group repulsion.
We proposed in an earlier work21 that rejection of
configurational defects into the fold surface re-
gion caused an increase in fold surface energy.

The mol percent of configurational defects is
given in Table V.

Calculation of Equilibrium Melting Temperature

The mol fraction of crystallizable units is defined
as XA and noncrystallizable units XB. XB is the
total mol fraction noncrystallizable units, combin-

Table V Mol Fraction of Substituent Defects

Sample Code

XB (mol Fraction Defects)

Diluent Copolymer Configurational

M10 0.0060 0 0.0219
M22 0.0036 0 0.0224
M32 0.0035 0 0.0248
ZN35 0.0362 0 0.0226
ZNHT 0.0030 0 0.0160
M100 0.0133 0 0.0262
ZN-5RCP 0.0672 0.0733 0.0173

Table IV Measured Equilibrium Melting
Temperatures for the Resins

Sample Code Tm
0 (°C)

M10 185 6 1
M22 186 6 1
M32 186 6 1
ZN35 178 6 1
ZNHT 186 6 1
M100 183 6 1
ZN-5RCP 151 6 1
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ing diluent, copolymer, and configurational de-
fects for each resin:

XB 5 Xdiluent 1 Xcopolymer 1 Xconfigurational (5)

Using this approach, the equilibrium melting
temperature was calculated for each resin using
Flory’s melting depression relationship. Figures 2
and 3 show a comparison of the calculated and
experimental equilibrium melting temperatures,
as a function of molar defect content. In Figure 2,
only the diluent and copolymer effects were in-
cluded; configurational defects are omitted from
the calculation of XB. Figure 3 includes all de-
fects, diluent, copolymer content, and configura-
tional defects. In each case, the solid line is the
theoretical prediction using Flory’s method with
an assumed Tm

0 of 186°C for defect free a-iPP. The
heat of fusion (DHf) was assumed to be 167 J/g,
based on experimental work done on these same
samples.21

Flory noted that defect content less than 1 mol %,
will not likely effect Tm

0 appreciably, due to the low
DHf found in most polymers.33

When considering only the diluent effect for
each resin, the comparison between theory and
experiment are close for the homopolymers. How-
ever, the theory does not accurately predict the
copolymer melting value.

The effects of diluent and copolymer together
are predicted accurately by the Flory theory, as
shown in Figure 2. All data points fall on the

theoretical prediction using the Flory model and
Tm

0 of 186°C.
The mol % ethylene has been modified from the

original total of 5.91 wt %. This was necessary
due to only 79% of the ethylene units being iso-
lated among blocks of propylene units, i.e., ran-
dom. The exact distribution is not known for all
ethylene units; therefore, we split the difference
and used an aggregate of 5.32% as the portion
contributing to the effective random copolymer
content.

When all defects (i.e., diluent, copolymer and
configurational) are included in the molar defect
fraction calculation, as shown in Figure 3, none of
the experimental points lie on the Flory model
line using a Tm

0 of 186°C for the pure, defect free
polymer. Clearly, the theoretical prediction and
experimental work disagree for these conditions.
There are three possible reasons for the observed
difference. (1) The value of DHf used in the theo-
retical calculation is wrong; (2) the value of Tm

0 for
the pure polymer used in the calculation is wrong;
(3) another possible reason is that all previous
researchers failed to account for configurational
defects in their iPP resins.

We know that the value of DHf is not the prob-
lem from experimental verification of DHf on
these resins.21 Within experimental error, the
value of DHf is 167 J/g. The equilibrium melting
temperature of a highly isotactic a-iPP has been
quoted in the literature as having two different
values, 186 and 210°C. Krigbaum,48 Miller,49

Campbell et al.,50 and Bond et al.21 report Tm
0

Figure 2 Calculated and experimental equilibrium
melting temperature vs. mole fraction diluent and
comonomer content. The solid line represents Flory’s
theoretical melting temperature using 186°C as the
equilibrium melting temperature of defect free isotactic
polypropylene (ignoring configurational defects).

Figure 3 Calculated and experimental equilibrium
melting temperature vs. the sum of mole fraction di-
luent, comonomer, and configurational content. The
dotted line represents Flory’s theoretical melting tem-
perature using 192°C as the equilibrium melting tem-
perature of defect free isotactic polypropylene.
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values of 186°C, while Fatou,51 Monnassee,52 and
Fujiwara53 report values near 210°C. Kamide and
Yamaguchi54,55 observed changes in melting tem-
perature with crystallization time. The research-
ers observed that longer crystallization times lead
to higher melting temperatures. This is now un-
derstood to be associated with lamellae thicken-
ing. Lamellae thickening increases as the crystal-
lization temperature increases. Lamella thicken-
ing is the most likely explanation for the two Tm

0

values for highly isotactic a-iPP. Directly measur-
ing the lamella thickness, as we have done, and
making extrapolations to the Tm

0 will decrease the
error found in making extrapolations from the
crystallization temperature alone.

Only recently has stereoregularity information
begun to appear with work associated with deter-
mining the Tm

0 of iPP resins. It is quite possible
that most highly isotactic iPP resins studied in
the past have roughly the same amount of config-
urational defects; therefore, all obtain similar Tm

0

values (by whatever method used).
A calculation using the mol % configurational

defects for each resin, with the corresponding
melting temperature for each resin gives a defect
free Tm

0 for a-iPP of 192 6 1°C, for each resin
within experimental error. Using this new Tm

0 for
defect free a-iPP, Figure 3 shows the new theo-
retical prediction using Flory’s model, indicated
by the broken line.

The new theoretical model accurately fits the
experimental data when all defect types are in-
cluded. This indicates that 192 6 1°C is the
proper, experimentally determined Tm

0 for a de-
fect free, high molecular weight a-iPP homopoly-
mer. This does imply that all previous experimen-
tal work is faulted; it suggests that previous in-
vestigators did not account for configurational
defects that were present in all materials studied.
These results further suggest that the Tm

0 for all
iPP determined thus far are for samples contain-
ing substantial defect content.

CONCLUSIONS

Flory’s theory of melting point depression has
been used to analyze the influence of xylene in-
solubles, copolymer content, and configurational
defects on the equilibrium melting temperature of
a-iPP. The value of Tm

0 for 100% isotactic PP
homopolymer was obtained by extrapolating the
results for our experimental samples to this con-
dition. It was concluded that previously reported

values for the Tm
0 of a-iPP have generally not

properly accounted for the influence of defects in
the molecular configuration of the PP sample. We
propose that when configurational defects are ac-
counted for, the Tm

0 for the a-phase, as deter-
mined by the Gibbs-Thomson extrapolation, in
100% defect free iPP is 192 6 1°C.

The authors wish to thank the ExxonMobil Chemical
Company for supplying the resins used in research and
for carrying out the molecular characterizations. We
also thank them for support of this research and per-
mission to publish it.
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