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Modeling DSC Melting Curves of Isotactic Polypropylene – Source 
of Information on Isospecificity of Active Centers 
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Abstract: A method is developed for modeling DSC melting curves of isotactic polypropylene produced with single-
center and multi-center Ziegler-Natta catalysts. The modeling demonstrates that the use of a simple statistical model of 
an imperfectly isotactic polymer and the introduction of several assumptions about the crystallization pattern of isotactic 
blocks in propylene polymers are sufficient for the representation of most characteristic features of their DSC melting 
curves. This type of modeling can be a source of information on the distribution of active centers with respect to 
isospecificity. Several examples demonstrate the utility of this modeling approach.  
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INTRODUCTION  

Differential scanning calorimetry (DSC) is widely 
used for characterization of semi-crystalline olefin 
polymers such as polyethylene and ethylene/ -olefin 
copolymers [1-3], isotactic and syndiotactic 
polypropylene (PP) [1-e,2,4-a,5-8], propylene/ -olefin 
copolymers [4-b,9], and polymers of higher -olefins 
and styrene [2,10] 

Numerous earlier studies have shown that 
interpretation of DSC curves of isotactic PP is a 
complex subject. As soon as modern high-resolution 
DSC instruments became available, it became obvious 
that melting curves of isotactic PP produced with 
heterogeneous Ziegler-Natta catalysts often contain 
several closely spaced melting peaks [11-17]. Multiple 
melting peaks sometimes appear even on DSC curves 
of highly crystalline PP samples thoroughly extracted 
with boiling hydrocarbons to remove small amounts of 
stereo-irregular material. The peak multiplicity is 
especially pronounced when the samples are annealed 
at a single temperature [13-b] or crystallized under 
step-wise conditions [17-c]. Another factor complicating 
DSC analysis of isotactic PP is the existence of three 
crystal forms of the polymer, ,  and , each with a 
characteristic wide-angle x-ray pattern, a different 
melting point (Tm) and a different melting enthalpy 
( Hf

o) [12-b,17-c,18-21].  

The synthesis of imperfectly isotactic propylene 
polymers with single-center catalysts (such as  
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isospecific metallocene catalysts) greatly aided in the 
interpretation of the DSC data. Most such polymers 
have strongly depressed Tm values compared to those 
of highly isotactic PP produced with Ti-based Ziegler-
Natta catalysts [2,4-a,5,6,22]. A similarly strong 
depression of Tm was also observed in copolymers of 
propylene and other -olefins prepared with isospecific 
metallocene catalysts [1-e,4-b,9,15-b]. In both these 
cases, the reason for the Tm depression is obvious, the 
shortening of isotactic sequences in polymer chains 
either due to more frequent steric errors (in 
homopolymers) or due to insertion of -olefin units in 
PP chains (in copolymers). On the other hand, Tm 
values of PP produced with different multi-center 
Ziegler-Natta catalysts are always relatively high, 160 
to 165°C [2,7], but their DSC curves usually contain 
several closely spaced peaks even when a single PP 
crystal form is present [12,16]. 

The usefulness of a relatively simple and 
inexpensive DSC analysis of PP can be significantly 
expanded by modeling the melting curves. Thus, the 
paper discusses modeling the shapes of DSC melting 
curves of imperfectly isotactic PP produced with single-
center and various multi-center polymerization 
catalysts. The principal goal of the article is to 
demonstrate that the presence of multiple melting 
peaks on DSC melting curves of PP produced with 
different multi-center Ziegler-Natta catalysts is caused 
by steric inhomogeneity of the polymers, i.e., by the 
presence in them of several components with a 
different (although usually all very high) degree of 
isotacticity. Within this interpretation, positions of 
maximums on such DSC melting curves and the widths 
of melting transitions provide information about the 
steric purity and steric inhomogeneity of the polymers.  
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EXPERIMENTAL SECTION 

Several PP samples were studied; they all were 
prepared in the laboratory. The following catalysts were 
used:  

(a) Soluble isospecific metallocene catalyst rac-
Me2Si(4-Ph-2-Me-Ind)2ZrCl2 - MAO; 
polymerization at 50°C. Reaction details are 
given in ref. [23].  

(b) Three early heterogeneous catalysts based on -
TiCl3, -TiCl3 and VCl3 with Al(C2H5)3 as a 
cocatalyst All polymerization reactions were 
carried out at 70°C at the propylene partial 
pressure of 3 atm.  

(c) Supported polymerization catalyst of the 5th 
generation [24] containing a diether as an 
internal donor, TiCl4/2,2-di-i-Bu-1,3-(MeO)2-
propane/MCl2, with Al(C2H5)3 as a cocatalyst; 
polymerization at 70°C.  

(d) Post-metallocene Ti complex bis-[N-(3,5-di-t-Bu-
salicylidene)-2,3,5,6-F4-aniline]TiCl2 activated 
with a combination of Al(C2H5)2Cl and 
Mg(C4H9)2; polymerization at 50°C [25]. 

DSC melting curves of the polymers were recorded 
using DuPont 2200, 9900 DSC Systems, Perkin-Elmer 
DSC-7 and TA Q200 instruments. In most cases, 
polymer samples weighing from 5 to 8 mg were first 
melted by heating to 180°C at a rate of 5 or 10°C min-1, 
then they were crystallized and annealed by cooling 
from 180°C to room temperature at a rate of 1°C min-1, 
and, finally, melting curves of the uniformly crystallized 
samples were recorded at a rate of 2 or 5°C min-1.  

Modeling of melting curves was carried out with the 
Mathematica 8.0 program. 

RESULTS AND DISCUSSION 

Modeling DSC Melting Curve of Structurally 
Uniform Isotactic PP 

DSC melting curves of isotactic PP produced with 
soluble single-center metallocene catalysts are usually 
relatively narrow and contain a single asymmetric peak 
(see one example below in Figure 4-A). Tm values of 
these polymers depend on the stereoregularity level. 
For example, a decrease of the fraction of mmmm 
pentads (the most often used 13C NMR parameter of 
PP isotacticity) from 0.98 to ~0.55 is accompanied by a 
decrease of Tm from ~163 to ~85°C [2,4-a,5,6,22]. A 

polymer with the highest experimentally measured 
[mmmm] value of 0.9996 (it was produced with a 
sterically shielded salalen Ti complex) has the highest 
experimentally measured Tm, 169.9°C [26]. Its heat of 
fusion, Hf, is also very high, 104.2 J·g-1.  

The reason for this correlation between Tm and 
[mmmm] values is clear: only long isotactic sequences 
in propylene macromolecules acquire the 31 helical 
conformation and can form crystals. Any interruption in 
the isotactic linking of propylene units in a polymer 
chain leads to shortening of isotactic blocks and, as a 
result, to thinning of the crystalline lamellae. For this 
reason, modeling of the DSC curve of an imperfectly 
isotactic polymer starts with the statistical description of 
a stereoregular polymer chain. 

Basic Statistics of Imperfectly Isotactic Polymers 

A predominantly isotactic PP macromolecule can be 
viewed as consisting of sets of isotactic blocks 
(isotactic monomer sequences) of meso-linked 
propylene units, (iso-P)n. Each such block is flanked by 
two monomer units in the opposite (racemic) stereo-
configuration, as, for example, an (iso-P)n block with n 
= 10: 

               (sequence 1)  
r m m m m m m m m m r 

Sequence 1 is alternatively represented as rm9r. 
The number n of monomer units in an (iso-P)n block 
can vary starting from two (one meso-link) to any large 
number. 

The mechanism of stereo-control in propylene 
polymerization reactions with most isospecific 
catalysts, including bridged metallocene catalysts and 
common Ziegler-Natta catalysts, can be satisfactorily 
described by the stereo-site (enantiomorphic) scheme 
[27]. This mechanism, in its simplest form, is suitable 
for the description of isospecific active centers with a 
high to moderate degree of stereo-control. The 
dominant form of linking of monomer units in a growing 
polymer chain produced with such active centers is the 
meso-linking. If, on occasion, a propylene molecule is 
inserted into a growing polymer chain in the racemic 
configuration (and, thus, a steric error occurs), the error 
is corrected immediately, in the next monomer insertion 
step [28]. Therefore, a segment of an isotactic chain 
with a single steric error can be represented as: 

                 (sequence 2)  
m m m m m m r r  m m m m m 



10     Journal of Research Updates in Polymer Science, 2013 Vol. 2, No. 1 Yury V. Kissin 

Sequence 2 (one monomer unit in an inverted 
position) is the most frequent stereochemical error in 
such chains; this segment contains two adjacent 
racemic links, r and r .  

The formation of such an imperfectly isotactic chain 
mostly containing isolated stereo-errors can be 
conveniently described in terms of two conditional 
probabilities. The probability of the isotactic chain 
growth (the probability of meso-linking), piso, is quite 
high; it would be equal to 1 in the absence of any 
stereo-errors. The probability of a single stereo-error 
(the probability of the r linking in sequence 2) is 1 – piso. 
The probability of the stereo-corrective step (the 
probability of the r  linking) is high and, in the simplest 
case, it is assumed to be equal to piso. 

Many physical and mechanical properties of -olefin 
polymers, including their crystallinity level, Tm (the 
subject of this paper), as well as relative absorbances 
of stereoregularity bands in their IR spectra [28] are 
determined by the presence of long isotactic 
sequences that form polymer crystals. Two statistical 
functions are used to quantify isotactic sequences in 
imperfectly isotactic chains [1-d,12,28].  

1. raction of propylene units in isotactic blocks 
containing n monomer units 

(iso-P)n = n piso
 2 (1 – piso)

2 [piso
 n-2 + (1 – piso)

n-2]  
n piso

 n (1 – piso)
2           (1) 

2. Fraction of propylene units in the sum of all long 
isotactic blocks starting with the block containing 
n units, that is, the fraction of propylene units in 
the sum of blocks (iso-P)n, (iso-P)n+1, (iso-P)n+2, 
etc., 

(iso-P)n = piso
 n [ piso

 2 + (n + 1)·(1 – piso) + n·(1 – piso)
2] 

+ (1 – piso)
 n [ piso·(n + 1)·(1 – piso) + 1 + n·piso

2]   
piso

 n [ piso
2
 + (n + 1)·(1 – piso) + n·(1 – piso)

2]       (2) 

Three examples of the (iso-P)n function are shown 
in Figure 1, one for a highly isotactic polymer with piso = 

0.98 and the other two for polymers of moderate 
isotacticity with piso = 0.95 and 0.92. It is obvious that 
most propylene units in all three examples are 
positioned in long isotactic blocks that account for 
crystallinity of the polymers. The distribution of 
propylene units strongly depends on the piso value: the 
higher piso, the higher is the fraction of propylene units 
in long crystallizable isotactic blocks. In the case of a 
polymer with piso = 0.98, the largest fraction of 
propylene units is in blocks ranging from 50 to 60, for 

piso = 0. 95 in blocks from 20 to 25, and for piso = 0.92 in 
blocks of ~12 units. It is obvious also that the 
distribution of the block lengths is quite broad for highly 
isotactic polymers and is narrower for polymers of a 
moderate isotacticity level. 

 

Figure 1: Monomer unit distribution in isotactic blocks of 
different size in sterically uniform PP of different isotacticity 
level. 

At the present time, the 13C NMR technique is the 
dominant method for the evaluation of PP 
stereoregularity. The stereochemical nomenclature of 
the NMR method has been universally accepted for the 
description of polymer stereoregularity in general. For 
example, if a segment of a polymer chain containing a 
single steric error is described by sequence 2 shown 
above, the polymer chain contains a single mrrm 
pentad in the center of the segment flanked by two 
mmrr and two mmmr pentads. The two most often 
reported 13C NMR parameters of imperfectly isotactic 
PP polymers are the contents of iso-triads, [mm], and 
iso-pentads, [mmmm]. Their definitions in terms of piso 
are [28]:  

[mm] = piso
3 + (1 – piso)

3 and [mmmm] = piso
5 + (1 – piso)

5

             (3) 

Comparison of Experimental Tm Values and 
Statistics 

Figure 2 shows melting points of a series of 
structurally uniform PP samples prepared with 
metallocene catalysts (data from [22]) as a function of 
piso. The structural uniformity of such polymers (the 
same isotacticity level for all the macromolecules in a 
given polymer) was confirmed by the Tref method 
[2,29]. The piso values in Figure 2 were calculated from 
NMR data using Equation 3.  
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Figure 2: Melting temperatures of PP produced with 
isospecific metallocene catalysts as a function of piso value. 
Experimental data from [22]. 

As Figure 1 shows, the distribution of propylene 
units in blocks (iso-P)n of a different size in a sterically 
uniform polymer has a maximum which corresponds to 
the size of the "most abundant" isotactic sequence. 
The position of this maximum as a function of n is 
determined from Equation 1 at d[ (iso-P)n]/dn = 0: 

nmax = –[ln(piso)]
–1          (4) 

As one can expect, nmax strongly increases with piso. 

It is very instructive to plot experimentally measured 
Tm values of isotactic metallocene-catalyzed PP 
polymers from Figure 2 vs. their nmax values calculated 
from NMR data with Equation 4. This dependence is 
shown in Figure 3-A.  

The plot has two distinct ranges. The range at the 
right characterizes polymers with relatively large nmax 
values starting from ~50 and, respectively, polymers 
with a high isotacticity degree, with [mmmm] > 0.90 
and piso > 0.98. Such polymers have high Tm, in the 
150 - 165°C range, and their Tm values change only 
slightly with nmax.  

Isotactic PP, as well as most semi-crystalline 
polymers, crystallizes in the lamellar form. The 
relationship between the lamella thickness l (Å) and the 
number n of propylene units in it is l (Å) = lstep n, where 

lstep = 2.17 Å is the length of one propylene unit in the 
isotactic chain in the 31 helical conformation. In 
general, the range of high nmax values, above ~50 in 
Figure 3-A, and the respective lmax range, above ~110 
Å, is very close to the published median values of the 
lamella thickness distribution in highly isotactic PP, 
from 100 to 150 Å [30].  

Thus, the range of nmax > 50 in Figure 3-A can be 
rationalized as the effect of chain folding during 
crystallization, the same as chain folding in 
polyethylene and in high molecular weight n-alkanes 
[31]. Figure 1 shows that propylene units are arranged 
in a variety of isotactic blocks (iso-P)n, from very long to 
quite short, and the distribution of propylene units in the 
blocks varies depending on the piso value (Equation 1). 
The nature and the size of the folds, the loops which 
connect isotactic sequences in crystalline lamellae, are 
not uniform. Some loops contain propylene units in the 
racemic configuration (sequence 2); other loops are the 
parts of long isotactic blocks themselves. As an 
additional complication, the thickness of the crystalline 
lamellae in PP, as well as in other semi-crystalline 
polyolefins, depends on the rate of crystallization from 
the melt. 

The left side of Figure 3-A characterizes melting of 
PP polymers with nmax < 50, and, respectively, with piso 

below 0.98. Melting points of these polymers sharply 
decrease as the nmax value decreases. These nmax 
values are all lower than the average number of 
monomer units in the lamellae of highly isotactic PP 
and one can assume that such shorter isotactic 

     

Figure 3: A - Melting temperatures (from Figure 2) vs. the size of the most abundant propylene block in PP (calculated with 
Equation 4). B - Experimental data from Figure 3-A in coordinates of Equation 6. 
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sequences mostly crystallize in the fully extended form, 
similarly to crystallization of short n-paraffins [31]. 

Two-Stage Crystallization Process 

When a sterically uniform, imperfectly isotactic 
polymer is slowly crystallized from the melt at a 
gradually decreasing temperature and then slowly 
annealed (when the crystallized sample continues to 
cool), the following sequence of events takes place 
(Table 1). Early in the crystallization process, at 
relatively high temperatures, all long isotactic blocks 
with n higher than a particular nlimit value (the value we 
assume to be very close to nmax value) rapidly 
crystallize in the chain-folded morphology and provide 
the framework for the spherulite structure. 

After crystallization of long propylene blocks into 
lamellae with folded chains is completed and while the 
temperature of the polymer sample continues to 
decrease, secondary crystallization of the remaining 
shorter (iso-P)n blocks begins. These propylene blocks 
mostly crystallize in the fully extended form and 
produce thin lamellae. Finally, very short propylene 
blocks with n lower than a particular minimum n value, 
nmin, do not crystallize when the samples are cooled to 
room temperature, although some of them can be 
forced to crystallize at lower temperatures. 

Below, the two stages of the crystallization and 
subsequent melting behavior are discussed separately. 
Model 1 provides a quantitative melting model of chain-
folded lamellae containing long isotactic blocks, the 
range of high nmax values in Figure 3-A. Model 2 gives 
the melting model of thin lamellae formed in the 
process of secondary crystallization when the dominant 
factor determining the Tm value is the total length of 
crystallizable (iso-P)n blocks, the range of low nmax 
values. 

Dependence Between Melting Temperature and 
Lamella Thickness 

In general, the dependence between the equilibrium 
melting temperature of a polymer lamella, Tm, and the 

crystal thickness (lamella thickness l corresponding to 
the number of monomer units n = l/lstep) is usually 
described by the Thompson-Gibbs equation [31-d]: 

Tm (K) = Tm
o·(1 – /l) = Tm

o·[1 – ( /lstep)/n)]       (5) 

The Tm
o value in Equation 5 is the equilibrium 

melting temperature of the infinitely thick lamellar 
crystal. Various estimations for isotactic PP give greatly 
varying Tm

o values, from 443 to 493K [2,4-a,11,13-
b,19,22,26,32]. The  parameter in Equation 5 is a 
constant related to the free energy of the fold surface 
and the bulk free energy of fusion [10-b,31-b,31-d].  

The practice of DSC analysis is far removed from 
equilibrium conditions of crystallization and melting. All 
the DSC steps are carried out non-isothermally. 
Therefore, several empirical parameters should be 
introduced when crystallization and melting of PP with 
different piso values is modeled. In particular, the Tm 
value of a given polymer depends on the heating rate: 
the higher the rate the higher is Tm. In practice, the Tm

o 
value is determined empirically, as a limit Tm value for a 
perfectly isotactic polymer (a polymer with piso  1.0) 
measured under given DSC recording conditions. The 

 value also depends on the crystallization conditions 
and cannot be independently estimated either. Instead, 
empirical expressions are usually used to describe 
experimental Tm vs. l data. 

Equation 5 holds when all the lamellae have the 
same thickness l. Of course, real PP polymers have 
isotactic blocks of a widely varying length (Figure 1) 
and the nmax value characterizes the average lamella 
thickness, lav = lstep·nmax. Several computational trials 
showed that the utility of Equation 5 for the description 
of experimental data in Figure 3-A can be improved if 
one assumes that the average thickness of the 
lamellae formed in the process of the primary 
crystallization is slightly higher than lstep·nmax and can 
be represented as lav = lstep·nlimit = lstep·(nmax + ) where 

  2.5. The introduced correction is quite small in the 
case of highly isotactic polymers: the nlimit/nmax ratio is 

Table 1: Crystallization of Different Isotactic Blocks in Sterically Uniform PP 

Isotactic blocks (iso-P)n Content Type of crystallization 

Long crystallizable 

blocks, n  nlimit 

Equation 2 Primary, at high temperatures. 

Model 1, Equation 11. 

Short crystallizable 

blocks, nlimit > n > nmin 

Equation 1 Secondary, at low temperatures. 

Model 2 , Equation 12. 

Short non-crystallizable 

blocks, n  nmin 

Equation 2,  

nmin = 8 - 9 

Blocks are too short to 

crystallize at 20°C 
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merely ~1.02 at piso = 0.99, ~1.04 at piso = 0.98 and 
~1.1 at piso = 0.96. 

Thus, Equation 5 for isotactic PP can be rewritten 
as:  

Tm (K)  Tm
o·[1 – ( /lstep)/nlimit)]   

             Tm
o·{1 – ( /lstep)/(nmax + )]}        (6) 

Equation 6 should be regarded as semi-empirical. 
Its main advantage is its suitability for presenting the 
Tm vs. nmax dependence (such as the one in Figure 3-

A) in a unified way in the whole range of nmax values. 
The only objective applicability criterion of Equation 6 is 
the estimation of Tm

o; it should be close to the highest 
experimentally measured Tm, ~443K [26]. 

Parameters in Equation 6. Figure 3-B shows the 
best fit for the experimental data from Figure 3-A in the 
coordinates of Equation 6, Tm vs. nlimit (solid line); it was 
calculated using the program Scientist (MicroMath). 
The parameters of the calculated curve are: Tm

o = 
442K,  = 5.33, lstep = 2.17. Unfortunately, the fit 
between the experimental data and the calculation is 
the poorest in the nlimit range between ~50 to ~120, the 
range typical for many highly isotactic polymers. 
However, the fit in this nlimit range can be significantly 
improved by neglecting all the points with nlimit <50 (the 
points for piso <0.985). This, much better fit is only 
suited for highly isotactic PP materials with Tm >150°C; 
it gives the following parameters in Equation 6: Tm

o = 
442K (the same as in Figure 3-B),  = 6.105. The 
second part of the experimental curve in Figure 3-A, 
the points for Tm <150°C, is also well represented by 
Equation 6 but with different parameters, Tm

o = 434K,  
= 3.45. Both these latter parameters are strictly 
empirical; they merely provide a good fit for the data 
between 40 and 150°C. Some results for the DSC 
curve resolution presented below give both sets of 
statistical stereoregularity data (piso or [mmmm] 
values), one produced with the local calibration for the 
high nlimit range (it gives more precise results for 
polymers with piso >0.985) and another, in parentheses, 
produced with the general calibration curve shown in 
Figure 3-B. 

Modeling the Shape of DSC Melting Curve of 
Sterically Uniform, Imperfectly Isotactic PP 

Macromolecules of sterically uniform, imperfectly 
isotactic PP contain both relatively long and relatively 
short isotactic sequences (Figure 1). They form two 
different types of polymer lamellae, relatively thick 
lamellae formed during the primary crystallization stage 

and relatively thin lamellae formed during the 
secondary crystallization age 

Models for Two Types of Polymer Lamellae  

Model 1 describes melting curves of thick lamellae. 
The model is based on three assumptions: 

1. Long isotactic sequences crystallize in the 
folded-chain morphology. 

2. For a given polymer, there exists an average 
thickness of the crystalline lamellae, lav (Å), 
which depends on the isotacticity degree, 
thermodynamics of chain folding, and on 
crystallization conditions. The lav value for a 
sample of imperfectly isotactic PP with a 
particular thermal history cannot be estimated 
strictly from the theoretical viewpoint; in can be 
only evaluated experimentally from the Tm value 
measured under given DSC conditions (using 
Equation 6). When such lamellae are 
subsequently melted, their Tm

av value is lower 
than Tm

o for perfectly isotactic PP with piso = 1.0 
because the lav value for the lamella is smaller 
than that for perfectly isotactic PP. 

3. The thickness of different chain-folded lamellae 
is not strictly uniform. Model 1 assumes that l is 
distributed according to the Gauss equation with 
a center at lav: 

Fr(l) = [ (2 )0.5] 1 Exp[–(lav – l)2/2 2]         (7) 

or, in terms of the number of monomer units, nav = 
lav/lstep, 

Fr(n) = [ (2 )0.5] 1 Exp[–lstep
2·(nlimit – n)2/2 2]        (8) 

where Fr(n) is the fraction of lamellae containing n 
monomer units and  is the width of the lamella 
thickness distribution. This assumption is based on the 
fact that DSC melting curves of nearly perfectly 
isotactic PP have a significant width, 7 - 8°C [26], which 
is higher than the widths of DSC melting curves of low 
molecular weight organic crystals. 

Plotting Fr(n) vs. n using Equation 8 gives a 
symmetrical Gauss curve with the maximum at nlimit. 
However, DSC melting curves are plotted in the 
coordinates “heat flow (W·g-1) or heat capacity  
(J·K-1·mol-1) vs. temperature T”. This peculiarity of the 
DSC coordinates calls for a re-formulation of the Gauss 
function; the required function is “Fr(n) vs. temperature 
T” instead of “Fr(n) vs. n” as given by Equation 8. This 
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change is implemented using the following general 
expression [3]: 

Fr(n) = H [dT/dn]          (9) 

where H is the relative apparent heat of fusion at a 
given T. 

The dT/dn term in Equation 8 is produced by 
differentiating Equation 5: 

dT/dn = Tm
o ( /lstep)/n

2         (10) 

Introducing Equations 9 and 10 into Equation 8 and 
replacing n with Tm

o ( /lstep)/(Tm
o – T) from Equation 5 

gives the final expression for the shape of the melting 
curve of chain-folded lamellae of isotactic PP in the 
DSC coordinates: 

HModel 1 = Tm
o ( /lstep)/[(Tm

o – T)2 ( 2 )]  

Exp{–[Tm
o ( /lstep)/2 ]2 [(Tm

o – Tm
av)-1 – (Tm

o – T)-1]2} vs. 
T (K)           (11) 

The dimension of HModel 1 in Equation 11 is K-1; it is 
normalized to 1, i.e.,  HModel 1 dT over the whole T 
range is ~1 (all the heat required to melt the weight unit 
of thick polypropylene crystals). 

Model 2 describes melting of crystals which are 
formed by short isotactic blocks during the secondary 
crystallization stage. The size range of the short blocks 
is nlimit > n > nmin. The fraction of propylene units in 
each short block is given by Equation 1. The model is 
based on the following assumptions: 

1. Comparing n values in this range, which vary 
from ~50 to ~10 - 20, with an average 
equilibrium lamella size for highly isotactic PP 
[30], n = 50 - 60, one can assume that these 
short propylene sequences crystallize in the fully 
extended form. Surfaces of these thin lamellae 
do not contain tightly folded isotactic segments; 
they consist of monomer units in the racemic 
configuration and adjacent meso-linked units 
(sequence 2) as well as end-groups of polymer 
chains. 

2. As the first approximation, each short propylene 
block with nlimit > n > nmin, if it is crystallized at a 
slowly decreasing temperature, co-crystallizes 
only with propylene blocks of approximately the 
same size and they form lamellae of a relatively 
uniform thickness. Within this approximation, the 
fraction of propylene units in the (iso-P)n block, 

the (iso-P)n value in Equation 1, determines the 
fraction of these units in lamellae with the 
thickness lstep n (Å). 

If one assumes that the heat of fusion per one 
propylene unit does not depend on lamella thickness, 
the second assumption in Model 2 signifies that the 
heat flow is proportional to the (iso-P)n value (Figure 
1). As stated above, DSC melting curves are plotted in 
the coordinates "heat flow vs. temperature". Thus, to 
produce a theoretical DSC melting curve for short 
lamellae, one has to change the abscissa in Figure 1; it 
should be “ (iso-P)n vs. T“ instead of “ (iso-P)n vs. n”, 
the same transformation as in Model 1. This 
substitution is also achieved by using Equations 9 and 
10, as above. Following the same procedure as that 
used for the derivation of Equation 11, the final 
expression for the shape of the DSC melting curve of 
thin secondary crystals in Model 2 is produced: 

HModel 2 = (1 – piso)
2 (Tm

o
)2 (Tm

o – T)-3
piso  vs. T (K)

           (12) 

where  = Tm
o /(Tm

o – T). Formally, the HModel 2 value 
increases with temperature, as Equation 12 predicts, 
and ends at a temperature corresponding to nlimit. To 
avoid the step-wise change in the shape of the curve, 
the HModel 2 curve is artificially extended to higher 
temperatures beyond the point of nlimit, either as an 
exponential function Exp(–k T) or as a hyperbolic 
tangent function of T with adjustable parameters.  

To produce a combined model of the DSC melting 
curve of a sterically uniform PP, Equations 11 and 12 
should be combined proportionally to the fractions of 
propylene units in the respective long and short 
sequences: 

Hcombined  (iso-P)n· HModel 1 + HModel 2 vs. T (K)
           (13)  

where n in the first term is nlimit and the contribution of 
the second term is calculated only from nmin to nlimit. 
The dimension of Hcombined is also K-1; it is normalized 
to 1, i.e., Hcombined dT over the whole temperature 
range is ~1; i.e., it is the combined heat spent to melt 
the weight unit of a mixture of both types of 
polypropylene crystals, primary (thick) and secondary 
(thin). 

To convert the Hcombined value to the standard 
parameter of the DSC ordinate, the specific heat flow 
(dimension W·g-1 = J·s-1·g-1) one has to know the 
sample weight, the heating rate R at the melting stage 
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(K·s-1), and the area under the melting curve per g of 
PP (the heat of fusion, Hf, J·g-1). The latter value is 
routinely calculated as one of the results of a DSC 
measurement. Thus, the ordinate of the modeled DSC 
curve should be: 

Heat flow (W·g-1) = Hf·R· Hcombined      (14) 

To avoid uncertainties related to heating rates in 
different DSC experiments and differences in the 
crystallinity degree of different PP samples (which are 
proportional to the Hf value), the modeling of DSC 
melting curves described below was carried out with 
Equation 13 instead of Equation 14. The ordinate in all 
the modeled curves shown below is Hcombined (K

-1). 

Polypropylene Produced with Single-Center 
Isospecific Metallocene Catalyst 

Sterically uniform PP materials of high but imperfect 
isotacticity (0.98 < piso < 1) are produced with some 
single-center polymerization catalysts based on 
metallocene and post-metallocene complexes. Figure 4 
compares two DSC melting curves of isotactic PP. 
Figure 4-A shows the experimental melting curve of a 
polymer prepared with a highly isospecific metallocene 
catalyst at 50°C [33]. Judging by the Mw/Mn ratio of the 
polymer, ~2.5, it is produced with practically a single-
center catalyst. High isospecificity of the sample 
explains both its relatively high Tm, ~161°C, and a high 
crystallinity degree, 65% [33]. Such narrow melting 
curves of sterically uniform PP materials are typical for 
other polymers produced with isospecific single-center 
metallocene catalysts as well [34] provided that 
polymer samples were pre-melted and crystallized 
before DSC recording.  

The curve in Figure 4-B was calculated with 

Equation 13 using a single parameter piso = 0.992, it 
corresponds to [mmmm] = 0.961. The average number 

of propylene units in long crystallizable blocks in this 
polymer is ~130 and the calculated position of the DSC 
peak maximum is ~161°C. The effective  value in 

Equation 11, ~30, is a combination of two numbers, the 
instrumental broadening (which is specific for a 

particular DSC instrument and for particular 
experimental conditions) and the real  value in 
Equation 5 characterizing the distribution of the lamella 

thickness. Two components in Figure 4-B show melting 
curves of long lamellae consisting of folded isotactic 

chains (curve 1) and shorter lamellae formed in the 
process of secondary crystallization (curve 2).  

A comparison of Figures 4-A and 4-B shows that 

Equation 13 correctly describes the specific 
asymmetric shape of the melting curve of sterically 
uniform, imperfectly isotactic PP. 

Several points should be made with respect to the 
use of Models 1 and 2 for PP: 

1. Due to the nature of Equation 11, plotting a 
Gauss curve in the DSC coordinates results in a 

shift of the curve’s maximum: Tm values 
calculated with Equation 11 are 0.7 - 2.5°C 

higher than the Tm values used in the 
calculations; the shift is ~2°C in Figure 4-B. The 

exact position of the DSC peak maximum can be 
calculated from the nlimit value. The equation for 
this calculation is given in Appendix. This 

peculiarity of Equation 10 signifies that real Tm
av

 

values of PP with high [mmmm] values are 

   

Figure 4: Modeling melting curve of sterically uniform isotactic PP using Models 1 and 2. A - Experimental melting curve of PP 
produced with isospecific single-center metallocene catalyst. B - Modeling with Equation 11 (curve 1), Equation 12 (curve 2) and 
Equation 13 (see text for details). 
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slightly lower than the temperatures at the 

maximums of their DSC curves. 

2. Due to the nature of Equation 11, the effective 
width of the calculated peak significantly 
decreases as Tm

av approaches the Tm
o value. To 

compensate for this change, an artificial increase 
of the  value can be introduced into Equation 
11 to produce modeled DSC curves with realistic 
widths. 

3. The distortion of the Gauss distribution in the 
DSC coordinates described by Equation 11 and 
obvious from Figure 4-B results in a noticeable 
difference in the shape of the two sides of the 
calculated melting curve. The shape of the curve 
at temperatures below the maximum is 
determined by the existence of thinner than 
average lamellae with folded chains (Model 1) 
and by melting of thin lamellae formed during the 
secondary crystallization stage (Model 2). On the 
other hand, the presence of thicker than average 
lamellae with folded chains, which melt at 
temperatures above the curve’s maximum, is 
virtually unnoticed in the DSC coordinates. 

4. In the literature, the onset of the melting curve, 
which is defined as an intercept of the tangent to 
the low-temperature side of the melting curve 
and its baseline, is often used as the position of 
“Tm”. However, the third assumption of Model 1, 
the existence of a distribution in the lamella 
thickness, and the secondary crystallization 
process described by Model 2 do not justify this 
practice because the shape of the low-
temperature side of a DSC melting curve is 
mostly determined by melting of thinner lamellae. 
Positioning the tangent to a DSC melting curve is 
arbitrary. 

Inspection of Figure 4 shows one clear difference 
between the experimental and the calculated curves: 
the experimental curve in Figure 4-A has a shoulder at 
~140°C. A possible reason for this shoulder can be 
less-than-perfect steric uniformity of the polymer. Some 
minor active centers are usually present in such 
catalyst systems, most probably the centers derived 
from meso-isomers of the metallocene complexes [33]. 
Such centers can produce small amounts of PP with a 
much lower isotacticity degree. These shoulders on 
DSC curves of metallocene-catalyzed PP polymers 
were reported earlier [19] but only at very high cooling 
rates when the -crystalline type of PP can form.  

DSC melting curves of PP samples of low 
isotacticity, with piso < 0.98 and with Tm

 < 140°C, can be 
described exclusively by Model 2. Such polymers are 
prepared with a variety of metallocene and post-
metallocene catalysts of low isospecificity. According to 
Model 2, crystallites of such polymers do not contain 
any folded isotactic segments. Lamellae in such 
polymers are formed by all relatively short isotactic 
segments (iso-P)n in the extended conformation. The 
distribution of the lamella thickness for such thin 
lamellae is given by Equation 1 and its transformation 
in the GPC coordinates by Equation 12 for all n starting 
with nmin. 

Modeling DSC Melting Curves of Multi-Component 
PP 

Polypropylene Produced with Multi-Center Post-
Metallocene Catalyst 

The use of post-metallocene catalysts of low 
isospecificity provides several clear examples of PP 
mixtures containing fractions with different isotacticity 
levels. Figure 5-A shows the DSC melting curve of a 
PP sample prepared with a post-metallocene catalyst 
[25]. This polymer can serve as a structural opposite to 

 

Figure 5: Modeling melting curve of sterically nonuniform 
isotactic PP. A - Experimental melting curve of PP prepared 
with post-metallocene catalyst [25]. B - Modeling with four 
components, three described by Equation 13 and one (broad) 
by Equation 12. 
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that shown in Figure 4-A, i.e., a propylene polymer with 
a very complex melting behavior. The polymer contains 
~35% of the heptane-insoluble crystalline fraction. The 
average [mmmm] value of the unfractionated product is 
merely ~0.35, its crystallinity degree and the Hf value 
are also low, ~10% and ~17 J·g-1, respectively. Three 
crystalline components are observable; their Tm values 
are, respectively, 153, 144 and ~125°C. 

Figure 5-B shows the results of DSC modeling for 
this polymer mixture. It was mostly carried out by a 
trial-and-error method. To achieve a good fit, one has 
to assume that four components of a different 
isotaciticity degree are present in the mixture. The 

Hcombined,i value for each of the four components i was 
calculated with Equation 13 and the combined modeled 
DSC curve was calculated as: 

Hcombined
total = (Fri· Hcombined,i) vs. T (K)       (15)  

where Fri is the weight fraction of the i component. 
Table 2 lists parameters of the four components and 
the Fri values. It seems reasonable to assume that 
these DSC peaks represent separate PP components 
in the polymer mixture, which are formed by active 
centers of a different isospecificity level. 

Polypropylene Produced with Multi-Center 
Supported Ziegler-Natta Catalyst 

It was noticed long ago that propylene polymers 
prepared with Ti-based Ziegler-Natta catalysts, which 
account for the overwhelming majority of all commodity 
PP resins, have relatively broad DSC melting curves 
which sometimes consist of two or three distinct 
components [11-17]. The presence of several 
components is especially noticeable when the melting 
curves of slowly crystallized/annealed samples are 
recorded at low heating rates. The original explanation 
of the multi-peak phenomenon was based on a 
premise that these polymer materials, after fractions of 
decreased stereoregularity were removed from them by 
extraction with boiling solvents (n-heptane or toluene) 

were nearly perfectly isotactic. Therefore, the 
appearance of several melting peaks was interpreted 
as a manifestation of some purely physical 
phenomena, such as complex crystallization/ 
recrystallization processes of the -form of isotactic 
PP, a function of crystallization and annealing 
temperatures [12-b]. However, such clear effects of 
crystallization conditions on the development of 
multiple peaks were found experimentally only when 
single- or multiple-point isothermal annealing steps 
were introduced [13-b,17-c]. 

More recent 13C NMR, Crystaf and Tref data have 
revealed that isotacticity level of PP polymers produced 
with Ziegler-Natta catalysts, although very high, is not 
perfect and that their chains contain the same stereo-
errors (sequence 2) as those found in PP produced 
with metallocene catalysts [2]. These errors are present 
in different (but always small) amounts in different 
components in the polymers. Tref analysis provided the 
most detailed information on the subject. It showed that 
these polymers are in reality multi-component mixtures 
containing, in comparable amounts, fractions of 
different stereoregularity and molecular weight 
[2,28,29,35]. Each such polymer component is 
produced by a particular population of active centers in 
the catalyst. The number of the components usually 
ranges from four to six.  

Table 3 gives one example, the Tref data for PP 
prepared with a supported Ti-based Ziegler-Natta 
catalyst of the 5th generation [35]. The data 
demonstrate measurable differences between piso and 
[mmmm] values of Tref-separated components in this 
polymer. All the components are highly isotactic, 
especially the two dominant ones, components 1 and 
2, which are present in the polymer in comparable 
amounts. 

In the current study, this conclusion was further 
supported by Crystaf data for a similarly prepared PP 
with Mw = 129,500, Mw/Mn = 3.7, [mmmm]av = 0.972. 

Table 2: Parameters of DSC Components in PP Prepared with Post-Metallocene Catalyst (Figure 5-B) 

Component I II III IV 

piso 0.984 0.979 0.975 0.945 

[mmmm] 0.920 0.899 0.881 0.754 

Fr, % 25 11 22 42 

 9.0 7.5 5.5 10.0 

Tm (DSC) 152 148 144 130 

nlimit  63 50 42 21 
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Figure 6 shows the Crystaf curve of this polymer and 
its resolution into individual components. The 
procedure for the resolution was similar to that 
described earlier for the Crystaf analysis of ethylene/ -
olefin copolymers [36].  

 

Figure 6: Tref curve of PP prepared with isospecific 
supported Ziegler-Natta catalyst at 70°C and its resolution 
into individual components.  

According to the Crystaf data, this polymer contains 
four components, which crystallize from solution in 
1,2,4-trichlorobenzene at 81.0, 77.4, 66.4 and ~55°C, 
respectively. Two dominant components, which 
crystallize at the highest temperatures, account for ~39 
and 55% of the total polymer, whereas the two other 
components, which crystallize at lower temperatures, 
are minor, ~3.5 and 2%. In the absence of a 
dependable calibration for the Crystaf analysis of 
isotactic PP, the isotacticity level of the Crystaf-
separated components can be estimated only 
approximately from the [mmmm]av value for the total 
polymer. This estimation gives the [mmmm] values for 
the two dominant Crystaf components as ~0.98 and 
~0.97, respectively. Overall, the results of Tref and 
Crystaf analyses for this PP sample are in a reasonably 
good agreement. 

Figure 7-A shows the DSC melting curve of the 
same polymer. It is moderately crystalline; its Hf value 
is ~66 J·g-1. Because the crystallization/annealing step 
before the DSC recording was carried out slowly and 
the DSC heating rate was also low, 2°C min-1, the 
melting curve exhibits a clear structure whereas a DSC 
recording at a higher heating rate would produce a 
single medium-broad melting peak. The melting curve 
in Figure 7-A was resolved into several components, 
each with the shape given by Equation 13. The results 
of the resolution are shown in Figure 7-B. At this stage, 
the resolution is strictly formal: any DSC curve with 
several partially overlapping components can be, in 
principle, resolved into elementary components using 
Equations 13 and 14.  

 

Figure 7: Modeling melting curve of sterically nonuniform 
isotactic PP. A - Experimental melting curve of PP prepared 
with isospecific supported Ziegler-Natta catalyst. B - 
Modeling with Equation 15; three isotactic components, each 
described by Equation 13. 

Table 3: Parameters of Analytical Tref Components in PP
a)

 Prepared with Ziegler-Natta Catalyst of 5
th

 Generation
 

Tref component Tcryst, °C piso [mmmm] Fr, % 

1 113.2 0.996 0.979 32.7 

2 112.0 0.995 0.975 47.5 

3 108.6 0.992 0.963  5.9 

4 104.8 0.990 0.950 11.3 

5 100.8 0.987 0.935  2.6 

aAverage parameters: Mw = 258,800, Mw/Mn = 6.4, I.I. = 91.7%, [mmmm] = 0.972 (13C NMR data).  
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Table 4 lists parameters of DSC components from 
Figure 7-B. Their comparison with the Tref data in 
Table 3 and with the Crystaf data in Figure 6 
strengthens the assertion that individual peaks on DSC 
curves of PP prepared with multi-center catalysts can 
be ascribed to crystallization and melting of individual 
polymer components of different isotacticity In other 
words, DSC analysis of PP samples, if performed at 
relatively low cooling and heating rates, represents an 
additional tool for probing structural uniformity of PP 
materials, similarly to Tref and Crystaf methods. 

The following conclusions can be made about the 
nature of the polymer produced with the supported 
multi-component Ziegler-Natta catalyst: 

1. Overall, the statistical results, piso and [mmmm] 
values, are similar for different types of analysis, 
although they were determined completely 
independently, from 13C NMR of unfractionated 
samples in Tref analysis [35] (Table 3) and from 
the Tm vs. nlimit dependence in DSC analysis 
described by Equation 5. 

2. The polymer contains two dominant components 
of a high isotacticity degree, one with piso ~0.994 
and another ~0.992. These components are 
present in the polymer in comparable amounts 
(Fri). The mixture also contains several smaller 
component of a lower isotacticity degree, which 
are not separated by DSC. 

3. The isospecificity of the two dominant active 
centers in the catalyst, although very high, is not 
as high as that for the dominant centers in some 
supported catalysts of the 4th generation, where, 
according to Tref data, the piso value can reach 
0.997 - 0.998, which corresponds to [mmmm] = 
0.986 - 0.993 [35] . 

4. The nlimit values for DSC components I - III in 
Table 4 are higher than 50 indicating that 
crystallization of these fractions mostly occurs in 
the folded-chain morphology. 

Polypropylene Produced with Solid Ziegler-Natta 
Catalysts 

Three PP samples were prepared under identical 
conditions with three classical solid Ziegler-Natta 
catalysts based on -TiCl3, -TiCl3 and VCl3 using 
Al(C2H5)3 as a cocatalyst. DSC curves of the polymers 
were recorded after removal of atactic components 
from them with hot n-heptane. All three polymers are 
highly crystalline; their experimentally measured Hf 
values are, respectively, 89.4, 99.2 and 97.3 J·g-1. 
Resolution of the DSC curves into elementary 
components is shown in Figures 8 and 9; parameters 
of the components are listed in Table 5.  

 

Figure 8: Modeling melting curve of isotactic PP. A - 
Experimental melting curve of PP prepared with Ziegler-Natta 
catalyst -TiCl3 - Al(C2H5)3. B - Modeling with three 
components (Equations 13 and 15). 

Table 4: Modeling DSC Curves of PP Prepared with Supported Ziegler-Natta Catalyst of 5
th

 Generation (Figure 7-B) 

Component Tm, °C piso [mmmm] nmax Fr, % 

I 163.4 0.994 

(0.993) 

0.971 

(0.967) 

175 

(320) 

38.2 

(40.6) 

II 160.4 0.992 

(0.992) 

0.962 

(0.958) 

134 

(223) 

38.2 

(34.4) 

III 154.1 ~0.983 0.916 65 13.5 
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The component with the highest isotacticity degree 
among the three analyzed polymers is Component I in 
PP prepared with -TiCl3 (Table 5); piso = 0.996 and 
[mmmm] = 0.978. In principle, its [mmmm] value is only 
slightly higher than that for Component I in PP 
produced with the supported catalyst (Table 4, 
[mmmm] = 0.971) and these materials would be very 
difficult to distinguish by 13C NMR even if they were 
completely isolated. However, DSC “signatures” of the 
two components are clearly different; their Tm values 
differ by nearly 1°C. A similar difference in the 
isotacticity degree of PP components of the highest 
isotacticity was noticed earlier in the Tref analysis of 
polymers prepared with different types of supported 
catalysts [35]: such a component prepared with the 
supported catalyst of the 4th generation (utilizing dialkyl 
phthalate as an internal donor) has a higher isotacticity 
degree that the same component prepared with a 
supported catalyst of the 5th generation. 

Crystals of -TiCl3 and -TiCl3 have a different 
chemical composition ( -TiCl3 contains from ~33% of 
Al atoms replacing Ti atoms whereas -TiCl3 is pure) 
and a different stacking arrangement at the lateral 
surfaces of the crystals [24,37]. PP materials produced 
with both these catalysts have three highly isotactic 

components (Components I - III in Table 5) and a small 
component with a low isotacticity degree (block-
polymer). Two of the components, II and III, have 
practically the same stereoregularity parameters in 
both polymers whereas Component I in PP produced 
with -TiCl3 has a noticeably higher isotacticity degree, 
[mmmm] ~0.978 vs. 0.969 for Component I in PP 
produced with -TiCl3. This difference explains a nearly 
2°C difference in the DSC peak positions of these 
components. 

-TiCl3 and VCl3 have the same crystal structure but 
they differ in the lengths of the M–Cl and M–M bonds, 
2.50 and 3.54 Å, respectively, for -TiCl3 and 2.45 and 
3.47 Å for VCl3 [24,37]. A comparison of experimental 
DSC melting curves of these PP samples (Figures 9-A 
and 9-C) shows that the curves are very similar in 
shape. However, the whole curve of the VCl3-derived 
PP is shifted to lower temperatures by ~2°C. DSC peak 
resolution (Figures 9-B and 9-D, Table 5) shows that 
both polymers consist of four components. 
Components I - III represent the fractions of high 
isotacticity. They are present in both polymers in 
approximately the same proportions (Fri) but the 
stereoregularity parameters for each component are 
slightly lower in the polymer produced with VCl3. 

Table 5: Modeling DSC Curves of PP Prepared with Three Solid Ziegler-Natta Catalysts 

Catalyst system Component Tm, °C piso [mmmm] Fr, % 

I 164.3 0.996 

(0.995) 

0.978 

(0.973) 

44.4 

(46.5) 

II 160.1 0.992 

(0.990) 

0.961 

(0.951) 

26.7 

(23.3) 

-TiCl3 - Al(C2H5)3 

(Figure 8-B) 

III 155.6 0.986 

(0.980) 

0.931 

(0.904) 

28.9 

(30.2) 

I 162.4 0.994 

(0.993) 

0.969 

(0.965) 

22.0 

II 160.4 0.992 

(0.990) 

0.961 

(0.953) 

40.7 

III 156.0 0.986 

(0.983) 

0.931 

(0.918) 

28.8 

-TiCl3 - Al(C2H5)3 

(Figure 9-B) 

IV 149.2 0.972 0.868 8.5 

I 161.3 0.992 

(0.990) 

0.963 

(0.952) 

28.6 

II 158.3 0.990 

(0.989) 

0.953 

(0.945) 

23.8 

III 153.4 0.985 

(0.982) 

0.927 

(0.913) 

22.2 

VCl3 - Al(C2H5)3  

(Figure 9-D) 

IV 130.6 0.916 0.645 25.4 
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Apparently, these differences reflect small differences 
in the geometrical features of the active centers. 

CONCLUSIONS 

This paper describes a procedure for modeling DSC 
melting curves of PP produced with isospecific single-
center and multi-center polymerization catalysts. The 
procedure is based on several principal assumptions: 

1. Each peak on the DSC melting curve of a slowly 
crystallized/annealed PP sample represents 
melting of a particular polymer component 
characterized by a certain isotacticity level. The 
latter can be represented either by the 
conditional probability of isotactic linking, piso, or 
by the content of meso-pentads, [mmmm]. 

2. The distribution of isotactic blocks with respect to 
their length (the number of monomer units in the 
blocks) is calculated based on the 
enantiomorphic statistics of imperfectly isotactic 
chains. 

3. Long propylene blocks crystallize in the folded 
morphology in the process of primary 

crystallization and form thick lamellae. The 
thickness of these lamellae is distributed 
according to the Gauss statistics. 

4. Relatively short propylene blocks crystallize in a 
fully extended form and produce thin lamellae in 
the process of secondary crystallization. 

Several modeling examples demonstrate that these 
assumptions are sufficient for an adequate 
representation of most characteristic features of DSC 
melting curves of isotactic PP. This approach, in 
principle, is similar to modeling the results of such 
modern analytical techniques as Tref [17-c] and Crystaf 
[18]. 

The DSC modeling process described here is semi-
empirical; it requires the use of several adjustable 
parameters, most importantly, melting points of very 
thick lamellae (Tm

o in Equation 11) and the distribution 
width of thick lamellae, the  parameter in Equation 11. 
The principal advantages of the modeling are the 
correct description of shapes of DSC melting curves, 
the physical interpretation of low-temperature tails in 
DSC curves of PP, and the ability to estimate relative 

 

Figure 9: Modeling melting curves of isotactic PP. Experimental melting curves of PP prepared with Ziegler-Natta catalysts -
TiCl3 - Al(C2H5)3 (A) and VCl3 - Al(C2H5)3 (C). B and D - modeling respective DSC curves with four components; Equations 13 
and 15. 
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amounts of crystallizable material with a different 
stereoregularity degree in complex PP mixtures. 
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APPENDIX  

Position of the Maximum on a DSC Melting Curve 

A Gauss distribution curve in the DSC coordinates is 
given by Equation 11: 

H = Tm
o

/[(Tm
o – T)2 ( 2 )] Exp{–(Tm

o )2/2 2  
                   [(Tm

o – Tm
av)-1 – (Tm

o – T)-1]2} vs. T (K) 

where Tm
o and Tm

av are in degree K. The maximum of 
this dependence is positioned at d( H)/dT = 0. The 
differentiation was performed with Mathematica 8 
program: 

Tmax
DSC (°C) = [2.0·(Tm

o – Tm
limit)]-1 {2.0·(Tm

o – T0)· 
(Tm

o – Tm
limit) + 0.5·[(Tm

o – T0)·( /lstep)/ ]
2 – 0.5· 

{(Tm
o – T0)·( /lstep)/ ]·[4.0·(Tm

o – Tm
limit)2 +  

0.5·[(Tm
o – T0)·( /lstep)/ ]

2}0.5} 

where Tm
o
 is in K, T0 = 273.1°C, lstep = 2.17 Å and Tm

limit 
(K) is calculated as Tm

limit  Tm
o·[1 – ( /lstep)/nlimit)]. 
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