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Abstract

Regular structures in polymer melt play important roles during crystallization and subsequently influence performances of polymer materials.
In the present work, differential scanning calorimetry (DSC) and variable temperature Fourier transform infrared spectroscopy (VT-FTIR) were
used to characterize the variations of regular structures in melt of syndiotactic polypropylene (sPP) during heating. It was found that during
heating, the structural transition in sPP melt undergoes four stages: (1) destruction of long regular structures; (2) formation of short regular struc-
tures; (3) transition from short regular structures to isotropic state; and (4) isotropic state. These regular structures in sPP melt have distinct
memory effects on the crystallization behaviors. By using Flory’s RIS model, it was found that in final isotropic state, the most common con-
formers are ttgg and tttt, corresponding to helical and planarezigzag conformations, respectively. These findings are helpful to deeply understand
the essence of structures in sPP melt and microstructure variations during melting.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Discovery of novel metallocene-based catalysts during
1980s has revolutionized polyolefin technology and offers
attractive potential for controlled molecular mass and stereo-
regularity in chain structure. The ability to control configura-
tion has sparked interests in structure studies of syndiotactic
polypropylene (sPP), among which most structural character-
izations have employed diffraction methods, yielding consid-
erable insights into structures with long-range order. Based
on the X-ray diffraction results, some basic concepts have
been constructed: there are at least three crystalline forms in
sPP, with ggtt conformations in helical form I, all-trans in
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form II, and (g2t2g2t6)n in form III [1e3]. The crystallization
behavior of sPP, in fact, is more complicated with respect to
the above mentioned three polymorphs, which have been in-
tensively investigated by Lotz et al. and De Rosa et al. [2,3].
However, there is only little information regarding one of
the crucial parts for sPP, namely, the conformation structures
and its variation in the melt. The conformations in melt state
consequently influence the morphology and property of solid
sate, especially when sPP crystallizes at fast rates because
sPP macromolecular chains have no enough time for the
completion of crystallization.

In previous reports, small-angle neutron scattering (SANS)
[4] and molecular dynamic simulations [5] have been used to
study the effect of tacticity on the thermodynamic properties
and molecular dynamics of polypropylene melts. The coil
dimension and correlation time of sPP are found to be much
higher than that of iPP in the melt. Rheological analysis
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[6,7] has also been applied to elucidate the variation of chain
structures of sPP melt. It was found that the activation energy
of flow, Newtonian viscosity and entanglement modulus of
sPP are much higher than those of iPP. One hypothesis for
the different rheological characteristics is that the sPP confor-
mation structures are more difficult to be destroyed in melt.
Because it is difficult to track changes of macromolecular con-
formation structures during melting by rheometer, rheological
method can only qualitatively describe the apparent experi-
mental phenomena, providing indirect proofs to the conforma-
tional variations in melt. Therefore, more precise and effective
methods are needed to detect the conformation structure evo-
lution in sPP melt. It will be the main aim of our present work.

In this paper, melting behavior of sPP was investigated by
combination of differential scanning calorimetry (DSC) and
variable temperature Fourier transform infrared spectroscopy
(VT-FTIR). Interestingly, it was found that above the nominal
melting temperature of sPP (128.4 �C, DSC datum at a heating
rate of 2 �C/min), there exist two types of regular conforma-
tion structures, assigned as long helical and mixture of short
helical and trans-planar conformations, respectively. With in-
creasing temperature, long helical regular structure can be des-
tructed and turned into short regular ones, which are present
until the temperature is raised up to 200 �C. These findings
are helpful to deeply understand melting of sPP and the
essence of conformation structures in melt, which are crucial
in affecting the reverse process of melting, i.e., crystallization
and ultimate crystalline polymorphism of sPP.

2. Experimental part

2.1. Materials and sample preparation

The commercial sPP pellets were supplied by Atofina com-
pany with Mw of 1.46� 105 g/mol and polydispersity of
Mw/Mn¼ 3.52 (from GPC data). The melting temperature of
128.4 �C was obtained by DSC with a heating rate of 2 �C/
min. The microstructure of sPP chains, determined by 13C
NMR spectroscopy, has the fraction of fully syndiotactic
pentads [rrrr] of 81% and syndiotactic triads [rr] of 89%.
The polymorphism of our sample is form I with a t2g2 confor-
mation which is given by the wide-angle X-ray diffraction
data. The sPP pellets were melt-pressed at 200 �C for 5 min
and then compressed into films with thickness of ca. 50 mm,
followed by quenching to room temperature.

2.2. DSC analysis

DSC measurements were carried out on a PerkineElmer
DSC-7 differential scanning calorimeter. For the non-isother-
mal crystallization experiments, the sPP samples were first
heated from room temperature to specific fusion temperature
(Tf) at a heating rate of 2 �C/min and kept at Tf for 30 min.
Subsequently, the sPP samples were rapidly quenched to
10 �C at a cooling rate of 100 �C/min, and during the cooling
of scans DSC thermograms were recorded. The crystallization
temperatures of the sPP samples with different Tf were
determined from the crystallization peaks of primary crystal-
lites. For the isothermal crystallization experiments, the sPP
samples were first heated from room temperature at a heating
rate of 2 �C/min to 140 �C, 170 �C, 190 �C, and 200 �C, re-
spectively, and at each fusion temperature the samples were
kept for different time periods to check the effect of holding
time on the crystallization rate. Then the sPP samples were
rapidly quenched to 90 �C at a cooling rate of 100 �C/min
for isothermal crystallization.

2.3. VT-FTIR spectroscopic analysis

IR spectra were recorded on a Bruker Equinox-55 FTIR
spectrometer with a MCT detector at a resolution of
2.0 cm�1 and 32 scans. The variable temperature experiments
were carried out on a PerkineElmer’s variable temperature
device with KBr windows. In the heating process, the sample
was heated from room temperature to 220 �C at a rate of
2 �C/min, and IR spectra were collected in the temperature
range of 120e220 �C at a 2 �C interval before 160 �C and
a 10 �C interval after 160 �C, respectively. Because melting
of polymer crystals is also a relaxation process of macromo-
lecular chains, to ensure the sufficient relaxation of sPP
chains, the sPP samples were kept for 30 min at each test tem-
perature before FTIR spectra were recorded. The retaining
time (30 min) for IR spectrum collection at a certain temper-
ature is in consistent with DSC measurement, so that the struc-
tural variations in sPP melt can be compared by using these
two characterization methods. For comparison purpose, the
sPP sample was cooled down from 220 �C to 120 �C at
a rate of 2 �C/min, and IR spectra were collected at several
selected temperatures.

3. Results and discussion

It is well known that the ordered structures in polymer melt
have memory effects on crystallization behaviors, thus in-
fluencing the final mechanical properties of the materials
[8e10]. More specifically, the remained ordered structures
can act as nucleation precursors for polymer crystallization,
and subsequently influence the crystallization rate and mor-
phology. In general, the higher the regularity in melts, the
less the free energy difference between crystalline domains
and melts, and the easier the occurrence of crystallization.
Since the sPP melts at specific fusion temperatures (Tf) have
different ordering degrees, the corresponding crystallization
behaviors might be different, unless there are no ordered struc-
tures remaining in melts. Based on the above basic thought,
DSC study was performed to examine whether there exist
such ordered structures in sPP melts or not, especially above
its equilibrium melting temperature (Tm

o ¼ 142 �C, obtained
by using linear HoffmaneWeeks plot from DSC data).

It was found from Fig. 1 that the crystallization temperature
(Tc) of sPP changes obviously with variation of Tf, suggesting
that Tf influences Tc a lot. Plotting Tc as the function of Tf is
shown in Fig. 2. It can be seen that Tc of sPP undergoes
four stages with the increasing Tf: (1) Tf< 166 �C, Tc
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obviously shifts toward lower temperature; (2) Tf¼ 166e
184 �C, Tc keeps about constant; (3) Tf¼ 184e194 �C, Tc

shows more dramatic decreasing; (4) above Tf¼ 195 �C, Tc

keeps almost constant. The above results are quite interesting.
It is generally thought that Tc does not depend on Tf if there
are no ordered structures in isotropic polymer melt. Herein
we found that there are three distinct turning temperatures of
166 �C, 184 �C, and 194 �C for sPP crystallization, implying
that sPP melts at different fusion temperatures possess differ-
ent ordered structures or different conformation structures. As
we will discuss later, these conformation structures include
long and short conformational regular structures. The long
conformational regular structures are originated from the reg-
ularly arranged polymer chains in crystalline domains, and
exist only at the relatively low fusion temperatures; the short
regular structures, i.e., the partially destructed regular polymer
chains, however, persist to high Tf.
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Fig. 1. DSC scanning curves of sPP during quenching at a cooling rate of

100 �C/min from melts formed by initially heating to different specific fusion

temperatures (Tf) to 10 �C.
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Fig. 2. Crystallization temperature (Tc) versus fusion temperature (Tf) for

different sPP melts. Regions I: transition from long ordered structures to short

ordered structures; II: short ordered structures; III: transition from short

ordered structures to isotropic state; IV: isotropic state.
With increasing Tf in region I, long regular structures orig-
inating from melting of crystallites become short and the
amount of long regular structures accordingly decreases obvi-
ously. Correspondingly, short regular structures increase and
exist in certain temperature range (region II). Therefore, Tc

of sPP obviously decreases until the amount of long regular
structures reduces to undetectable quantity by DSC method.
It is known that for sPP, above the nominal melting tempera-
ture of 128.4 �C, although the crystal lattices are destroyed,
there still exist some residual memories for the former chain
foldings, which are advantageous to the reversal to melting,
i.e., the nucleation and growth for crystallization [11]. In the
present work, it was observed that although almost all the
long regular structures are destructed above 166 �C, there
are short regular structures surviving in sPP melt below
184 �C. This hypothesis is further strengthened by the subse-
quent changes of Tc. When Tf exceeds 184 �C, Tc shows fur-
ther dramatic decreasing with increasing Tf (region III),
indicating a process of depletion of short regular structures
in sPP melts. This depletion is accomplished till Tf¼ 194 �C,
and afterwards sPP is assumed to be completely melted, result-
ing in constant crystallization temperature of 52 �C (region
IV). Above 195 �C, sPP melt becomes isotropic, only includ-
ing infusible heterogeneous nuclei originally presented in sPP
resin, e.g., impurities and catalyst residues, etc. [11].

The above non-isothermal crystallization experiments give
the evidence of ordered structures in sPP melt, and the isother-
mal crystallization results are described as below. It is known
that the higher the regularity in melts, the quicker the isother-
mal crystallization will be, i.e., the shorter the crystallization
half-time (t1/2). In the isothermal crystallization experiments,
the sPP samples were heated to four fusion temperatures, re-
spectively, and at each fusion temperature, the sPP melts
were kept for different time periods, then quenched to 90 �C
for isothermal crystallization. In the isothermal crystallization
process, the relative degree of crystallinity at time t, X(t),
could be calculated according to the following equation:

XðtÞ ¼

R t

0

dH

dt
dt

RN

0

dH

dt
dt
¼ DHt

DHN

ð1Þ

where dH/dt is the rate of heat evolution; DHt, the heat gener-
ated at time t, and DHN, the total heat generated up to the end
of the crystallization process. From the equation, we can get
an important parameter, i.e., the crystallization half-time
(t1/2), which is defined as the time taken from the onset of
the crystallization until 50% completion.

Fig. 3 shows the development of the relative degree of crys-
tallinity X(t) with crystallization time t for the isothermal crys-
tallization of sPP at 90 �C after melting for 50 min at different
fusion temperatures. From Fig. 3, we can see that as the fusion
temperature increases, the t1/2 becomes longer, revealing that
the degree of regularity in the melt decreases. The relationship
among t1/2, fusion temperature and different annealing time is
summarized in Fig. 4. It is found that at 140 �C, although it is
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above the nominal melting temperature of sPP (128.4 �C),
a long annealing time cannot destroy the ordered structures
in sPP melt, which is reflected by the small changes of t1/2

with the increase of annealing time. This means that the de-
struction of the ordered structures in sPP melt at 140 �C might
need a relatively long time. At 170 �C and 190 �C, there is an
obvious increase of t1/2 with the increase of annealing time,
implying that the ordered structures in sPP melt decrease
with the increase of annealing time. Especially when the an-
nealing time goes up to 100 min at 190 �C, the t1/2 is almost
the same as that of 200 �C. At 200 �C, even a short annealing
time will destroy most of the ordered structures in sPP melt,
therefore, the t1/2 does not change largely with the increase
of annealing time.

Polymorphism phenomena exist in solid states of sPP. In
general, sPP has four crystalline modifications and one meso-
morphic phase, which can transform from one modification to
another by changing crystallization conditions or stressing/
relaxing [12e14]. Four crystal forms correspond to different
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chain conformation structures, more specifically, crystalline
form I and form II adopt (t2g2)n helical conformation [15e
17], whereas form III and form IV present chains in trans-
planar zigzag and (t6g2t2g2)n conformations, respectively
[18,19]. Although extensive investigations have been per-
formed on crystallization behaviors of sPP, much less informa-
tion is available in literatures about the microstructures of sPP
melts. In order to clarify the ordered structures detected by
DSC in sPP melts, VT-FTIR spectroscopy was applied to fol-
low the microstructure changes during melting of sPP. Accord-
ing to Zerbi et al. [20], the infrared spectra of semi-crystalline
polymers can be classified into four groups related to various
molecular structures: conformational band, stereoregularity
band, regularity band and crystallinity band, among which reg-
ularity bands are attributed to the intramolecular coupling of
oscillations of various groups [20e22]. The variations of reg-
ularity bands can provide important information about evolu-
tion of the ordered structures during melting. For sPP, there
are mainly two types of regularity bands, assigned to helical
form and planarezigzag conformation, respectively. In the
mid-infrared region, 868, 977, and 1005 cm�1 bands are as-
signed to helical form of sPP, while 963 cm�1 band is related
with the planarezigzag conformation [23e26]. More specifi-
cally, 963 cm�1 band is associated with the presence of short
planarezigzag conformation, which mainly exists in the
amorphous phase [27]. To quantitatively compare conforma-
tional variations in melt, 1153 cm�1 band of asymmetric
deformation vibration of methyl group in sPP was chosen as
an internal standard, which is insensitive to conformational
transition [28].

Fig. 5 shows a series of sPP spectra within the range of
1200e850 cm�1 during heating at a rate of 2 �C/min. It was
observed that with increasing temperature, intensities of the
bands of helical conformation at 1005, 977, and 868 cm�1,
and of planarezigzag conformation at 963 cm�1 demonstrate
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1200 1150 1100 1050 1000 950 900 850

220°C

120°C

Wavenumber  (cm
-1

)

868 cm-1

977 cm-1

963 cm-1

Fig. 5. FTIR spectra of sPP during heating at a rate of 2 �C/min. At each test-

ing temperature, the samples were kept for 30 min to ensure sufficient chain

relaxation. IR spectra were collected in the temperature range of 120e

220 �C at 2 �C interval before 160 �C and 10 �C interval after 160 �C,

respectively.



7817C. Zheng et al. / Polymer 47 (2006) 7813e7820
strong temperature dependence. The intensities of helical con-
formation bands manifestly decrease with increasing tempera-
ture, though that of the planarezigzag conformation shows
more complicated variations. Variations of the conformational
bands can, to some extent, represent the changes of the or-
dered structures in polymer melts [29]. In order to quantita-
tively follow the changes of ordered structures in sPP melts,
evolutions of the relative intensity ratios of 977, 963, and
868 cm�1 bands to 1153 cm�1 band during heating are shown
in Fig. 6, respectively. As Tf is higher than Tm (128.4 �C),
a large loss of intensity ratio of 868 cm�1 band was observed,
indicating an abrupt change in the concentration of helical reg-
ularity during melting. This process lasts till 166 �C. It can be
deduced that 868 cm�1 band corresponds to long ordered
structures of helical conformation in sPP melt, which exist
above Tm but attenuate quickly with increasing temperature
until complete disappearance at 166 �C. This process is in
good consistence with DSC trace (see Fig. 1), i.e., both
FTIR and DSC results indicate that long ordered structures
of helical conformation in sPP melt decrease almost linearly
with Tf before 166 �C. Similar phenomenon has also been ob-
served in iPP melt, in which the ordered structures at this stage
were considered as a partially ordered melt, with the degree of
ordering much lower than its crystalline state, but higher than
the unperturbed melts [20,29,30].

Opposite to 868 cm�1 band, the intensity ratio of 963 cm�1

band increases slowly after sPP crystals are melted at about
128 �C, implying that more planarezigzag structures are
formed. The possible explanation is that upon heating the
long ordered structures are partially destructed some of which
are changed into short planarezigzag conformations. This
infers that short planarezigzag structures increase at the cost
of destruction of long regular helical structures. The short
planarezigzag structures can be stable above Tf¼ 182 �C.
Above 182 �C, intensity ratio of 963 cm�1 band gradually
decreases with increasing temperature until reaching a constant
value at about 210 �C, above which sPP melt is believed to
become completely isotropic.
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Fig. 6. Evolution of intensity ratios for different conformational bands of sPP

during heating from 120 �C to 220 �C.
As aforementioned, 977 cm�1 band can also be used to rep-
resent the helical forms of sPP. It is interesting to note that be-
fore 152 �C, intensity ratio of 977 cm�1 band decreases with
increasing temperature, which is similar to 868 cm�1 band,
but after that, the variation of intensity ratio of 977 cm�1

band is more similar to that of 963 cm�1 band. It infers that
the 977 cm�1 band stands for not only long regular helical
conformation structures but also short helical structures. The
decrease of intensity ratio of 977 cm�1 band before 152 �C
stands for destruction of long ordered helical structures. Above
152 �C, as long ordered helical structures are destroyed and
turned into short ordered structures, including short helical
forms too, intensity ratio of 977 cm�1 band gently increases
with increasing temperature. Above 182 �C, a partial of short
ordered structures in sPP melt are turned into isotropic state,
causing further decrease of intensity ratio of 977 cm�1 band.
As temperature is raised above 210 �C, the intensity ratio be-
comes constant, implying accomplishment of transition from
short ordered structures to isotropic state in sPP melt. It should
be pointed out that the transition temperatures are not exactly
the same for DSC measurement (195 �C) and FTIR spectros-
copy (210 �C), it might due to the different sensitivities
between FTIR spectroscopy and DSC measurement, or due
to the different thermal history of various melt states.

From the above, we can see that the ordered structures in
sPP melt change a lot during heating. These ordered structures
especially long ordered ones have been considered to originate
from initial crystalline domains. To examine whether these or-
dered structures can be recovered from final state during cool-
ing, FTIR spectra were collected during cooling as shown in
Fig. 7. The comparing plots of intensity ratios for specific
IR bands during heating and cooling are shown in Fig. 8.
For long regular conformational band at 868 cm�1, heating
leads to an obvious decrease of intensity ratio until final disap-
pearance, while cooling from 220 �C to 120 �C does not show
any obvious influence on intensity ratio of 868 cm�1 band. As
868 cm�1 band mainly originates from crystalline part of sPP,
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the unchanged intensity of this peak within the experiment
time indicates that the crystallization does not occur in the
temperature region of 120e220 �C. Therefore, the relative in-
tensity of 868 cm�1 band cannot reach the original intensity
value in the heating run. The relative intensities of the bands
977 and 963 cm�1, which represent mainly short regular struc-
tures, also show obvious differences between the heating and
cooling processes. In the cooling process, the intensity ratios
of 977 and 963 cm�1 bands keep almost constant above
150 �C, and increase slightly below 150 �C. The reason is
that the short ordered structures mainly originate from the
amorphous part of sPP in the cooling process. Above
150 �C, little amount of short ordered structures cannot re-
cover from the melt, due to the erasing of the thermal history
of sPP sample. As temperature decreases from 150 �C to
120 �C, the short ordered structures are feasible to form
from the amorphous melt, thus the relative intensities of these
two bands gradually increase, especially the 963 cm�1 band,
which almost recovers to the same relative intensity as the
starting value in the heating process.

The above results indicate that at 220 �C sPP melt is isotro-
pic and it takes long time for sPP to nucleate during crystalli-
zation because long ordered structures cannot be recovered
rapidly during cooling. The result validates also that long or-
dered structures originate from crystalline domains in sPP dur-
ing heating. We thus deduce that formation of short ordered
structures during heating mainly comes from destruction of
long ordered ones. The significant difference of intensity ratios
between heating and cooling affirms that the crystallization
peak temperature changes in Figs. 1 and 2 are mainly due to
variations of regular conformation structures in sPP melts
during heating.

To summarize the results from the measurements by DSC
and FTIR spectroscopy, it was clear that sPP undergoes
a four-stage process during heating: firstly, below 166 �C,
long ordered helical structures in sPP melt are gradually de-
stroyed and turned into short ordered structures; secondly, in
the temperature range of 166e184 �C, short ordered structures
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including short helical and planarezigzag forms are main-
tained; thirdly, short ordered structures in sPP melt change
into isotropic state from 184 �C to 194 �C (DSC) or 210 �C
(FTIR), with the variation of transition temperature due to dif-
ferent sensitivities of the experimental methods; finally, sPP
melt becomes completely isotropic. By combining DSC and
FTIR results, the correlation between melting and conforma-
tional structures can be successfully established. Fig. 9 dis-
tinctly describes the structural transitions for sPP during
melting. In solid state (Fig. 9a), sPP chains are well packed
in crystalline domains, which are origins of long regular heli-
cal structures. Here we note that sPP chains in amorphous do-
mains are not emphasized. Above melting temperature, long
helical structures are deformed and destructed gradually. At
the same time, short ordered structures are formed with
some of them adopting helical conformations and the others
adopting planarezigzag conformations (Fig. 9b). As tempera-
ture continuously increases, long ordered structures are mostly
turned into short ones (Fig. 9c). The regularity of sPP melts
further decreases with increasing temperature, and eventually
only were random coils of sPP chains kept in melt (Fig. 9d).
Although we have given out schematic structure transitions
of sPP during heating in Fig. 9, the scales for each ordered
structures have not been determined by an appropriate exper-
imental method. Other experimental techniques or theoretical
study is still necessary for further understanding the ordered
structures in melts.

It was observed that both DSC and FTIR techniques cannot
detect the structures in sPP melt above 210 �C. However, it is
interesting to know which kind of conformers that sPP macro-
molecular chains prefer to adopt in isotropic state. An effec-
tive method is to calculate the conformational probability by
using Flory’s polypropylene model [31]. There are five rota-
tional isomeric states (RIS) in this model, i.e., trans 1 (t), trans
2 (t*), gauche 1 (g*), gauche 2 (g), and gauche 3 (g0). Fig. 10
illustrates the first-order interactions of the five states.

(a)

(c)(d) short trans-planar 

short helical 

long helical
(b)

Fig. 9. Schematic structural transitions during heating of sPP: (a) crystalline

domains, (b) destructed long ordered structure, (c) short ordered structure,

and (d) isotropic state.
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Herein we chose sPP melt at 210 �C as an example. The
possible conformers for four successive main chain bonds of
sPP were computed at this temperature. To apply the rotational
isomeric state model to build asymmetric chains, each chiral
center must be specified in its meso-form or racemic-form
[31,32]. For a syndiotactic polymer in racemic-form, appropri-
ate statistical weighting matrices are defined as:

U0 ¼

2
66664

1 1 1 1 1
1 1 1 1 1
1 1 0 0 1
1 1 0 0 1
1 1 1 1 0

3
77775
; U00r ¼

2
66664

h2 0 hu� 0 0
0 0 0 u� tu�

hu� 0 0 0 tu�

0 u� 0 1 0
0 tu� tu� 0 0

3
77775

where matrix U0 stands for the inter-dyad bond pair, i.e., the
pair of bonds flanking the substituted carbon center; U0r is
for the dyad pair between two successive substituted carbon
centers. h, u*, t are the three statistical weight parameters,
evaluated as functions of temperature from partition functions
and average energies computed for each of the domains, which
are shown in Eqs. (2)e(4), respectively:

h¼ 1:05 expð�70=RTÞ ð2Þ

u� ¼ 0:90 expð�1500=RTÞ ð3Þ

t¼ 0:4 expð�500=RTÞ ð4Þ

In the above equations, h and t are the first-order interactions,
and u* represents all second-order interactions between the
pairs of groups, CH2 and CH2, CH3 and CH2, and CH3 and
CH3, separated by four CeC bonds.

The chain conformation partition function for a syndiotactic
polymer chain is represented by:

Z ¼ J
�
U0U00r

�ðn�2Þ
J� ð5Þ

where J ¼ 1; 0; 0; 0; 0 ; J��½ ¼ ½1; 1; 1; 1; 1�0, and n corresponds
to bond number in computation. Here we chose 64 main chain
bonds for computation.

t t* g*

g g´

H

HH
CH

CH2

CH3

CH H H

H

CH2

CH

H

H
H

CH2

CH3 CH3

CHH

H
H

CH2

CH3

H

H

CH
H

CH2

CH3

Fig. 10. Five-state rotational isomeric state model for sPP [31].
To simulate random chains under isotropic state, it is
necessary to apply the conditional probability matrices for
each backbone conformer. Each element in the conditional
probability matrix, Plm, is obtained from the following
equation:

Plm ¼
J�
�Qj�1

i¼2 Ui

�
~Uj

Qn�1
k¼jþ1 UkJ

Z
ð6Þ

where Ũj is obtained by replacing all the elements of matrix Uj

in the partition function Z with zero, except for element Ulm,
which remains unchanged.

By this method, the probabilities of specific conformers of
sPP at 210 �C can be calculated. Table 1 shows that the main
conformers in sPP melt at 210 �C are ttgg and tttt, correspond-
ing to helical and trans-planar zigzag structures, respectively.
It was also found that the content of ttgg conformer is slightly
higher than that of tttt, indicating that in isotropic state, ttgg is
the most common conformer in sPP melt. The existence of
both ttgg and tttt conformers might be the motivation for the
formation of short helical and trans-planar conformations in
the temperature range of 160e200 �C (Fig. 6, regions II and
III). Therefore, the computation results indirectly support the
DSC and FTIR data.

4. Conclusions

By combination of DSC, FTIR spectroscopy and Flory’s
RIS model, the microstructures in sPP melt during heating
have been well investigated. The following conclusions have
been drawn:

(1) In sPP melt, multi-scaled regular structures exist in a wide
temperature range from 130 �C to 210 �C.

(2) Above the nominal melting temperature of sPP (128.4 �C),
the regular structures in sPP melt experience two structural
transitions, one of which is the destruction of long regular
helical conformations, and the other is the change from
short helical or trans-planar conformation to isotropic
state.

(3) These regular structures in sPP melt have memory effect
on the crystallization behavior. The higher the regularity
is in melts, the easier the occurrence of crystallization.

(4) In isotropic state of sPP melt, the most common con-
formers are proved to be ttgg and tttt, corresponding to
basic elements of helical and trans-planar zigzag confor-
mations, respectively.

Table 1

Possible conformers in sPP melt (210 �C) based on Flory’s five-state RIS

model

Conformers Expectation

ttgg 0.2608

tttt 0.2197

ttgt*þ ttg0t* 0.1076

ttg*tþ ttg*t 0 0.1048

tttg*þ ttt*g 0.0972

ttg*g0 þ ttg0g* 0.0316
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