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ABSTRACT: A terpolymer of propylene with low amounts of ethylene and 1-butene comonomers was fraction-
ated by temperature rising elution fractionation (TREF), and the effect of fractionation experiment was checked through
crystallization analysis fractionation (Crystaf). Nuclear magnetic resonance (13C NMR) spectroscopy, gel permeation
chromatography (GPC), and differential scanning calorimetry (DSC) were used to characterize the set of polymer frac-
tions obtained. Each polymer fraction was composed of long isotactic propylene sequences and low amounts of ethylene
and 1-butene comonomers, and had more uniform molecular weight distribution and narrower crystallization temperature
distribution (σ, R) than the original sample. The macromolecular chains consisted mainly of PP, PB, and PE dyads with or
without the presence of very low amounts of BB, EE, and EB dyads. The terpolymer could be considered a combination
of a propylene-ethylene copolymer and a propylene-1-butene copolymer in analyzing the molecular chain microstructure
of the terpolymer. The investigation concluded that with increase of elution temperature, ethylene and 1-butene content of
the polymer fractions decreased, and the number average sequence length of ethylene (nE) and 1-butene (nB) decreased,
whereas the number average molecular weight (Mn) and number average sequence length of propylene (nP) increased. It
is ethylene, not 1-butene, that affects linearly the melting temperature at content lower 6.8 mol%. A linear relationship
was found between reciprocal number average molecular weight (1/Mn) and reciprocal melting temperature (1000/T ,
1/K) at number average molecular weight below 1.59× 105, in good agreement with Flory’s theory.

KEY WORDS 1-Butene / 13C NMR / Ethylene / Melting Crystallization Behavior / Terpolymer of
Propylene with Low Amount of Ethylene and 1-Butene / Temperature Rising Elution Fractionation /

Molecular microstructure is of significance in its
effect on the physical properties of propylene poly-
mers such as melting crystallization, degree of crys-
tallization, rheological, and optical properties. Tactic-
ity is an important factor to determine the properties
of propylene polymers. Incorporation of ethylene, 1-
butene, or other comonomers into the macromolecu-
lar chain of propylene polymers can also adjust macro-
molecular chain sequence and morphological structure,
and make a variety of properties of propylene poly-
mers, like melting crystallization behavior, improved
and optimized effectively. So far, random copolymers
of propylene with low amounts of comonomer, like
propylene-ethylene copolymer,1, 2 propylene-1-butene
copolymer,3 and propylene-α-olefins copolymer,4 have
been investigated to a certain extent. However, ow-
ing to much more complicated macromolecular chain
sequences and morphological structures than that of
random copolymers, the corresponding terpolymers of
propylene, for instance, a random terpolymer of propy-
lene with low amounts of ethylene and 1-butene, have
received far less attention. Although up to now some
work has been done on this topic,5–8 our knowledge is
still limited.

The work carried out by Galland et al.5 on propy-
lene-ethylene-1-butene terpolymers is detailed and in-
depth study. In that paper, the samples included a ter-
polymer of propylene with low amounts of 1-butene
and ethylene comonomers and blend of the same ter-
polymer and an ethylene-1-butene random copolymer.
After the terpolymer sample was fractionated by tem-
perature rising elution fractionation (TREF), 13C NMR
was used to characterize the polymer fractions. Almost
all assignments of 13C NMR were based on a previ-
ous study on spectra of ethylene-propylene, ethylene-
1-butene and propylene-1-butene copolymers. How-
ever, owing to poor resolving power, many impor-
tant peaks of propylene-ethylene-1-butene terpolymers
overlapped and could not be identified distinctly, so the
contents of the comonomers, dyads, and triads from
these peaks could not be calculated accurately.

To study thoroughly the relationship between prop-
erties and molecular microstructure of a terpolymer of
propylene with low amounts of ethylene and 1-butene,
we first make samples of propylene terpolymer uni-
form by TREF, which is a very powerful technique
to fractionate semi-crystalline polyolefins on the basis
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Table I. Specifications of terpolymer sample

Tm
◦C

Tc
◦C

Mn

g mol−1 Mw/Mn
Tw
◦C

Tn
◦C

R σ
[E]

mol%
[B]

mol%
terpolymer 130 82.5 67242 3.77 51.4 49.7 3.4 8.2 5.6 3.3

of crystallizability.9, 10 We obtained a set of polymer
fractions with uniform molecular structure including
uniform molecular weight distribution and comonomer
content, in which the difference between two consecu-
tive elution temperatures (Te) was kept constant. Crys-
tallization analysis fractionation (Crystaf) was used to
check the effects of the fractionation by analyzing such
parameters as σ (Variance) and R (Tw/Tn−1)11 defining
the crystallization temperature distribution of the poly-
mers.11, 12

The molecular chain structures of the terpolymers
were investigated by a 13C NMR spectrometer, the best
way to characterize microstructure and sequence dis-
tribution of propylene polymers. Each polymer frac-
tion was composed mainly of propylene sequences and
low amounts of ethylene and 1-butene comonomers,
and a terpolymer may be considered a combination
of a propylene-ethylene copolymer and a propylene-1-
butene copolymer. Investigation on propylene terpoly-
mers was thus much simplified. The peaks of 13C NMR
of the terpolymers were mainly assigned on the basis
of studies by Cheng13, 14 and Randall,15–18 and impor-
tant parameters such as contents of comonomers, dyad
and others were calculated by referring to these previ-
ous studies. The nomenclature defined by Usami and
Takayama19 was used in the present study.

The principal aims of this study were to obtain a set
of uniform samples of propylene terpolymer by TREF,
to characterize the molecular microstructure through
techniques including 13C NMR, GPC and the melting
crystallization behavior by DSC, and to discuss the re-
lationship between melting crystallization and molecu-
lar microstructure such as ethylene and 1-butene con-
tent and number average molecular weight.

EXPERIMENTAL

Materials
The sample used in the present study was a com-

mercial terpolymer of propylene with low amounts of
ethylene and 1-butene comonomers, polymerized by a
liquid phase bulk process. Product specifications was
listed in Table I. To obtain a set of uniform polymer
fractions, TREF was used to fractionate the propylene-
ethylene-1-butene terpolymer.

Preparative TREF
The preparative TREF system consisted of a jacketed

column thermostated to ± 0.1◦C by circulating hot
oil and a fractionation column with a free vol-
ume of 1250 mL made of a large double-walled
glass condenser packed with fine glass beads. A
15 g sample were dissolved in 400 cm3 of 1,2,4-
trimethylbenzene at 140◦C and stabilized with antioxi-
dant 2,6-ditertbutylpresol. The solution was transfused
to the fractionation column from the top at 140◦C. To
make polymer molecule deposit around glass beads in
layers step by step crystallizability, it took nearly 100 h
for the column to cool from 140◦C to room temper-
ature. The most easily crystallizable macromolecules
precipitated first around the glass beads in the inner-
most layers. Molecules with least crystallinity precip-
itated last around the outermost layer. As the column
was heated gradually, polymer fractions were eluted
continuously from outermost layer to inmost layer, and
collected in batches as temperature increased gradually
stepwise from room temperature to 140◦C. Finally, the
polymer fractions obtained from TREF were precipi-
tated into excess acetone at room temperature, filtered
and dried in vacuum to constant weight.

13C NMR
13C NMR spectra were measured on a Bruker

400 MHz FT-NMR spectrometer operating at 100 MHz
in polymer solutions (less than 20 wt%) with o-
dichlorobenzene as solvent at 110◦C, with the high-
est single peak as the reference (132.9 ppm). Consid-
ering that T1 of methylene carbons and methine car-
bons in each location was shorter than 2 s,15, 16 a pulse
program with flip angle of 90◦C was used, matching
with 2 s acquisition time and 12 s relaxation delay in the
sweep width of 180 ppm. To eliminate nuclear Over-
hauser effect (NOE), an inverse-gate decoupling pulse
program was selected, and meanwhile proton broad-
band decoupling was achieved with the Walth16 pro-
gram. At least 15000 scans were collected with 64 k
points/scan. To identify distinctly and assign correctly
response peaks, an experiment of dept-135 was also
carried out. Nomenclature and assignments of various
carbon atoms along the molecular chain for absorption
bands in the NMR spectra were determined on the basis
of studies by Cheng,13, 14 Randall,15–18 and Usami.19

GPC
Gel permeation chromatography (GPC, Waters, Al-

liance GPCV 2000) with a polystyrene column in the
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GPC-viscometer module was used for characterization
of molecular weights and weight distributions of the
polymer fractions at 140 ◦C. Molecular weight was cal-
culated with a standard procedure based on the univer-
sal calibration curve of polystyrene.

Crystaf
Commercial Crystaf Apparatus, Model 200, manu-

factured by Polymer Char S.A., was used for crystal
fractionation to obtain σ (Variance), R (Tw/Tn − 1), Tw,
and Tn defining the crystallization temperature distribu-
tion of polymers and to check TREF results.11 Concen-
trations of 0.1% (w/v) were used, with 30 mg samples
in 30 mL 1,2,4-trichlorobenzene. Crystallization was
carried out in stirred stainless steel reactors of 60 mL
volume, where dissolution and filtration took place au-
tomatically. The temperature changed from environ-
ment temperature to 160 ◦C at 30 ◦C min−1, and after
staying at this level for 60 min, the temperature de-
creased from 160 ◦C to 95 ◦C at 30 ◦C min−1. After
staying for 45 min, crystallization started from 95◦C
to 25 ◦C at 0.1 ◦C min−1. Concentrations of the sam-
ples in solution were immediately found from the in-
tensity of C–H stretching frequencies of methylene and
methyl group with an infrared detector with fixed wave-
length of 3.5 micrometer. As temperature decreased
gradually according to a prearranged temperature pro-
gram, the samples underwent stepwise crystallization.
By monitoring on-line intensity of absorbance bands of
the polymer fractions, polymer concentrations in solu-
tion were measured in time.

DSC
DSC was carried out on a DSC-7 apparatus from

PerkinElmer. To ensure identical thermal history, the
samples were first heated from 0◦C to 210 ◦C and kept
at this temperature for more than 10 min and subse-
quently cooled from 210◦C to 0 ◦C at 10 ◦C min−1.
They were again heated from 0◦C to 210 ◦C at
10 ◦C min−1. The maximum point on the exothermic
curve in the cooling cycle was utilized to determine
crystallization temperature, Tc, from bulk melt. Maxi-
mum peak of the second heating cycle was taken as the
melting temperature, Tm, of the polymer fraction.

RESULTS AND DISCUSSION

Fractionation
By the method mentioned, a terpolymer of propy-

lene with low amounts of ethylene and 1-butene
comonomers was fractionated by preparative TREF.
Ten fractions were collected from 45◦C to 100 ◦C. The
difference between two consecutive elution tempera-

Figure 1. Diagram of weight distribution of temperature rising
elution fractionation for the propylene-ethylene-1-butene terpoly-
mer, showing relative weight of the fraction polymers as a function
of the elution temperature (◦C).

Figure 2. The concentration distribution determined by
Crystaf of the polymer fractions in solution as a function of
temperature (◦C).

tures was kept at 5 ◦C. About 80 wt% of the sample
was fractionated from 50 to 90◦C. At elution tem-
peratures lower than 45◦C or higher than 95 ◦C, only
residual elastic polymers with lower melting tempera-
tures or very low amounts of polymers were fraction-
ated, respectively (Figure 1). Figure 2 shows the re-
sults of Crystaf, a group of curves of differential weight
versus crystallization temperature of propylene poly-
mers. The polymer fractions had narrower crystalliza-
tion temperature distribution than the original sample,
suggesting that results of TREF were excellent and
polymer fractions uniform. Important data for the set
of polymer fractions are summarized in Table II, in-
cluding elution temperature (Te, as melting temperature
in solution), melting temperature (Tm, as bulk melting
temperature), number average molecular weight (Mn),
molecular weight distribution (Mw/Mn), weight aver-
age crystallization temperature (Tw, ◦C), number aver-
age crystallization temperature (Tn, ◦C), and parame-
ters σ (Variance) and R (Tw/Tn − 1) defining the crys-
tallization temperature distribution. As seen from Fig-
ure 1 and Table II, at lower elution temperatures, poly-
mer fractions F2, F3, and F4 had relatively larger poly-
dispersity (Mw/Mn) and broader crystallization temper-
ature distribution (σ, R). Based on previous study,2 at

Polym. J., Vol. 35, No. 7, 2003 553



Y.-D. ZHANG et al.

Table II. Characteristics of fraction polymers

Frac. No.
Te,

◦C
Tm
◦C

Mn

g mol−1 Mw/Mn
Tw
◦C

Tn
◦C

σ R

F1 (50) 103 32995 2.8
F2 (55) 106 42574 3.0 34.3 33.9 3.4 1.1
F3 (60) 111 49681 2.8 38.2 37.9 3.7 1.0
F4 (65) 114 62894 2.8 42.7 42.3 4.0 0.9
F5 (70) 118 70445 2.8 44.5 44.5 4.2 1.0
F6 (75) 122 86183 2.6 48.4 48.4 4.2 0.7
F7 (80) 127 98256 2.5 52.9 52.6 3.9 0.5
F8 (85) 132 129462 2.2 56.4 56.4 3.8 0.4
F9 (90) 136 158794 2.2 60.6 59.8 3.2 0.3

least two kinds of macromolecular chains could be frac-
tionated at lower elution temperatures, that is, macro-
molecular chains with low molecular weight and those
with high comonomers content, but macromolecules
with various molecular microstructures behaved very
differently in undercooling. Crystallization tempera-
ture distribution of the polymers was far different from
melting temperature distribution, which would lead to
broader crystallization temperature distribution of poly-
mer fractions obtained at lower temperatures. As elu-
tion temperature increased, molecular weight distribu-
tion (Mw/Mn) and crystallization temperature distribu-
tion (σ, R) of the polymer fractions became narrower,
suggesting that macromolecular chains were more reg-
ular and uniform (F8 and F9). In Table II and Ta-
ble V, only macromolecular chains with higher molecu-
lar weight and lower comonomers contents have higher
melting temperature. Thus, the higher the regularity
and uniform of macromolecular chains and larger the
molecular weight, the higher is the melting temperature
of polymers.

13C NMR Study
Because of the complexity of the molecular mi-

crostructure of random propylene-ethylene-1-butene
terpolymer, assignment of 13C NMR peaks was diffi-
cult. For a random terpoloymer, there should have been
six unique dyads and eighteen unique triads.15 But in
the present study, each polymer fraction was a terpoly-
mer consisting mainly of propylene monomer with low
amounts of ethylene and 1-butene comonomers. thus,
macromolecular chains mainly consisted of PP, PB,
and PE dyads, in the absence or presence of very low
amounts of BB, EE, and EB dyads. A random terpoly-
mer may thus be a combination of a propylene-ethylene
random copolymer and a propylene-1-butene random
copolymer so as to make the analysis of molecu-
lar microstructure more easy and the study of macro-
molecular structure simple. 13C NMR peaks of the
terpolymer were assigned according to Cheng13, 14 and
Randall,15–18 using the nomenclature of Usami and

Figure 3. 13C NMR spectrum of a terpolymer.

Figure 4. Dept-135 spectrum of a terpolymer.

Takayama.19

Figures 3 and 4 show 13C NMR and dept-135 spec-
tra, respectively, of the terpolymer. Nearly all peaks
could be found in the studies of Cheng13, 14 and Ran-
dall,15–18 thus thinking the teropolymer to combina-
tion of a propylene-ethylene random copolymer and
a propylene-1-butene random copolymer. We found
two new peaks at 42.97 ppm and 42.50 ppm, shown in
Figure 5. In view of the two new peaks near the re-
sponse peak of the ααB1B2 carbon of PB dyad, we
supposed the two peaks should have a relationship with
the ααB1B2 carbon of PB-center and involve the P, E,
and B comonomers simultaneously. The two peaks
may be n-ads peaks from the ααB1B2 carbon of PB
dyad. According to Lindeman and Adams20 and previ-
ous work on binary copolymers,2 in tetrads sequences,
substituting P with E would shift the chemical shift of
ααB1B2 carbon to the right. Thus, the two peaks at
42.97 ppm and 42.50 ppm were considered the ααB1B2

carbon response peaks of EPB(P) and EPB(E) tetrads,
respectively. Assignments and chemical shifts of car-
bon atoms in the 13C NMR spectra of the terpolymer
are listed in Table III.
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Figure 5. Expanded plot of the ααB1B2 region.

In characterizing molecular microstructure, it was
necessary to calculate monomer content, dyad and triad
sequence distribution and number average sequence
length of the terpolymers. On the basis of 13C NMR
spectrum of propylene-ethylene-1-butene terpolymers,
monomer content was calculated from contents of
dyads. Figure 3 shows that the corresponding peaks
related to dyads are relatively simple and isolated, and
unlikely to overlap, so error by overlapping of peaks
is low enough to be ignored. For example, the content
of PP dyad could be obtained from a group of peaks
1–5, the content of PE dyad from a group of peaks 11–
14, the content of PB dyad from a group of peaks 6–9,
the content of EE from a group of peaks 21, 26, and
27 through equation [EE] = [EEE] + ([PEE] + [BEE])/2,
the content of BE from peak 17 and the content of BB
from peak 10. As seen from Figure 3, a dyad consists
of many tetrads, so each peak of dyad could be further
divided into many peaks. The peak of ααB1 carbon in-
cluded peaks from 1 to 5, by which tetrad content could
be estimated. Considering overlapping of peaks related
to triads and an enormous difference of intensities of
triad peaks, for example, PPP, PPE, BPP, BBB, the
content of monomer obtained from triads should bring
about larger error. If we calculated monomer content by
methylene peaks and methine peaks at the same time,
the veracity would be debased. To minimize error, only
methylene peaks were used. Based on Randall15 and
our previous study,2 formulae to calculate the dyad con-
tent, monomers content and number average sequence
length wase summarized in Table IV. The E and B were
considered comonomers, with B1 and B2 standing for
propylene and 1-butene monomers, respectively.

Table V summarizes dyad content, comonomer con-
tent, and number average sequence length of the poly-
mer fractions. As seen from Table V, in macromolec-

Table III. Chemical shifts and triad carbon assignments

Peaks No. Chem. Shift, PPM Triads Carbon
1 47.01 BPP(B)(m) ααB1

2 46.76 BPP(P)(mm) ααB1

3 46.45 PPP(P)(mmm) ααB1

4 46.03 EPP(P)(mm) ααB1

5 45.83 EPP(E)(m) ααB1

6 43.67 BPB(P) ααB1B2

7 43.32 PPB(P)(m) ααB1B2

8 42.97 EPB(P)(m) ααB1B2

9 42.50 EPB(E) ααB1B2

10 40.29 BBB ααB2

11 38.29 (P)PEP(r) αγB1

12 37.89 (P)PEP(m) αγB1

13 37.54 (P)PEE(r) αδB1

14 37.45 (P)PEE(m) αδB1

15 37.35 EBB brB2

16 35.30 PBP brB2

BBP brB2

BBB brB2

17 34.51 BEB αγB2

18 33.31 EPE brB1

19 30.93 PPE(m) brB1

20 30.39 PEE γδB1

21 30.00 EEE δδB1 + δδB2

22 28.87 BPB brB1

PPB(m) brB1

PPP(mm) brB1

23 28.30 PBP 2B2

24 28.09 PBB 2B2

25 27.89 BBB 2B2

26 27.51 (E)PEE βδB1

27 27.31 (P)PEE(m) βδB1

28 24.71 PEP(E) ββB2

29 24.57 PEP ββB1

30 24.35 BEB ββB1

31 21.95 PPP(mm) 1B1

32 21.87 PPB(m) 1B1

33 21.73 BPB 1B1

34 21.06 EPP(m) 1B1

35 20.87 PPP(mr) 1B1

36 20.19 PPP(rr) 1B1

37 19.92 EPE 1B1

38 11.40 EBE 1B2

39 11.27 PBP 1B2

BBE 1B2

BBP 1B2

B1, propylene; B2,1-butene.

ular chains of propylene terpolymers, PP, PE, and PB
dyads were the majority of molecular sequences. The
EE, BB, and BE dyads were very low, even close to
zero in some fractions, such as F8 and F9. As elution
temperature increased, the PP dyad and number aver-
age sequence length of propylene (nP) increased, while
PE, PB, BB, EE, and EB, decreased, number average
sequence length of ethylene (nE) and 1-butene (nB) de-
creased.
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With regard to a macromolecular chain of propylene,
if incorporation of ethylene and 1-butene comonomers
and racemic structure of propylene sequence are the
factors affecting tacticity of the macromolecular chain
of propylene, all peaks related to methyl group in the
range of 18 ppm to 23 ppm in Figure 6 should be in-
vestigated. According to Cheng13, 14 and Randall,15–18

peaks from 31 to 37 were assigned as follows:
PPP(mm), PPB(m), BPB, PPE(m), PPP(mr), PPP(rr),
and EPE. Table VI summarizes PPP(mm) triad content
in polymer fractions. As seen from Figure 6 and Ta-
ble VI, PPP(mm) is the majority of triads sequences in
polymer fractions, suggesting that the polymers were
terpolymers with high isotactic propylene sequences.
Table VI shows that with increase of elution tempera-
ture, the tacticity of propylene sequence of the fraction
polymers increased.

Table IV. Formulae for calculating dyads content, monomers
content, and number average sequence length

Formula
PP ααB1

PE αγB1 +αδB1

PB ααB1B2

EE δδ+ (βδB1 + βδB2)/2
EB αγB2

BB ααB1

P PP + PB/2 + PE/2
E EE + BE/2 + PE/2
B BB + PB/2 + BE/2
nP 2P/(PB + PE)
nE 2E/(PE + BE)
nB 2B/(BE + PB)

Table V. Sequence distribution, monomers content, and number average sequence length of polymer fractions

F2 F3 F4 F5 F6 F7 F8 F9
PP 77.9 79.3 81.1 82.3 84.2 85.7 88.0 90.0
PB 9.2 8.9 8.6 8.6 7.8 7.3 6.7 5.4
PE 11.3 10.5 9.2 8.3 7.3 6.4 5.0 4.5
BB 0.2 0.2 0.2 0.1 0.1 0.1 0 0
BE 0.3 0.3 0.2 0.1 0.1 0.1 0 0
EE 1 0.9 0.7 0.6 0.5 0.4 0.2 0.1
P 88.2 88.9 90.0 90.7 91.7 92.6 93.9 95
E 6.8 6.3 5.4 4.8 4.2 3.6 2.7 2.3
B 5.0 4.8 4.6 4.5 4.1 3.8 3.4 2.7
nP 8.57 9.20 10.1 10.7 12.2 13.5 15.9 19.2
nE 1.17 1.17 1.15 1.14 1.14 1.13 1.06 1.03
nB 1.05 1.04 1.04 1.03 1.03 1.03 1.01 1.0

Table VI. PPP(mm) content as function of fractions

F2 F3 F4 F5 F6 F7 F8 F9
PPP(mm)

mol%
66.3 66.5 66.9 70.1 72.2 77.1 80.1 80.9

Melting Crystallization
For terpolymers of propylene with low amounts of

ethylene and 1-butene, macromolecular chain length
and comonomer content are considered to affect melt-
ing crystallization of terpolymers. DSC endothermic
curves of the polymer fractions are depicted in Fig-
ure 7 in conformity with the number of polymer frac-
tions, from which melting temperature of each polymer
fraction could be obtained. The maximum endothermic
curve was recorded as the melting temperature (Tm). To
ensure identical thermal history, only melting tempera-
tures for the second heating cycle were considered. Fig-
ure 7 indicates that all the DSC curves are not symmet-
ric in the neighborhood of the maximum. The melting
process sets out at a lower temperature, and the curve
rises slowly at the begin. Beyond the maximum the
curve drops abruptly, because the comonomers, espe-
cially 1-butene, brought about defects in the polypropy-
lene crystal lattice. Thus with increase of comonomer

Figure 6. Expanded plot of the methyl region.
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Figure 7. DSC endothermal curves (2nd heating cycle) of the
polymer fractions of the propylene-ethylene-1-butene terpolymer,
measured at a heating rate at 10 ◦C min−1.

Figure 8. DSC exothermical curves of the polymer fractions
of a propylene-ethylene-1-butene terpolymer, obtained at a cooling
rate at 10 ◦C min−1.

content, the top part of curve become narrower. Fig-
ure 8 depicts crystallization curves of the polymer frac-
tions, without long tails.

Brull4 considered macromolecular chains of propy-
lene as long crystallizable chains, and comonomers
as non-crystallizable defective comonomers. There-
fore, according to Monrabal11 and Brull,4 the classi-
cal Flory eq 121 simplified to eq 2, formerly applied
to explain the relationship between melting tempera-
ture and ethylene content for propylene-ethylene ran-
dom copolymer.2 This study extends the application of
eq 2 from copolymers to terpolymers. To analyze the
effect of comonomer of terpolymer on melting tem-
perature, we first considered this comonomer as a de-
fective comonomer. In the equations, Tm and Tm

0

stand for melting temperature of the copolymer and ho-
mopolymer, and R, ∆Hu, P, and XC are the gas con-
stant, heat of fusion per propylene comonomer, molar
fraction of propylene comonomer and molar fraction of

Figure 9. Melting temperature (Tm, ◦C) determined by DSC
for the fraction polymers of the propylene-ethylene-1-butene ter-
polymer as a function of ethylene content (mol%).

comonomer, respectively.

1
Tm
− 1

Tm
0
=
−R
∆Hu

ln p (1)

Tm � Tm
0 − R(Tm

0)2

∆Hu
XC (2)

Figure 9 shows plots of the melting temperature as a
function of ethylene content. Eq 2 is in good agreement
with the relationship between melting temperature and
ethylene content. The ethylene content increases, the
melting temperature of terpolymers decreases linearly.
However, we do not think that the proposal by Monra-
bal11 and Brull4 is correct in explaining decline of
the melting temperature due to the comonomer ethy-
lene unit excluded from the polypropylene crystal lat-
tice, because Alamo has expressed that in 31 helical
structure of polypropylene crystal lattice, few small
branches such as methyl, chlorine and others could be
included in the crystalline lattice. But larger branches
would be excluded.22 Thus, as for the propylene ter-
polymer, ethylene comonomer could incorporate into
the polypropylene crystal lattice to form hole space
without destroying the crystal architecture. The holes
unavoidably cause depression of crystallization and
melting temperature. According to previous papers2

and Brull,4 the lower the content of comonomer, the
better the linearity of the curve. The Tm − XC linear
relationship is thus applicable.

Figure 10 does not show a linear relationship be-
tween melting temperature and 1-butene content at 1-
butene content below 5.0 mol%. As 1-butene content
increases, the curve bends down gradually. The rate
of depression of melting temperature increases more
and more rapidly. Without question, the effect of 1-
butene comonomer on melting temperature is far differ-
ent from that of ethylene,2, 4 so eq 2 is no longer appli-
cable to explain the phenomenon for propylene terpoly-
mers. If 1-butene monomer was forced to be incorpo-
rated into the crystal lattice, it would cause the crystal
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Figure 10. Melting temperature (Tm, ◦C) determined by DSC
for the fraction polymers of the propylene-ethylene-1-butene ter-
polymer as a function of butene-1 content (mol%).

swelling, even rupture, with depression of crystalliza-
tion of propylene polymers and melting temperature.
At lower amounts of 1-butene comonomer, the hole
space owing to the presence of ethylene comonomer
may debase the breakage from 1-butene to protect the
crystal architecture. As comonomer contents increased
to a threshold, not only would 1-butene comonomer
causes more breakage, but the hole space of ethylene
comonomer in the crystal architecture would not pre-
vent crystal architecture breakage.

1
Tm
− 1

Tm
0
=

2R
∆Hu

× 1
i

(3)

1
Tm
− 1

Tm
0
=

2Rm
∆Hu

× 1

Mn

(4)

Macromolecular chain length affects melting crystal-
lization of polymers. Flory23 presented eq 3 to relate
melting temperature (Tm) to number average degree of
polymerization (i).23 If the number average degree of
polymerization (i) is transformed to the number aver-
age molecular weight (Mn) by assuming Mn/m = i (m,
molar mass of propylene monomer), eq 3 could be re-
placed by eq 4. Eq 4 has been applied to explain the
Tm − Mn relationship of random copolymers of propy-
lene with low amounts of ethylene (<10.23 mol%) by
assuming weight of the ethylene comonomer identi-
cal to that of propylene.2 For terpolymers of propylene
with low amounts of ethylene and 1-butene, the same
method was used to analyze the Tm − Mn relationship.
The macromolecular chain of the terpolymer was as-
sumed identical to that of propylene homopolymer.

Figure 11 indicates the effect of number average
molecular weight on melting temperature. An approxi-
mately linear relationship exists between reciprocal
melting temperature (1000/T , 1/K) and the reciprocal
number average molecular weight (1/Mn), even though
there is relatively large difference between actual data
and the fitting line. Thus, eq 4 may be applied to ex-

K

n

K

nM

Figure 11. Reciprocal melting temperature determined by
DSC, (1/Tm, 1/K) versus reciprocal number average molecular
weight (1/Mn) for the fraction polymers of the propylene-ethylene-
1-butene terpolymer.

plain the Tm − Mn relationship for terpolymers at num-
ber average molecular weight lower than 1.59× 105. As
number average molecular weight increases, the melt-
ing temperature increases, suggesting that when the
sum of all comonomers content is below 12 mol%, the
melting temperature (Tm) depends on macromolecular
chain length, even though the number average molecu-
lar weight is close to 1.59× 105.

CONCLUSIONS

Polymer fractions with uniform molecular weight
and comonomers content were obtained by TREF.
Macromolecular chains with higher content of ethy-
lene and 1-butene or lower molecular weight were frac-
tionated at lower elution temperatures. Macromolec-
ular chains with higher molecular weight and lower
ethylene and 1-butene content had to be fractionated
at higher elution temperatures. Macromolecules with
various molecular microstructures behaved very differ-
ently in undercooling, so that crystallization tempera-
ture distribution of polymers is far different from melt-
ing temperature distribution. Crystallization tempera-
ture distribution and molecular weight distribution of
polymer fractions obtained at lower temperature are
thus broadened. 13C NMR showed polymer fractions
to consist mainly of isotactic propylene sequences with
low amounts of ethylene and 1-butene comonomers.
Two new response peaks at 42.97 ppm and 42.50 ppm
were supposed to be response peaks of the ααB1B2 car-
bon of EPB(P) and EPB(E), respectively. As elution
temperature increased, the content of PP dyad, num-
ber average sequence length (nP) of propylene, and tac-
ticity of macromolecular chain increased. Other dyads
such as PE, PB, BB, EE, and EB decreased, and num-
ber average sequence length of ethylene (nE) and 1-
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butene (nB) decreased. Investigation on melting crys-
tallization showed that it was ethylene, not 1-butene,
that affects linearly the melting temperature at content
lower 6.8 mol%. A liner relationship between recipro-
cal number average molecular weight (1/Mn) and recip-
rocal melting temperature (1000/T , 1/K) was noted.
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