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Abstract. Poly(butylene succinate) (PBSu), poly(2-methyl-1,3-propylene succinate) (PMPSu), and PBSu-rich copolyesters
were synthesized using an effective catalyst, titanium tetraisopropoxide. Measurements of intrinsic viscosity (1.20–
1.28 dl/g) and gel permeation chromatography demonstrated the success of the preparation of polyesters with high molecular weights. The compositions of the copolyesters were determined in three approaches from 1H and 13C NMR (nuclear
magnetic resonance) analyses, and good agreement between the results was obtained. The distributions of the comonomers
were found to be random from the spectra of carbonyl carbon. Their thermal properties were elucidated using a differential
scanning calorimeter and a thermogravimetric analyzer. No marked difference exists among the thermal stabilities of these
polyesters. However, the window between the glass transition and the melting temperatures becomes narrower with the
increase in the concentration of 2-methyl-1,3-propylene succinate in the copolymers. Additionally, the cold crystallization
ability decreases considerably. Finally, PMPSu is an amorphous homopolymer. Wide-angle X-ray diffractograms of
isothermally crystallized copolyesters also follow the same trend.
Keywords: polymer synthesis, copolyesters, NMR, thermal properties, WAXS

1. Introduction

Biodegradable materials can be degraded to CO2,
CH4, H2O, or other natural substances by the action
of enzymes and microorganisms. They offer viable
solutions to solve environmental pollution caused
by the worldwide disposal of used synthetic polymers in the last several decades. Among biodegradable polymers, aliphatic polyesters have received
considerable attention [1]. Poly(butylene succinate)
(PBSu) is a chemosynthetic polyester with a relatively high melting temperature (Tm ! 113°C) and
favorable mechanical properties, which are comparable with those of such widely used polymers as
polyethylene and polypropylene [2]. Moreover,
owing to the excellent processability of PBSu, it
can be processed using conventional equipment.
*Corresponding

© BME-PT

In general, the degree of crystallinity, spherulite
size and lamellar structure of aliphatic polyesters
affect their biodegradation rates, because biodegradation initially occurs in the amorphous regions [3,
4]. The crystalline structure [5–9], and crystallization and melting behavior [10–18] of PBSu have
been investigated extensively. PBSu has a relatively
low biodegradation rate because of its high crystallization rate and high crystallinity. To promote the
physical properties, extend the application field,
and increase the biodegradability of PBSu, numerous approaches have been used, such as physical
blending, copolymerization, or formation of composites. With respect to copolymers, the degradation rates of PBSu can be increased by incorporating small amounts of various diols [19–24] or
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diacids [24–28]; this is basically attributed to the
reduced crystallinity.
Unlike PBSu, poly(propylene succinate) (PPSu)
has an odd number of carbon atoms in the backbone. PPSu has gained increasing attention, because
it has a higher biodegradation rate [29–32]. Papageorgiou and Bikiaris [33] have synthesized a series
of poly(butylene succinate-co-propylene succinate)s (PBPSu) and have reported that the tensile
strength and Young’s modulus were very low and
almost identical to those of the neat PPSu for
PPSu–rich copolymers (50–90 mol%). The decrease
in the crystallinity of copolymers was attributed to
the reduction in length of homopolymer sequences
and the occurrence of defects. These copolyesters
with a low degree of crystallinity and slower crystallization rate exhibited a higher biodegradation
rate than PBSu. Recently, Chen et al. [34] also synthesized and characterized a series of PBSu-rich
PBPSu copolyesters by combining PBSu with a
high melting point and PPSu with high biodegradability. They also reported that incorporating propylene succinate units to PBSu not only narrows the
window between the glass transition temperature
(Tg) and Tm, but also retards the cold crystallization
ability, thereby lowering the crystallinity to a considerable extent.
In contrast with the high cost and the limited availability of 1,3-propanediol, 2-methyl-1,3-propanediol (MPD) became commercially available in the
early 1990s. It is well recognized that the linearity
and conformation of polymer backbone have a significant effect on the crystallization behavior of the
polymer. The methyl group which MPD introduces
into the polymer side chain helps to inhibit the crystallization of polyester resins [35–39]. The effects
of MPD monomer on the physical properties of
unsaturated [40–43] and isophthalate-based polyesters have been studied [44]. No prior investiga-

tion of succinate involving MPD could be found in
the literature. Furthermore, methyl substituent in
the diol of PBSu-based biodegradable polyesters
has not been probed.
In this work, PBSu, poly(2-methyl-1,3-propylene
succinate) (PMPSu), and PBSu-rich copolyesters
[poly(butylene succinate-co-2-methyl-1,3-propylene succinate), PBMPSu] with high molecular
weight were synthesized. They were characterized
by 1H and 13C Nuclear Magnetic Resonance (NMR)
spectrometer, differential scanning calorimeter
(DSC), thermogravimetric analyzer (TGA) and wideangle X-ray diffractometer (WAXD). 13C NMR
spectra were analyzed to evaluate the composition
and the distribution of butylene succinate (BS) units
and 2-methyl-1,3-propylene succinate (MS) units.
The purpose of the present study is to examine the
effect of methyl substituent on the cold crystallization of quenched polymers.

2. Experimental
2.1. Materials

1,4-Butanediol (BD) (Acros, 99%, Waltham, MA,
USA), MPD (Aldrich, 99%, Louis, MO, USA) and
succinic acid (SA) (Acros, 99%) were used without
purification. Titanium tetraisopropoxide (TTP)
(Acros, 98+%) was used as received. Other solvents
in the analysis were also used without purification.

2.2. Synthesis
PBSu, PMPSu and PBSu-rich copolyesters were
synthesized via a two-step esterification reaction in
the melt. The reactor was a 1 l stainless flask that
was equipped with a magnetic agitator, an electric
heater, a nitrogen inlet and outlet, a drain, a water
cooling system and a condenser. The reaction mixture was charged into the reactor with a diols:diacid
molar ratio of 1:1. TTP was used as a catalyst with a
concentration of 0.1 mol% based on the amount of

Table 1. Intrinsic viscosity, molecular weight, and thermal properties of synthesized polyesters
Sample code

!
[dl/g]
1.27
1.23
1.20
1.28
1.28
1.24

—

Mn
[10 g/mol]
3.0
2.7
2.4
3.1
3.1
4.0
4

—

Mw
[10 g/mol]
7.4
7.3
5.2
9.7
9.1
12.0

PDIa

4

PBSu
PBMPSu 95/5
PBMPSu 90/10
PBMPSu 80/20
PBMPSu 50/50
PMPSu
aPolydispersity index
bSpecimen was kept at room temperature for more than 3 days

2.5
2.7
2.2
3.1
2.9
3.0

285

Tg
[°C]
–41.1
–39.9
–38.3
–37.8
–33.1
–30.9

Tcc
[°C]
–15.5
–3.0
–0.3
12.2



Tm
[°C]
113.1
107.4
102.5
91.6
50.2b
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diacid used. The first column of Table 1 shows the
sample codes of copolyesters (PBMPSu), with the
numerical values representing the feed ratios of the
diols (BD/MPD). As an example, the synthesis of
copolyester (PBMPSu 50/50) with equal amounts
of diols is described as follows.
The reaction mixture of BD (45 g; 0.5 mol), MPD
(45 g; 0.5 mol), SA (118 g; 1 mol), and the TTP catalyst (0.283 g; 1.0 mmol) was charged into the
polycondensation reactor. The mixture was purged
with nitrogen and heated with an electrical heater
that was placed around the reactor. The temperature
of the reactor was raised to 150°C to melt the acid
component completely. Thereafter, the temperature
was gradually increased to 190°C at 10°C/h. The
water byproduct formed during the first stage was
collected using a condenser. The condenser was
kept at 100°C by an electrical heater for the separation of water from the monomers. The volume of
water collected was 80 mol% of the theoretical
value. In the second stage of the reaction, the pressure was slowly reduced to below 1 Torr (1 Torr =
133 Pa) and the temperature was increased to
220°C after 3 h of reaction. This condition was
maintained for about 20 h to enable further the reactions of polycondensation and transesterification
until the torque of magnetic agitator reached 80%
of the meter to read. The synthesized polyester was
dissolved in chloroform and precipitated into ten
times the amount of vigorously stirred ice-cooled
methanol. Then, the precipitate was filtered, washed
with methanol and dried at reduced pressure condition at room temperature (RT). The other three
copolyesters (PBMPSu 95/5, PBMPSu 90/10, and
PBMPSu 80/20) as well as PBSu and PMPSu
homopolymers were synthesized by the same procedures. Ivory white, pale brown or transparent
polyesters were finally obtained.

2.3. Measurement of molecular weights
Gel permeation chromatography (GPC) was performed at 40°C using a Waters GPC-150CV and a
Waters hexafluoroisopropanol (HFIP) column (Milford, MA, USA). The flow rate of the eluent, HFIP,
—
was 1.0 ml/min. The number average (M n) and
—
weight average (M w) molecular weights of each
polyester were calculated using a calibration curve,
which was obtained using eight poly(methyl

methacrylate) standards having low polydispersity
indices.
Purified polyester samples were dissolved in
60/40 w/w phenol/1,1,2,2-tetrachloroethane solution. The solution viscosities of the polyesters at
30°C were measured using an Ubbelohde viscometer. The intrinsic viscosity, (!), of each polyester
was determined from measurements at five solution
concentrations.

2.4. NMR analyses
NMR spectra of d-chloroform solutions were
recorded with tetramethylsilane as the reference
standard using a Varian UNITY INOVA-500 NMR
(Santa Clara, CA, USA) at 295.5 K. 1H NMR spectra were analyzed to determine the compositions of
the copolyesters. To perform quantitative 13C NMR
measurement, it is important to take into account
the difference of spin-lattice relaxation time among
different carbons. 13C NMR was conducted using a
30-s pulse cycle [34] to determine both the composition and the ester sequence distribution in these
copolyesters.
2.5. Measurement of thermal properties
Compressed films with a thickness of around
0.2 mm were made and then dried in vacuum
overnight at RT before use. A specimen with a
diameter of 6 mm and a weight of around 4 mg was
cut from a film and sealed in an aluminum pan. The
thermal properties of the polyesters were analyzed
using a Perkin-Elmer Pyris 1 DSC (Waltham, MA,
USA), equipped with a refrigerating system (Pyris
Intracooler 2P). DSC was calibrated with deionized
water and indium and was also calibrated using the
heat of fusion of indium. The specimen was heated
at a rate of 20°C/min to 50°C above its Tm, which
was held for 5 min to eliminate the thermal history.
Subsequently, the specimen was quenched with liquid nitrogen, and then heated at a rate of 10°C/min
to above its Tm. The Tg, cold crystallization temperature (Tcc) and Tm were detected during the heating
process.
2.6. Measuring thermal stability
Thermal experiments were performed using a TA
2050 TGA (New Castle, DE, USA). Nitrogen gas
was the purge gas with a flow rate of 50 ml/min. A
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specimen lighter than 10 mg was heated at a rate of
10°C/min from RT to 800°C. Weight loss curves
and their derivatives were obtained to compare the
relative thermal stabilities of the synthesized polyesters.

2.7. WAXD measurements
Specimens with a thickness of around 0.5 mm, following completely isothermal crystallization at RT
(room temperature) or at a temperature of 10–12°C
below their respective Tm values, were prepared
using a heating stage (Linkam THMS-600) (Tadworth, Surrey, UK). X-ray diffractograms were
obtained using a Siemens D5000 diffractometer
(Bruker AXS Inc., Madison, WI, USA) with Ni-filtered Cu K" radiation (" = 0.1542 nm, 40 kV, 30 mA)
at a scanning rate of 1°/min. Measurements were
made at RT.

3. Results and discussion
3.1. Molecular weights and distribution

The intrinsic viscosities of these polyesters ranged
from 1.20 to 1.28 dl/g, as listed in column 2 of
—
—
Table 1. Mn and Mw values of these polyesters were
between 2.4·104 and 4.0·104 g/mol and between
5.2·104 and 1.2·105 g/mol, respectively, and their
polydispersity indices (PDI) ranged from 2.2 to 3.1,
as shown in columns 3–5 of Table 1. These wide
PDI values may be due to the transesterification at
220°C for about 20 h. In this work, PBSu, PMPSu,
and PBMPSu copolyesters were synthesized using
an effective catalyst, TTP, without the addition of
any heat stabilizer. The molecular weights of these
synthesized polyesters are high enough. Therefore,
they could be made into films for the subsequent
works.

3.2. Copolyester composition and sequence
distribution
Figure 1 displays the 1H NMR spectrum of PBMPSu
50/50 copolymer and the peak assignments. The
two chemical shifts at 4.09–4.15 and 1.68–
1.74 ppm are associated with the methylene protons
# (H1) and # (H2) bonded to the ester oxygen in the
BS units. The chemical shift of the protons of the
succinic moiety (H3) appears at 2.61–2.66 ppm,
while those of the H4, H5 and H7 protons derived
from the MPD monomer are at 4.01–4.06 ppm
(methylene, doublet), 2.12–2.22 ppm (methine,

Figure 1. 1H NMR spectrum of PBMPSu 50/50 and peak
assignments

octet) and 0.97–1.01 ppm (methyl, doublet, not
shown here), respectively. The composition of this
copolyester was evaluated from the relative integration areas of the proton peaks of BS and MS units.
The mole percent ratio of BS/MS in PBMPSu 50/50
was 50.0/50.0, as presented in the third column of
Table 2. Rows 1–3 of the same column show the
compositions of the other copolymers. An expanded
view of the proton peaks is presented in the inset
spectra in Figure 1. H1, H4 and H5 appear as triplet,
doublet and octet, respectively.
Figure 2 shows the 13C NMR spectrum of PBMPSu
50/50. For BS units, the chemical shifts of the carbons # and $ bonded to the ester oxygen are located
at 64.05–64.20 (C1) and 25.10–25.20 (C2) ppm,
respectively. The three chemical shifts at 65.85–
66.00 (C4), 32.27–32.37 (C5) and 13.69–13.77
(C7) ppm are associated with carbons derived from
the MPD monomer. The chemical shifts of the ethylene carbons and the carbonyl carbons of the succinic moiety are at 28.86–29.00 (C3) and 172.06–
172.28 (C6) ppm, respectively. The composition
was determined from the relative integration areas
of the C1 and C4 peaks. The mole percent ratio of
BS/MS in PBMPSu 50/50 was 49.6/50.4, as presented in the fourth column of Table 2. The compositions of the other three copolymers are tabulated
in rows 1–3 of the same column.
A close-up view of the 13C NMR spectrum of
PBMPSu 50/50 shows that the carbonyl carbons
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2.0
2.0
1.00
50.1/49.9
24.8
50.2
25.0
24.8
25.0
25.2
Estimated from the split carbonyl carbons

b

Estimated from diol carbons " bonded to the ester oxygen

25.0
49.6/50.4
50.0/50.0
50/50
PBMPSu 50/50

a

1.4
4.5
0.96
76.7/23.3
6.2
34.2
59.6
6.2
16.7
17.5
59.6
75.7/24.3
80/20
PBMPSu 80/20

78.8/21.2

1.0

1.0
12.0

8.1
1.12

1.08
92.3/7.7

89.0/11.0
0.0

0.0
15.4

22.0
78.0

84.6
0.0

0.0
9.8

6.7
8.7

12.2
78.0

84.6
95.3/4.7
95/5

90/10

PBMPSu 95/5

PBMPSu 90/10

93.5/6.5

86.4/13.6

LnBS
C NMR
BS/MSb

13

P(MSM)
P(BSM)
P(BSB)
MSM
BSM-M
BSM-B
BSB
Feed ratio
BD/MPD

1

H NMR
BS/MS

13

C NMR
BS/MSa

Normalized peak areas of the carbonyl carbons
[%]

Triad sequence probabilities
[%]

Composition

"
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Composition

(C6) are split into four peaks, as shown in the inset
spectrum in Figure 2. The peak C6a is assigned to
the carbonyl carbons with butylene groups on both
sides of the succinic ester, abbreviated as BSB. The
assigned C6b, C6c, and C6d peaks represent the carbonyl carbons of the BSM-B side, BSM-M side,
and MSM structures, respectively (where B denotes
the BD unit, S represents the succinate unit, and M
is the MPD unit). Figure 3 presents the expanded
spectra of the carbonyl carbons of all synthesized
polyesters. It is obvious that the slight variation in
chemical shifts of these split peaks is caused by the
difference among the chemical environment; therefore, the integration areas can be employed to characterize the chemical microstructures of these
copolyesters.
The total areas of C6a, C6b, C6c, and C6d peaks were
normalized to unity for each copolyester, and the
percentage values of each peak area are presented
in columns 5–8 of Table 2 under the subtitles of
BSB, BSM-B side, BSM-M, side and MSM. Two
peaks (C6b and C6c) of equal intensity were observed
from the unequivalent carbonyl carbons in the
mixed diester sequence BSM. Three possible triad
sequences, BSB, BSM, and MSM, of copolyesters
were then evaluated from the normalized areas, and
tabulated in columns 9–11 of the Table 2. In the
case of PBMPSu 50/50, P(BSB), P(BSM), and
P(MSM) were 25.0, 50.2 and 24.8 mol%, respectively, as presented in the fourth row of Table 2. The

Sample code

Table 2. Composition, probabilities of triads, randomness factor ($), and the average number sequence lengths (Ln) of synthesized copolyesters

Figure 2. 13C NMR spectrum of PBMPSu 50/50 and peak
assignments

89.2/10.8

LnMS
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Figure 3. Enlarged 13C NMR spectra of the carbonyl carbons (C6) in the succinate units of all synthesized polyesters

BS% and MS% of copolyesters are given by Equations (1) and (2):
BS, 5 PBS 5 P1BSB2 1

P1BSM 2
2

MS, 5 PMS 5 P1MSM 2 1

P1BSM2
2

(1)
(2)

where PBS and PMS are the molar fractions of BS
and MS units, respectively. This copolyester had
50.1 mol% BS units and 49.9 mol% MS units. Column 12 of Table 2 displays the mole percent ratio
of BS/MS of the other copolyesters. The agreement
of composition among these three methods is good
in this study, as shown in Table 2.
The randomness B of the copolymer [34, 45–49] is
given by B = P(BSM)/(2PBS·PMS). Copolyesters synthesized by polycondensation have usually been
considered to have a random distribution. This
expectation is due to the relatively equal reactivity

of the comonomers and the random transesterification during the polycondensation process. For total
randomness of a copolymer, B is one. The calculated B values of PBMPSu 95/5, 90/10, 80/20, and
50/50 were 1.08, 1.12, 0.96, and 1.00, respectively,
as presented in column 13 of Table 2. The distribution of BS and MS units in these copolyesters can
be regarded as random. The reactivities of BD and
MPD with SA can be assumed to not differ by
much. The average number sequence lengths [33,
45, 48–50] of BS and MS units are LnBS =
2PBS/P(BSM) and LnMS = 2PMS/P(BSM), respectively. In the case of PBMPSu 50/50, both values
were 2.0. These values are tabulated in the last two
columns of Table 2. The values of LnBS for PBMPSu
95/5, 90/10, and 80/20 were 12.0, 8.1, and 4.5,
respectively. The LnBS value decreases as the
amount of MS unit increases along the polymer
chain.
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3.3. Thermal properties

Figure 4 shows DSC heating curves of quenched
polyesters. PBSu has the lowest Tg at –41.1°C. Tg
value gradually increases as the moiety of the MS
units increases. It ranges from –41.1 to –30.9°C, as
listed in column 6 in Table 1. The copolyesters had
intermediate Tg between those of the parent
homopolyesters. Such a Tg increment is attributed
to a decrease in the chain flexibility by incorporating MS units. All of these copolyesters exhibited a
single Tg rather than two Tgs, for possible blocks of
PBSu and PMPSu. Moreover, all of these copolyesters had B (randomness parameter) values of about
1.0, which were obtained from the 13C NMR analysis (Table 2). These results demonstrate that the
comonomer placement in these copolymers was
essentially random. The Tg value of PBMPSu is
slightly higher than that of the corresponding
PBPSu [34]. However, the Tg value of PMPSu is
0.4°C less than that of PPSu [34]. This contradictory result may be due to the difference in molecular weight. It seems that the methyl substituted
effect on the Tg value is not obvious.
A cold crystallization peak was observed for PBSu
and PBSu-rich PBMPSu copolyesters, as presented
in Figure 4. The peak temperature of cold crystallization (Tcc) occurs at –15.5°C for PBSu, and this
peak is sharper and earlier than those of the other
three copolyesters, suggesting that the cold crystallization rate of the PBSu homopolymer markedly
exceeds that of the other copolyesters. For PBMPSu
95/5, 90/10, and 80/20, Tcc moves from –3.0,
through –0.3 to 12.2°C (see the penultimate column
in Table 1) and the corresponding peak becomes
lower and broader, as shown in Figure 4. These Tcc

Figure 4. DSC thermograms of quenched polyesters at a
heating rate of 10°C/min

values are 4~6°C higher than those of the corresponding PBPSu [34]. No cold crystallization is
revealed by the curves of PBMPSu 50/50 and
PMPSu. Clearly, incorporating minor MS units into
PBSu reduced the cold crystallization rate of
quenched specimens. Accordingly, the intensity of
the melting peak fell and the corresponding Tm
declined from 113.1 to 91.6°C, as indicated in the
final column of Table 1. The enthalpy of melting
($Hm) was evaluated and the degree of crystallinity
was calculated by dividing $Hm by 210 J/g [16].
The degrees of crystallinity were 35.0% for PBSu,
32.8% for PBMPSu 95/5, 28.1% for PBMPSu
90/10, and 25.0% for PBMPSu 80/20. These values
were only 0.3% less than the degrees of crystallinity
of the corresponding PBPSu 95/5 and 90/10 copolymers.
Comparing the values of Tcc and Tm between
PBMPSu and PBPSu [34], the results indicate that
the effect of methyl substitution on the Tm value is
little. The reason is due to the melting%recrystallization%remelting behavior [11, 12, 15, 17] of
PBSu-rich copolymers during the heating process.
In the case of PBMPSu 50/50, the Tm value was
50.2°C, when the specimen was maintained at RT
for more than three days. No melting phenomenon
was detected for PMPSu homopolymer even after
holding at different subzero temperatures for a long
period. On the contrary, PPSu had a melting temperature at 55.6°C [34]. The effect of methyl substitution on retarding crystallization becomes more
evident for neat PMPSu.

3.4. Thermal stability
Figure 5 plots the weight loss curves as functions of
temperature for all of the polyesters used in this
investigation in flowing nitrogen at a heating rate of
10°C/min. For brevity, the derivative curves of
weight loss have not been shown here. At temperatures below 240°C, these specimens appear to be
stable; they exhibit detectable weight loss only
above 242°C (defined as Tstart from the derivative
curve of weight loss). Tloss2% is denoted as the temperature at a weight loss of 2% from the weight loss
curve, and Tmax represents the temperature with the
greatest slope from the weight loss curve. The average values of Tstart, Tloss2%, and Tmax were 244.4±1.8,
298.8±3.9, and 404.5ºC±5.4°C, respectively. These
polyesters exhibited no significant difference or
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Figure 5. Thermogravimetric traces of polyesters at a heating rate of 10°C/min under nitrogen

Figure 6. WAXD patterns from polyesters crystallized at
the indicated temperatures

trend in these three temperature parameters because
they degraded via the same cyclization degradation
mechanism around the succinate groups. Similar
results have been reported for the other series of
aliphatic copolyesters [23, 34, 45, 49]. The values
of Tloss2% are well above 220ºC, the temperature of
the last step of synthesis. It can be assumed that no
appreciable thermal degradation occurred during
polycondensation; therefore, there is no demand to
use a heat stabilizer during the synthesis of these
polyesters. For PMPSu, the values of Tstart and Tloss2%
were 243.3 and 293.4°C, respectively, which were
~8°C lower than those of PPSu [34]. It may be due
to the reason that PMPSu is an amorphous polymer.

where $0 is the breath at half-maximum peak corrected for instrumental broadening and K denotes
the Scherrer factor. Lhkl was strongly dependent on
the peak broadening ($0). However, the numerical
values obtained from Equation (3) are not accurate
because of the prevalence of lattice distortions. Figure 6 shows that the sizes or the lamellar thickness
of the crystals declines with increasing the MS
amounts, indicating less crystalline order in copolymers. PMPSu shows amorphous scattering. The
results of the WAXD patterns and DSC heating
curves reveal that incorporation of MS units into
PBSu markedly inhibit the crystallization behavior
of the resultant polymers.

3.5. Wide angle X-ray diffraction patterns
Figure 6 displays WAXD patterns of PBSu, PMPSu,
and PBSu-rich PBMPSu copolyesters that were
isothermally crystallized at 10–12°C below their
respective Tm values. The unit cell of the crystalline
PBSu # form is monoclinic [5–9], and the diffraction peaks from the (020) and (110) planes are
detected at 2% ! 19.6 and 22.7°, respectively. All
PBSu-rich copolyesters have diffraction peaks of
the PBSu # form, revealing only one crystalline
form. As the proportion of the MS units increases,
the intensity of the diffraction peaks from the (020)
and (110) planes becomes weaker and the width at
half%maximum peak increases gradually. The mean
crystal sizes Lhkl, perpendicular to the (hkl) plane,
can be estimated with the familiar Scherrer equation, as follows [51]:

4. Conclusions

Lhkl 5

Kl
b0cosu

(3)

PBMPSu copolyesters were synthesized in a random sequence, as evidenced by a single Tg and a
randomness value of around 1.0. Their intrinsic viscosities (1.20–1.28 dl/g) and the relative molecular
weights are high enough to demonstrate that the
synthesis of these polyesters was successful even
without the use of stabilizers, and that they can be
cast into films without complications. The compositions of the copolyesters were evaluated from
three methods based on the relative areas of the proton peaks under BS and MS units, the carbon peaks
# bonded to the ester oxygen, and the split peaks of
carbonyl carbons. The results of these three
approaches are in good agreement. The incorporation of MS units to PBSu not only narrows the window between Tg and Tm, but also retards the cold
crystallization ability, thereby lowering the degree
of crystallinity to a considerable extent. Comparing
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with PBPSu copolyesters, this retarding is more
efficient in PBMPSu copolyesters, which have
methyl substituents on the main chain. The WAXD
patterns of melt-crystallized specimens also indicate that the incorporation of MS units into PBSu
markedly inhibits the crystallinity of the resultant
copolymer, and becomes amorphous for PMPSu.
However, the thermal stability of these polyesters
does not vary markedly.
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